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				Preface

				The objective of this book is to provide a clear explanation of the semiconductor electronic devices and circuits that are in wide use today in modern industry for the control and conversion of electric power. It is designed to meet the needs of diploma and degree level students for a textbook in the area of power electronics, power conversion and control techniques utilising solid state power devices. The majority of existing books do not meet the requirements of diploma students for a simplified and methodical explanation of circuit operations. This book covers the topics of power device characteristics, power conversion and control techniques and their applications, as prescribed for diploma students pursuing courses in electrical engineering, electronics and telecommunication engineering, and instrumentation engineering. The material presented and the style of delivery are designed to ensure that the students gain a thorough understanding of the circuitry that uses power devices for a wide range of applications in industry. For easy understanding, the book contains several colour circuit diagrams and waveforms to help students assimilate circuit operations better and faster. 

					The Third Edition of the book is folded into eleven chapters. Chapter 1 introduces the students to the different types of rectifiers, filters, multipliers, voltage regulators (LM78xx series), 3524 PWM voltage regulator, and the growing area of switched mode power supplies. Chapter 2 explains the different types of differential amplifiers and current mirrors. Widlar and Wilson current mirrors are also incorporated. Several typical examples are included to illustrate stage-by-stage analysis of cascaded types of differential amplifiers. The hybrid parameters are also discussed here to make understanding of the circuit operation easier. Chapter 3 presents the basic structure of the operational amplifier and analyses some typical applications of op-amps, both linear and non-linear. Adder or summing amplifier in non-inverting mode, adder-subtractor, instrumentation amplifier and precision rectifier are also included. Filter circuits are also discussed in this chapter. Chapter 4 deals with multivibrators, switching transistors, and timers. It gives numerous practical applications of the 555 and 556 timers.

					Chapter 5 describes how silicon controlled rectifiers (SCRs) or thyristors work. Their theory of operation is fully developed. Included are many typical circuits illustrating various applications of SCRs. This chapter has an added advantage of presenting a detailed study of other members of the ‘thyristor’ family such as the triac, diac, power diode, power BJT, power MOSFET, power IGBT, and UJT. Some of the old electron tubes such as the gas-filled diode, thyratron and ignitron are also dealt with here.

					Armed with an understanding of structure and electrical characteristics of power devices, the student will be able to thoroughly grasp the power electronics applications presented in Chapter 6. Inverters, dual converters, choppers and cycloconverters are analysed and their circuit operations explained in detail with the help of neatly-drawn circuit and waveform diagrams.

					Chapter 7 explains some schemes for speed control of dc and ac motors. It also gives an overview of operation of stepper motors, synchros, servo systems, and phase-locked-loop (PLL) control of speed of dc motors. Chapter 8 is devoted to different aspects of heating and welding control applications using thyristors. Chapter 9 is an overview of modern developments in the field of optoelectronics and optical fibre and describes light-actuated devices.

					Chapter 10 narrates ac power conditioners such as the uninterruptible power supply (UPS), constant voltage transformer (CVT) and servo-controlled voltage stabiliser. These types of ac voltage regulators are in wide use today with computer systems.

					Finally, Chapter 11 on Programmable Logic Controller (PLC) has been added in the second edition. PLCs are industrially-hardened microcomputers that perform discrete or continuous control functions in a variety of processing plant and industry environments. 

					The book thus gives a fundamental, yet detailed education in the field of industrial electronics and control. Every effort has been made to cover all typical applications in use today in the industry. Multiple choice questions, true/false statements, review questions and problems have been included at the end of each chapter to reinforce the student’s understanding of concepts and mathematical derivations introduced in the text.

					It is hoped that both teachers and students will be benefited immensely from the treatment of the subject matter in this book. Teachers/Readers/Professionals are most welcome to send their valuable comments/suggestions to my e-mail id biswanath_paul2002@yahoo.co.in.

				 Biswanath Paul
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				Chapter 1

				Power Supplies

				1.1 INTRODUCTION

				Electrical power is needed for continuous operation of many circuits and devices in a system. The moment electrical power is applied, the electronic devices and circuits inside a machine synthesize into a functioning system so as to serve a desired purpose. Hence a power supply unit of some kind is a compulsion to energize electronic systems. The function of an electronic power supply unit is to convert the ac or dc line power into the required dc voltages according to the current demands of a particular system. Some typical line voltages are rated at (i) 230 V, 50 Hz, single phase, (ii) 400 V, 50 Hz, three phase, and 
(iii) 5 V or 12 V dc. Though low dc line voltages can operate solid-state electronic systems, some may require regulated dc voltages while the analog circuits in the same machine would need intermediate values of dc voltages. An example is that of the radio frequency (rf) section or video circuits in a television which require low or moderate dc voltages but the picture tube requires a high dc voltage of the order of 30,000 V. Regardless of the type of voltages involved, the base of an electronic power supply is its rectifier circuit.

				1.2 POWER SUPPLY

				The function of the rectifier circuit in an electronic power supply is to convert ac voltage to dc voltage. The functional blocks required for conversion of ac input to dc output voltage in an electronic power supply unit are shown in Fig. 1.1 and are as follows: (i) power transformer, (ii) diode rectifier circuit, (iii) filter circuit, and (iv) regulator.

				[image: Fig-1-1.eps]

				Fig. 1.1 Block diagram showing conversion of ac input to dc output voltage in an electronic power supply.

				The function of the power transformer in an ac-to-dc power supply is to step down the ac line voltage (230 V, 50 Hz) to about the desired voltage. The rectifier circuit converts the ac voltage from the transformer secondary into a pulsating dc voltage. The filter smooths out the pulsating dc voltage. Finally, the regulator maintains a constant output voltage regardless of variations in ac line voltage or the current required by the load or both. The load comprises electronic devices and circuits which require dc power. Hence the name ‘electronic power supply’. It is somewhat a misnomer as the circuit described does not supply the power, but rather converts it from one form (ac) to another (dc). However, the name is widely used in electronics.

				1.3 RECTIFIER 

				A rectifier circuit converts the ac input voltage to a pulsating dc voltage. Rectifiers are classified as (i) half-wave and (ii) full-wave. 

				1.3.1 Half-wave Rectifier

				The sinusoidal voltage output of the transformer secondary vs is applied to a load RL in series with a diode D as shown in Fig. 1.2(a). During the positive half-cycle of vs, the diode D is forward biased and thus it conducts, allowing a load current iL to pass through the load RL. During the negative half-cycle, the diode D, being reverse biased, does not conduct and, therefore, no current can flow through RL. Thus, the current iL always flows in one direction only through the load RL. The output voltage Vout developed across the load RL is, therefore, a pulsating wave of one polarity only as shown in Fig. 1.2(b) and is called pulsating dc. The output voltage Vout pulsates once for every input cycle. The pulses cause the dc output voltage to be rippled once for each input cycle, producing a 50 Hz ripple frequency.

				[image: Fig-1-2a.eps]

				Fig. 1.2(a) Circuit diagram of a half-wave rectifier.

				The current iL in the diode or load RL is given by

				[image: 11606.jpg]

				Assuming that the open circuit voltage from the secondary of the transformer is given by 

				vS = Vm sin wt………(1.2) 

				where Vm is the peak value of the secondary voltage, the peak value of load current is given by

				[image: Biswanath__Eq-1-1.wmf]………(1.3) 

				where Rf is the dynamic resistance of the diode. 

				[image: Fig-1-2b.eps]

				Fig. 1.2(b) Input and output waveforms of a half-wave rectifier.

				Average or dc value of the load current 

				The average value Iav or the dc value Idc of current through the load RL is given by

				[image: Biswanath__Eq-1-2.wmf]..............(1.4)

				The average value or dc value of output voltage is given by

				[image: Biswanath__Eq-1-3.wmf]

				[image: Biswanath__Eq-1-4.wmf]........................(1.5)

				RMS value of the load current

				The rms value of current flowing through the load RL in a half-wave rectifier is given by

				[image: Biswanath__Eq-1-20.wmf]........................(1.6)

				The pulsating load current iL is the combination of dc and ripple (ac) components. In 
Fig. 1.2(b), the instantaneous value of the ripple (ac) component i is the difference between the instantaneous value of iL and the dc value of current Idc. Therefore, the instantaneous value of the ripple components is given by

				i = iL – Idc........................(1.7)

				Therefore, the rms value of the ripple (ac) components is given by	

				[image: Biswanath__Eq-1-6.wmf]

				Therefore,

				[image: Biswanath__Eq-1-7.wmf].........................(1.8) 

				Similarly,

				[image: Biswanath__Eq-1-8.wmf]........................(1.9)

				1.3.2 Full-wave Rectifier Using Centre-tap Transformer

				A full-wave rectifier as shown in Fig. 1.3(a) contains a centre-tap transformer (centre-tapped secondary) and two diodes D1 and D2. In this circuit, the transformer secondary has two sources of equal and opposite voltages, vA and vB. During the positive half-cycle of vA , diode D1 conducts as it is forward biased, but diode D2 remains cut-off due to reverse voltage vB. Load current (iL = iD1) flows through the load resistor RL in the downward direction for 
0  wt  p as shown in the figure. Beyond wt = p, vB is positive and vA negative. Therefore, for p  wt  2p, the diode D2 will take over the load current. Diode D1 does not conduct as it is reverse biased during this interval. Again, the load current (iL = iD2) flows through the load RL in the downward direction. So the pulsating voltages developed across RL during both positive and negative half-cycles are unidirectional. Figure 1.3(b) shows the input and output waveforms of the circuit. The output voltage, Vout, thus contains two pulses for each input cycle, producing a 100 Hz ripple frequency for 50 Hz input frequency. 

				Average or dc value of the load current 

				The average or dc value of load current iL is given by

					[image: Biswanath__Eq-1-9.wmf]

					[image: Biswanath__Eq-1-10.wmf]………(1.10)

					[image: Biswanath__Eq-1-11.wmf]………(1.11)

				The average or dc value of output voltage is given by

					[image: Biswanath__Eq-1-12.wmf]………(1.12)

				which is seen to be double that of a half-wave rectifier. Therefore, a full-wave rectifier is twice as effective as a half-wave rectifier.

				RMS value of the load current

				The rms value of current iL flowing through the load RL in a full-wave rectifier is given by

					[image: Biswanath__Eq-1-13.wmf]

					[image: Biswanath__Eq-1-14.wmf]………(1.13)

				[image: Fig-1-3a.eps]

				Fig. 1.3(a) Circuit diagram of a full-wave rectifier using centre-tap transformer.

				[image: Fig-1-3b.eps]

				Fig. 1.3(b) Input and output waveforms of a full-wave rectifier using centre-tap transformer.

				The rms value of output voltage vout is given by

					[image: Biswanath__Eq-1-15.wmf]………(1.14)

				1.3.3 Full-wave Bridge Rectifier

				The bridge rectifier is a common circuit used for supplying large amounts of dc power. Figure 1.4(a) shows a bridge rectifier using four diodes. During the positive half-cycle of the secondary voltage vs, diodes D1 and D4 conduct being forward biased. The load current iL = iD1-D4 flows through the load in the downward direction, developing the output voltage across RL as shown in Fig. 1.4(a).

					During the negative half-cycle of vS, diodes D2 and D3 conduct. Again, the load current iL = iD2-D3 flows through the load in the downward direction, resulting in a full-wave rectified output which is a pulsating dc. The input and output waveforms are shown in Fig. 1.4(b). The dc and rms values of the load current are the same as in a full-wave rectifier using centre-tap transformer.

				Reasons for the ripple component in the rectified output

				If a ripple voltage Vripple, rms is superimposed on to a steady state dc voltage Vdc, the resultant component will be like a pulsating dc as shown in Fig. 1.4(c). Therefore, a pulsating dc voltage from a rectifier contains a steady state dc along with a ripple component.

				1.4 Performance Parameters OF POWER SUPPLies

				The different parameters of a power supply in general use are now described below.

				1.4.1 Rectifier Efficiency or Ratio of Rectification

				It is defined as the ratio of the useful output power (dc power) to the ac input power. The useful power output of a rectifier is given by

					[image: Biswanath__Eq-1-16.wmf]………(1.15)

				The power input to the rectifier is given by

					[image: Biswanath__Eq-1-17.wmf]………(1.16)

				where

				Rf	is the dynamic resistance of the diode

				RL	is the load resistance

				Irms	is the effective or rms value of the alternating current flowing through the load.

				Hence the rectifier efficiency is given by

					[image: Biswanath__Eq-1-18.wmf]………(1.17)

				[image: Fig-1-4a.eps]

				Fig. 1.4(a) Circuit diagram of a full-wave bridge rectifier.

				[image: Fig-1-4b.eps]

				Fig. 1.4(b) Input and output waveforms of a full-wave bridge rectifier.

				[image: Fig-1-4c.eps]

				Fig. 1.4(c) Superimposition of a ripple voltage on a steady state voltage.

				For a half-wave rectifier, the dc value and rms value of current flowing through the load are, respectively, given by

					Idc = Im/p;  Irms = Im/2

				The rectifier efficiency of a half-wave rectifier is, therefore, given by

					[image: Biswanath__Eq-1-19.wmf]	 (1.18)

				or

					[image: Biswanath__Eq-1-21.wmf]………(1.19)

				In practice, RL is much greater than Rf. Therefore, the rectifier efficiency of a half-wave rectifier is 40.6%. This means that 40.6% of the ac input is converted into dc power in the load, under the conditions where there is no diode loss, and the rest exists as ac power in the load.

					For a full-wave rectifier, the dc value and rms value of current flowing through the load are, respectively, given by

					Idc = 2Im/p;   Irms = [image: Biswanath__Eq-1-22.wmf]

				Therefore, the rectifier efficiency of a full-wave rectifier is given by

					[image: Biswanath__Eq-1-23.wmf]………(1.20)

				or

					[image: Biswanath__Eq-1-24.wmf]………(1.21)

				In practice, RL is much greater than Rf. Therefore, the rectifier efficiency of a full-wave rectifier is 81.2% which is twice that of a half-wave rectifier.

				1.4.2 Utilisation Factor of a Transformer 

				This is defined as the ratio of dc load power to the ac rating of the transformer secondary. It may seem to be the same as rectifier efficiency. In a half-wave rectifier, the actual rms value of current flowing through the secondary winding is only Im/2, not [image: Biswanath__Eq-1-29.wmf]. The utilisation factor (UF) is thus given by

					[image: Biswanath__Eq-1-25.wmf]………(1.22)

					[image: Biswanath__Eq-1-26.wmf]

				or

					[image: Biswanath__Eq-1-27.wmf]………(1.23)

				Practically, RL >> Rf, the utilisation factor of a half-wave rectifier is, therefore, [image: Biswanath__Eq-1-28.wmf] =0.287.

				In a full-wave bridge rectifier, the rms value of the current flowing through the secondary winding is [image: Biswanath__Eq-1-29.wmf]. The utilisation factor (UF) is thus given by

					[image: Biswanath__Eq-1-30.wmf]………(1.24)

					 [image: Biswanath__Eq-1-31.wmf]

				or

					[image: Biswanath__Eq-1-32.wmf]………(1.25)

				In practice, the utilisation factor of a full-wave rectifier is, therefore, equal to 0.81.

				1.4.3 Peak Inverse Voltage (P.I.V.) or Peak Reverse Voltage (P.R.V.)

				This is the maximum allowable voltage that the diode can safely withstand without breakdown. It is the maximum instantaneous voltage that occurs during the negative half-cycle. Hence the name peak inverse voltage or peak reverse voltage. The P.I.V. for a diode in a half-wave rectifier or a full-wave bridge rectifier is equal to the peak voltage Vm of the transformer secondary voltage. In a full-wave rectifier circuit with a centre-tap transformer, the P.I.V. for the diode is 2Vm. For example, if the peak line terminal voltages of a transformer with respect to the centre-tap point are 20 V each, the P.I.V. across the non-conducting diode will be {20 – (– 20)} = 40 V during the reverse bias conditions.

				Importance of peak inverse voltage in a rectifier

				The value of P.I.V. is extremely important when a diode is used as a rectifier. This is an important factor considered when selecting a diode for a power supply. If the reverse voltage across a P-N junction diode exceeds its P.I.V., the reverse current increases sharply and breaks down the junction because of excessive heat generated.

				1.4.4 Voltage Regulation

				The change in dc output voltage caused by the change in load current is a measure of the voltage regulation of the power supply. In other words, if 

					VNL is the no load dc output voltage, i.e. with zero load current

					VFL is the full load dc output voltage, i.e. with full load current 

				the percentage voltage regulation (VR) is mathematically given by

					[image: Biswanath__Eq-1-33.wmf]………(1.26)

				In an ideal power supply, the output voltage is independent of load current, i.e. the full load voltage equals the no load voltage. The percentage regulation for an ideal power supply is, therefore, zero. The percentage regulation in a well-designed power supply can be made to approach zero if the full load voltage is only slightly less than the no load voltage. Hence a lower regulation means a better power supply. For a good quality power supply, the internal resistance should not be more than a fraction of an ohm. Poor voltage regulation means that the load voltage changes appreciably with the change in load current.

				1.4.5 Line Regulation or Source Regulation

				This is defined as the change in output voltage for a change in the input voltage. The measurement is made under conditions of low dissipation or by using pulse techniques such that the average chip temperature is not significantly affected. 

					Therefore, the percentage line regulation (LR) is given by

					[image: Biswanath__Eq-1-34.wmf]………(1.27)

				where	

				DVout	is the change in output voltage

				DVin	is the change in input voltage.

				If the output voltage is 5 V ± 0.15 V for an input voltage of 230 V ± 5%, then

					[image: Biswanath__Eq-1-35.wmf]

				1.4.6 Load Regulation

				It is defined as the change in the output voltage for a change in the load current at a constant chip temperature. Therefore, the percentage load regulation (LR) is given by

					[image: Biswanath__Eq-1-36.wmf]………(1.28)

				where

				DVout is the change in output voltage

				DIL is the change in load current. 

				1.4.7 Thermal Regulation

				It is the percentage change in the output voltage for a given change in power dissipation over a specified time period.

				1.4.8 Temperature Stability

				It is the percentage change in input for a thermal variation from room temperature to either temperature extreme.

				1.4.9 Maximum Power Dissipation

				It is the maximum total power dissipation in the device for which the regulator will operate within its specifications.

				1.4.10 Ripple Rejection

				It is the line regulation for ac input signals at or above a given frequency with a specified value of the bypass capacitor on the reference bypass terminal. A filter circuit in a power supply attenuates the ripple that comes in with the pulsating dc voltage from the rectifier circuit. The percentage ripple rejection (RR) of a power supply is, therefore, given by

					[image: Biswanath__Eq-1-37.wmf]………(1.29)

				where

				Vout,ripple	is the output ripple voltage

				Vin,ripple	is the input ripple voltage.

				The unit of ripple rejection is dB. For example, a ripple rejection of 80 dB means that the output ripple is 80 dB less than the input ripple, i.e. the output ripple is 10,000 times smaller than the input ripple. 

				1.4.11 Stabilisation Factor

				The degree of stabilisation against output voltage variation offered by a constant voltage regulated power supply is given by the stabilisation factor, S. Thus,

					[image: Biswanath__Eq-1-38.wmf]………(1.30)

				The measurement is made with a constant value of load current. In practice, other quantities such as load resistance, the transistor parameters, etc. may also change, but they are taken to be constant. In a simple regulator, stabilisation factor may have a value of 0.005 (a change of 5 mV/V), while sophisticated supplies provide the value of stabilisation factor which can be smaller than 0.0002 (i.e. < 0.2 mV/V).

				1.4.12 Ripple Factor

				The function of a rectifier is to convert ac to dc. A measure of how successful a circuit is in doing this is the ripple factor. Mathematically, the ripple factor is defined as

					[image: Biswanath__Eq-1-39.wmf]

					[image: Biswanath__Eq-1-40.wmf]………(1.31)

				Let Vrms be the rms value of the secondary voltage vS of the transformer. From ac circuit theory:

					[image: Biswanath__Eq-1-41.wmf]………(1.32)

				or

					[image: Biswanath__Eq-1-42.wmf]………(1.33)

				From Eq. (1.31),

					[image: Biswanath__Eq-1-43.wmf]………(1.34)

				Similarly, it can be derived

					[image: Biswanath__Eq-1-44.wmf]………(1.35)

				For a half-wave rectifier, the rms value and the average (dc) value of vS are given, respectively, by

					vrms = Vm/2;  Vdc = Vm/p

				Thus,

					[image: Biswanath__Eq-1-45.wmf]

				For a full-wave rectifier, the rms value and the average (dc) value of vS are given, respectively, by

					Vrms = Vm/[image: Biswanath__Eq-1-46.wmf];  vdc = 2Vm/p

				Therefore,

					[image: Biswanath__Eq-1-47.wmf]

				Importance of ripple factor 

				The rectifier output consists of dc components along with ripple components (ac components). The ripple components are unwanted as they create pulsations in the rectifier output. The rectifier performance depends on the magnitude of the ripple component in the output. The smaller the ripple component, the greater will be the rectifier effectiveness. Hence, the ripple factor is a very important parameter that decides the effectiveness of a rectifier.

				1.5 COMPARISON OF RECTIFIER CIRCUITS (WITH RESISTIVE LOAD)

				Table 1.1 shows the comparison of rectifier circuits (with resistive loads.)

				
					
						
								
								Table 1.1 Comparison of rectifier circuits (with resistive loads)

							
						

						
								
								Parameter

							
								
								Half-wave rectifier

							
								
								Full-wave rectifier using centre-tap transformer

							
								
								Full-wave bridge rectifier

							
						

						
								
								Secondary voltage

							
								
								vS

							
								
								2vS

							
								
								vS

							
						

						
								
								Number of diodes

							
								
								1

							
								
								2

							
								
								4

							
						

						
								
								P.I.V.

							
								
								Vm

							
								
								2Vm

							
								
								Vm 

							
						

						
								
								Ripple factor

							
								
								1.21

							
								
								0.482

							
								
								0.482

							
						

						
								
								Ripple frequency

							
								
								f

							
								
								2f

							
								
								2f 

							
						

						
								
								No load dc output

							
								
								Vm/π

							
								
								2Vm/π

							
								
								2Vm/π

							
						

						
								
								Percentage efficiency

							
								
								40.6

							
								
								81.2

							
								
								81.2 

							
						

						
								
								Utilisation factor

							
								
								0.287

							
								
								0.693

							
								
								0.812

							
						

					
				

				Example 1.1 

				The forward resistance of each diode of a full-wave rectifier using centre-tap transformer is 15 W. The voltage across half the secondary winding is 141.4 sin wt. The load resistance is 1.5 kW. Calculate (a) the average value of load current, (b) the ripple factor, (c) the dc output power, (d) the ac input power, and (e) the rectifier efficiency. 

				Solution	According to the given problem:

				Forward resistance, Rf = 15 W

				Load resistance, RL = 1.5 kW = 1500 W

				Peak voltage across half the secondary winding, Vm = 141.4 V

				The peak value of the current is given by

				[image: Biswanath__Eq-1-48.wmf]

				The average value of the load current is given by

					[image: Biswanath__Eq-1-49.wmf]

				The rms value of the load current is given by

					[image: Biswanath__Eq-1-50.wmf]

				The rms value of the ripple current is given by

					[image: Biswanath__Eq-1-51.wmf]

				Therefore, 

					[image: Biswanath__Eq-1-52.wmf]

				Now, the dc output power and ac input power are given, respectively, by 

					[image: Biswanath__Eq-1-55.wmf]

				Hence, the rectifier efficiency is given by

					[image: Biswanath__Eq-1-54.wmf]

				1.6 FILTERING

				The output of a single-phase rectifier contains large ripple components, as quantified by its ripple factor. A filter is a circuit which is used to remove the unwanted ripple in the rectified output. In other words, a filter circuit will smoothen the pulsating waveform and make it more like pure direct current (a straight line). A filter circuit is used between the rectifier output and the load. A low-pass filter is designed to pass direct current (0 Hz) and to block the ac ripple (some multiples of the line frequency). The filtering of the unwanted ac components in the rectified output is done in four different ways:

				
						Capacitor filter or Shunt capacitor filter

						Inductor filter or Series inductor filter

						Choke input filter

						Pi (p) filter

				

				1.6.1 Capacitor Filter (Shunt Capacitor Filter)

				The full-wave rectifier in Fig. 1.5(a) has a single capacitor filter C in parallel with the load RL. The capacitor C charges to the peak value Vm of a rectified dc (pulsating dc) Vdc, R during the time that diode D1 conducts, delivering current pulses iC to the capacitor filter C and load RL [Fig. 1.5(b)]. When the rectifier output begins to drop from its maximum value Vm, the capacitor voltage keeps both the diodes reverse biased and discharges (id = iL) through the load. The capacitor voltage falls off slowly and during the next rectified pulse, the diode D2 will be forward biased at point A as shown in Fig. 1.5(b), recharging the capacitor. The cycle is repeated. If the capacitor C is large enough, it will hold the output voltage Vout close to the peak value Vm over the period of the half-cycle until the next rectified pulse comes along.

				[image: Fig-1-5a.eps]

				Fig. 1.5(a) Circuit diagram of a full-wave rectifier with capacitor filter.

				[image: Fig-1-5b.eps]

				Fig. 1.5(b) Waveforms of a full-wave rectifier with capacitor filter.

					At the time of switching ON, the rectifier supplies charging current iC to the capacitor and some current iL to the load RL, and the capacitor charges in step with the applied voltage until the rectifier voltage reaches its peak value. When the diode rectifier is non-conducting, the peak voltage Vm on the capacitor is in series with the peak voltage Vm of the pulsating dc and this results in a peak inverse voltage 2Vm across each diode. The ripple component in the filtered output will be low if the discharging time constant is more. The waveform of the filtered output is shown in Fig. 1.5(b). However, as RL decreases, the discharge of the capacitor will be faster, resulting in more ripple, and a lower dc output voltage. A capacitor filter circuit is, therefore, used with rectifiers that need to supply low values of load current.

				The rms value of the ripple voltage is given by

					[image: Biswanath__Eq-1-56.wmf]………(1.36)

				where f is the line frequency.

				Hence the ripple factor of a capacitor filter power supply is given by

					[image: Biswanath__Eq-1-57.wmf]………(1.37)

				Thus, the ripple may be decreased by increasing C or RL or both.

				1.6.2 Inductor Filter (Series Inductor Filter)

				The property of an inductor is to oppose any change in the current flowing through it. When the current tends to increase, an induced e.m.f (back e.m.f) in the inductor L prevents the current from increasing (according to the Lenz’s law). The induced e.m.f in L also prevents the current from decreasing, if it tries to decrease. Hence by placing an inductor in series with the rectifier and the load as shown in Fig. 1.6(a), the changes in the rectifier output current iL and, therefore, those in output voltage Vout are minimised.

					An alternative way to explain this filtering action is that an inductor offers negligible opposition to dc. The opposition to ac is directly proportional to the frequency of supply, because XL = 2pfL. Since the frequency of dc supply is 0 Hz, an inductor passes the dc component entirely. At the same time, the same inductor offers a high opposition to ac.

					The filtered voltage Vout lags behind the rectified output voltage Vdc, R by an angle 90° and never reaches the peak value Vm as shown in Fig. 1.6(b). The inductor filter circuit requires a full-wave rectifier as current flows through the rectifier all the time. The filtering action will be better if the load current iL is more. The positive peak value of the filtered output Vout is always less than that of the rectifier output since a part of the rectifier output is absorbed in inductance L. An inductor filter is usually used with rectifiers that need to supply large values of load current.

				The rms value of the ripple voltage is given by

					[image: Biswanath__Eq-1-58.wmf]………(1.38a)

				Hence the ripple factor of an inductor filter power supply is given by

					[image: Biswanath__Eq-1-59.wmf]………(1.38b)

				[image: Fig-1-6a.eps]

				Fig. 1.6(a) Circuit diagram of a full-wave rectifier with inductor filter.

				[image: Fig-1-6b.eps]

				Fig. 1.6(b) Waveforms of a full-wave rectifier with inductor filter.

				1.6.3 Choke Input Filter (lc Filter) 

				Figure 1.7(a) shows the circuit diagram of a full-wave rectifier with choke input filter. When the load RL draws no current, the dc output voltage Vout of the choke input filter is nearly equal to the peak value of the rectified dc voltage. This is so because, in the absence of a load current iL, no voltage drop is developed across the choke coil L. Now the output capacitor C charges up to the peak value Vm of the rectified dc output voltage, Vdc, R. Even if a small load current is drawn, there is a fast drop in the dc output voltage. Though the drop is of some low value, it retains its constancy over a wide range of load currents. The initial drop is sharp because the series inductor prevents the capacitor from charging to the peak voltage when the load current is drawn. After this initial drop, the voltage regulation provided by the choke input filter is good.

				[image: Fig-1-7a.eps]

				Fig. 1.7(a) Circuit diagram of a full-wave rectifier with choke input filter.

					The dc output voltage across the capacitor C and the load RL is fairly constant as shown in Fig. 1.7(b). Its value is less than the peak value of the rectified dc output voltage, depending upon the load current drawn. The ripple in the dc load current through the choke can be reduced considerably by increasing the value of the inductance. This filter is used with rectifiers that need to supply large values of load current.

				[image: Fig-1-7b.eps]

				Fig. 1.7(b) Waveforms of a full-wave rectifier with choke input filter.

				The rms value of the ripple voltage is given by

				[image: Biswanath__Eq-1-60.wmf]………(1.39)

				where f is the line frequency.

				The ripple factor of a choke input filter power supply is given by

				[image: Biswanath__Eq-1-61.wmf]

				[image: Biswanath__Eq-1-62.wmf]………(1.40)

				1.6.4 Pi (p) Filter or CLC Filter

				Figure 1.8(a) shows a typical capacitor input filter, i.e. p filter. A capacitor can short the ripple to ground, but block the dc. Therefore, the capacitor C1 bypasses an appreciable amount of ripple components of the rectified output voltage, while the dc component

				[image: Fig-1-8a.eps]

				Fig. 1.8(a) Circuit diagram of a full-wave rectifier with p filter or CLC filter.

				is blocked. An inductor prevents the passage of the ripple current because of its high inductive reactance to ac, but offers almost zero reactance to the dc component. So the inductor L allows the dc component to pass through it. The capacitor C2 bypasses the remaining ripple components which the inductor L might have failed to block. Hence the desired dc component appears across the load RL. This filter circuit is commonly used in power supplies. The ripple factor of a p filter power supply is given by 

					[image: Biswanath__Eq-1-63.wmf]………(1.41) 

				1.7 FUNCTION OF A BLEEDER RESISTOR IN FILTER CIRCUITS

				The output voltage of a power supply is often developed across a bleeder resistor RB as shown in Fig. 1.8(b). The idea is to achieve a better voltage regulation, that is, to prevent any changes in load current iL on account of the changes in the output voltage. The bleeder current iB is a steady continuous drain which provides the minimum current through the inductor L in absence of the load RL. So the bleeder resistor maintains filtering even in absence of the load. (For optimum functioning, the inductor L should have a minimum current flowing through it at all times.)

				[image: Fig-1-8b.eps]

				Fig. 1.8(b) Circuit diagram of a filter circuit using a bleeder.

					The bleeder also acts as a safeguard by dissipating the charge stored in the filter capacitor C when the load is disconnected. This reduces the hazard of electrical shock when the load is connected to the output terminals next time. The bleeder can also be used as a voltage divider by tapping the combination of resistors RB and RL at different points to provide voltages of different values. 

				1.8 VOLTAGE MULTIPLIERS

				This is a capacitive filter circuit that is modified to obtain voltages across the load which are larger than the peak voltage of the transformer secondary. These voltage multipliers 
are used for high-voltage, low-current devices such as the picture tubes in TV receivers, oscilloscopes, and monitors. Voltage doubler circuits are of two types: (i) half-wave doubler and (ii) full-wave doubler.

				1.8.1 Half-wave Voltage Doubler

				Figure 1.9(a) shows a half-wave voltage doubler which provides an output voltage Vout across RL that is twice the peak input ac voltage of the transformer secondary. Assuming that the first negative half-cycle of the input voltage makes point A of the secondary winding negative, it forward biases the diode D1, and the capacitor C1 charges to peak voltage Vm of the secondary voltage with polarity as indicated. During negative half-cycle of the secondary voltage, diode D2 is reverse biased and no charge develops across C2 as shown in Fig. 1.9(b). 

				[image: Fig-1-9a.eps]

				Fig. 1.9(a) Circuit diagram of a half-wave voltage doubler.

				[image: Fig-1-9b.eps]

				Fig. 1.9(b)	Charging current of capacitor C1 during negative half-cycle of secondary voltage in a 
half-wave voltage doubler.

					The next alteration (point A positive with respect to point B) forward biases the diode D2, and the stored charge in C1 is added in series with the secondary voltage. The resultant voltage v1 (i.e. the clamped voltage across D1 which is reverse biased) charges the capacitor C2 to a voltage of 2Vm as shown in Fig. 1.9(c). The voltage across the load is now 2Vm. When the clamped voltage v1 begins to decrease towards zero, D2 is reverse biased and the voltage across C2 remains at 2Vm except for the discharge that occurs through RL. The ripple frequency is equal to the input frequency as capacitor C2 and the load RL receive a line pulse once per input cycle. As long as RL is large, the output voltage equals 2Vm. The circuit is called a half-wave voltage doubler because the capacitor C2 is charged only once during each cycle. Figure 1.9(d) shows the output voltage waveform

				[image: Fig-1-9c.eps]

				Fig. 1.9(c)	Charging current of capacitor C2 during positive half-cycle of secondary voltage in a half-wave voltage doubler.

				[image: Fig-1-9d.eps]

				Fig. 1.9(d) Output voltage waveform of a half-wave voltage doubler.

				Applications of half-wave voltage doubler

				This circuit is used for accelerating purposes in the cathode ray tube of an oscilloscope. It also finds application in many low-priced vacuum tube voltmeters (VTVM). 

				1.8.2 Full-wave Voltage Doubler

				Figure 1.10(a) shows a full-wave voltage doubler which provides two line pulses per input cycle. During positive half-cycle of the secondary voltage (point A positive with respect to point B), capacitor C1 charges through D1 to peak voltage of the secondary winding and the capacitor C2 is not charged as the diode D2 is reverse biased. The capacitor C2 charges through D2 to peak voltage of the secondary winding when the voltage at point A is negative with respect to point B. But the capacitor C1 cannot discharge as the diode D1 is reverse biased at this instant. The two capacitors are in series, and the voltage across the load will be twice the peak secondary voltage, i.e. 2Vm. The ripple frequency is twice the line frequency. The circuit is called a full-wave voltage doubler because one of the output capacitors is being charged during each half-cycle. This is a full-wave rectifier, but the ripple is greater than that in a conventional full-wave rectifier and the voltage regulation is poor. 
Figure 1.10(b) shows the output waveform. The exact value of Vout depends on the load resistance RL and the size of the capacitors. 

				[image: Fig-1-10a.eps]

				Fig. 1.10(a) Circuit diagram of a full-wave voltage doubler.

				[image: Fig-1-10b.eps]

				Fig. 1.10(b) Output voltage waveforms of a full-wave voltage doubler.

				Disadvantage of the full-wave voltage doubler

				There is no common connection between the ground of the input and the ground of the output. This disadvantage is not present in the half-wave voltage doubler.

				Applications of full-wave voltage doubler

				This circuit can be used to provide two dc output voltages of opposite polarity with respect to the input ground. 

				1.9 REGULATED POWER SUPPLY

				A dc power supply which maintains a constant output voltage irrespective of the changing ac line supply or varying load current is known as a regulated power supply. The output dc voltage is usually required to be maintained within about ± 1% of the desired value, depending on the specific application. In other words, an ideal regulated power supply is an electronic circuit designed to provide a predetermined dc voltage as output, which is independent of 

					(i)	the current drawn by the load,

					(ii)	any variations in the input ac line voltage, and 

					(iii)	any changes in the temperature of its parts. 

				The degree to which a power supply provides a constant output voltage under the above conditions is termed the figure of merit of the power supply.

				Classification of power supplies

				Power supplies can be divided into three types:

					(i)	Zener diode voltage regulator 

					(ii)	Linear (dissipative) regulator

					(iii)	Switching (non-dissipative) regulator

				The linear voltage regulator is further divided into (i) shunt regulator, and (ii) series regulator. Switching regulators are classified into (i) PWM switch mode (square mode), and (ii) resonant switch mode (sine wave). Further, the PWM switch mode voltage regulators are of four types: (i) buck type voltage regulator, (ii) boost type voltage regulator, (iii) buck-boost type voltage regulator, and (iv) cuk voltage regulator. 

				Factors that improve regulation

				If the output dc voltage Vout depends on the input unregulated dc voltage Vin , load current iL , and temperature T, then the output voltage change DVout of a power supply can be expressed as follows:

					[image: Biswanath__Eq-1-64.wmf]………(1.42)

				or

					DVout = Sv DVin + Rout DIL + ST DT………(1.43)

				where the three coefficients are defined as

				Input regulation factor

					[image: Biswanath__Eq-1-65.wmf]………(1.44)

				Output resistance

					[image: Biswanath__Eq-1-66.wmf]………(1.45)

				Temperature coefficient

					[image: Biswanath__Eq-1-67.wmf]………(1.46)

				The smaller the value of the three coefficients, the better the regulation of the power supply. The input voltage change DVin may be due to variations in ac line voltage or presence of ripple on account of inadequate filtering.

				1.9.1 Zener Diode Voltage Regulator

				When reverse bias across a zener diode is increased, a critical voltage, called the breakdown voltage (or zener voltage, VZ) is reached where the reverse current (or zener test current, IZT) increases sharply to a high value. This is on the linear portion of the reverse characteristic and corresponds to approximately one-fourth of the maximum power dissipation capability of the diode. In this region, the curve is almost vertical as shown in Fig. 1.11(a) and zener impedance (ZZ = DVZ /DIZ) varies from several ohms to several hundred ohms. The zener diode acts as a bypass valve through which the current either increases or decreases when the input voltage is increased/decreased. As long as the zener operates in its constant voltage region as illustrated in Fig. 1.11(a), the load voltage will also remain constant. 

					Zener diodes generate noise especially when operating near the knee; a capacitor is, therefore, often connected across the zener to bypass the noise. The zener diode DZ is connected in reverse bias across the load RL, as shown in Fig. 1.11(b), across which constant output voltage is desired. The series resistance RS absorbs the output voltage fluctuations so as to maintain a constant voltage across the load. The input current equation of a zener diode voltage regulator is given by

					Iin = IZT + IL………(1.47)

				[image: Fig-1-11a.eps]

				Fig. 1.11(a) V–I characteristic of a zener diode.

				[image: Fig-1-11b.eps]

				Fig. 1.11(b) Circuit diagram of a zener diode voltage regulator.

				Principle of operation

				If the output voltage Vout rises because of a decrease in load current IL, the increased zener voltage (Vout = VZ) across the zener diode enhances the zener current (IZ = IZ, max), resulting in more input current flowing through the series resistor RS. The voltage rise is, thus, dropped across the series resistor in such a way that the output voltage Vout remains at its predetermined value. In this condition, the input current is given by

				Iin = IZ, max + IL, min………(1.48)

				If the output voltage Vout drops because of an increase in load current IL, the decreased zener voltage (Vout = VZ) across the zener diode reduces the zener current (IZ = IZ, min), resulting in less input current flowing through the series resistor RS. The voltage drop across the series resistor RS changes just enough to keep the output voltage at the predetermined value. In this condition, the input current is given by

				Iin = IZ, min + IL, max………(1.49)

				The output voltage also remains constant if the unregulated input voltage changes. The selection of the series resistor RS is made according to the following equation:

				Rin = (Vin – Vout)/Iin………(1.50)

				Example 1.2 

				A zener diode is rated at 50 V over a range of diode current from 5 to 40 mA. The supply voltage is 200 V. Calculate the resistance RS to be connected in series with the power supply and zener diode to allow voltage regulation from a load IL = 0 to IL, max. Also, find the value of maximum load current IL, max.

				Solution	According to the given problem:

				Voltage across the zener, VZ = Vout = 50 V

				Supply voltage, Vin = 200 V

				Minimum zener current, IZ, min	=  5 mA

				Maximum zener current, IZ, max	= 40 mA	

				Minimum load current, IL, min = 0 mA

					Input current through the series resistor, Iin = IL, min + IZ, max = 0 + 40 = 40 mA

				Therefore, the maximum load current is

					IL, max = Iin – IZ, min = 40 – 5 = [image: Biswanath__Eq-1-68.wmf]

				The value of the series resistance is

					Rin =	(Vin – Vout)/Iin

					=	(200 – 50)/(40  10–3)

					=	3750 W = [image: Biswanath__Eq-1-69.wmf]

				1.9.2 Transistorised Series Voltage Regulator or Feedback Regulator

				The series regulator is essentially a variable resistance. Here, the variable resistance is the active device—a transistor—placed between the unregulated input and regulated output. In Fig. 1.12(a), the pass transistor Q1 is effectively in series with the load RL. This transistor Q1 acts as a variable resistance, i.e. it is biased in the active mode. A high gain transistor Q2 acts as an error amplifier. A sample network consisting of R1 and R2, samples the output voltage Vout and feeds a fraction (K) of Vout to the base of the transistor Q2. To maintain a low current input to the sample network compared to the rated load current, the sum of R1 and R2 should be considerably greater than the rated load RL. 

					A constant reference voltage VR is applied to the emitter of Q2 by the zener DZ and a series resistor RZ. The wiper on R2 determines the bias on Q2, i.e. the error voltage of Q2 which is (KVout – VR) and thus, in turn, determines the bias on Q1. Hence the wiper on R2 determines the collector-emitter resistance of Q1 and, therefore, the output voltage Vout. The current I through the resistor R is the sum of IC2 and IB1. Any change in IC2 will affect the Q1 base voltage. Series regulators are sometimes called linear regulators because the pass element operates in the active region. In Fig. 1.12(b), the output voltage 

				[image: Fig-1-12a.eps]

				Fig. 1.12(a) Circuit diagram of a series voltage regulator with positive output.

				[image: Fig-1-12b.eps]

				Fig. 1.12(b) Circuit diagram of a series voltage regulator with negative output.

				of a series regulator is negative with respect to the ground. The application of feedback achieves good voltage regulation. It also provides ripple rejection since ripple is also an error in the output voltage. Capacitors C1 and C2 are used to bypass the high frequency ac components (ripples) in the unregulated input Vin.

				Principle of operation 

				If the regulated output voltage Vout rises with the decrease in load, the voltage to the base of Q2 (KVout) will increase, thereby increasing the error voltage to Q2. This enhanced error voltage drives more base current IB2 as well as collector current IC2, resulting in an increased voltage drop across R. This enhanced drop makes the base of the transistor Q1 less forward biased (i.e. more negative voltage in R is reflected to the base of Q1) which in turn reduces the base current IB1. Accordingly, the collector current IC1 decreases from the normal value (corresponding to the predetermined output voltage), thereby increasing the collector-emitter voltage across it (i.e. its collector-emitter resistance is increased) and restoring the output voltage to its preset level (predetermined output voltage).

					Similarly, a drop in the output voltage, with the increase in load, causes the base of Q1 more forward biased, reducing the collector-emitter voltage across it (i.e. its collector-emitter resistance is decreased) and restoring the output voltage to its preset level. A similar change of events occurs with the increase or decrease in the input voltage. 

					The series pass transistor Q1 is a power transistor as it handles the load current. Hence a heat sink is required to dissipate the heat from transistor Q1. Transistor Q2, on the other hand, must be a high gain transistor in order to stabilise the output for even small variations in load voltage or input voltage. 

				Disadvantages of the series regulator

				The disadvantage of the series regulator is large power dissipation of the series pass element 
(i.e. pass transistor) as all the load current passes through it. The pass transistor, therefore, requires substantial heat sinking in most cases. As a consequence it has an inefficient operation, and the wasted energy adds to the operating cost. This problem is of serious concern in respect of the electronic power supplies used in space vehicles and those used in battery-operated equipment.

				1.9.3	Transistorised Series Voltage Regulator Using 741 IC Op-amp 
(Op-amp Voltage Regulator) 

				Power to the 741 IC op-amp is supplied by the unregulated dc input Vin, with the high 
end connected to the pin marked + VCC and the ground connected to –VCC as shown in 
Fig. 1.13. The voltage range of 24 to 30 V is well suited for the operational amplifier. The series pass transistor Q which is a variable resistance here, is placed between the unregulated dc input and the regulated dc output. The sample network consisting of R1 and R2, samples the output voltage Vout and feeds a fraction K of it to the inverting input of the op-amp (error amplifier). A reference voltage VR developed across a zener diode DZ is applied to the non-inverting input of the op-amp. A sliding tap on the resistor R2 precisely fixes Vout by adjusting the feedback. Under static conditions, the voltages VR and KVout are nearly equal, differing typically by not more than a few mV, i.e. the difference (error voltage) is just enough to give the desired voltage.

				[image: Fig-1-13.eps]

				Fig. 1.13 Circuit diagram of a transistorised series voltage regulator with 741 op-amp.

				Principle of operation

				If the output voltage Vout rises because of the decrease in load, the error amplifier is so designed that the increased KVout reduces the op-amp output current Iout. This output current Iout which is the base current of transistor Q, decreases its collector current, resulting in increased collector-emitter voltage. As a result, the output voltage is brought down to its predetermined value. Similarly, a drop in the output voltage will cause a feedback to the inverting input such that the output voltage will be raised to its predetermined value. The pass transistor Q dissipates up to 2.1 W at a full load of 100 mA.

				1.9.4 Transistorised Shunt Voltage Regulator

				In a shunt regulator, the transistor that acts as a variable resistance (controlling device) is in paral	lel with the load, and to effect output regulation current passes through it all the time. When the current through the controlling device falls to zero, the regulating action stops. The shunt resistance (i.e. the collector-emitter resistance of Q2) changes to maintain a constant output voltage. In Fig. 1.14, the zener diode DZ maintains a constant reference voltage VR across it. Any change in the output voltage is reflected across RZ. The Darlington pair Q1–Q2 is used to provide high gain feedback.

				[image: Fig-1-14.eps]

				Fig. 1.14 Circuit diagram of a transistorised shunt regulator.

				Principle of operation

				If the output voltage Vout rises because of the decrease in load, an increased positive voltage will appear across the resistor RZ, thus increasing the forward bias on Q1. This increases the collector current IC1. Consequently, the emitter current of Q1 and the base current of Q2 also increase. This, in turn, increases the collector current as well as the emitter current of Q2. The increased collector currents of Q1 and Q2 cause an enhanced drop across the constant value series resistance R. If the circuit has been properly designed, this enhanced voltage drop across R just compensates the rise in output voltage from its predetermined value. Hence the regulated voltage drops back to its preset (predetermined) value. Similarly, the output voltage will be raised to its preset value if it decreases because of an increase in load.

				1.9.5 The 723/723C Voltage Regulator 

				The 723/723C is a voltage regulator designed primarily for applications in series regulators. By itself, it will supply output currents up to 150 mA, but external transistors can be added to provide any desired load current. The 723C is identical to the 723 except that the 723C has its performance guaranteed over a 0°C to 70°C temperature range, instead of –55°C to +125°C. The circuit features extremely low standby current drain, and provision is made for either linear or foldback current limiting. The important characteristics are:

				
						150 mA output current without external pass transistor

						output currents in excess of 10 A possible by adding external transistors

						input voltage 40 V maximum

						output voltage adjustable from 2 V to 37 V

						it can be used either as a linear or as a switching regulator

				

				Although specifications given here apply to the National semiconductor LM723H, they are somewhat similar to those for the SN52723, the mA-723, and the MC-1723G made by Texas Instruments, Fairchild Corporation, and Motorola, respectively. 

					The 723 IC chip is basically an operational amplifier in combination with a voltage reference VR and a series pass transistor Q1 as shown in Fig. 1.15(a). The integrated circuit is available in a dual-in-line package and a circular type metal can package. There are 11 external pins indicated and labelled. On 10-pin packages the VZ pin is omitted as is the illustrated 6.2 V zener diode. The collector and emitter terminals of Q1 are connected to pins labelled VC (Pin 7) and Vout (pin 6) for external connections. The output pin 6 can be used as the base of an external power transistor, which then becomes the pass transistor. The input capacitor C1 and output capacitor C2 reduce ripple and capacitor C3 provides stability. The reference voltage VR (Pin 4) is externally connected to the non-inverting input of 
the op-amp through R3 which is equal to R1 || R2. The output voltage can be adjusted by changing R1 and R2. Figure 1.15(a) shows the circuit of a positive voltage regulator in 
which the output voltage varies from 7 to 37 V. The pinout diagram (metal can package) is shown in Fig. 1.15(b). 

				[image: Fig-1-15a.eps]

				Fig. 1.15(a) Circuitry of the 723 voltage regulator (positive voltage regulator).

				[image: Fig-1-15b.eps]

				Fig. 1.15(b) Pinout diagram of the 723 voltage regulator (metal can package).

					To protect the series pass transistor Q1 from excessive dissipation resulting from the current overloads and short circuits, a current limit transistor Q2 is used. A small resistance R is connected between the pins 1 and 10, i.e. CL (current limit) and CS (current sense). Its value is selected so as to give a voltage drop of about 0.7 V when the current approaches the maximum that can be tolerated. For the currents up to this maximum level, transistor Q2 is OFF, and R has very little effect. The voltage across it simply adds to the drop across the pass transistor with no appreciable effect on the output voltage. When the load current exceeds 0.7/R, transistor Q2 turns ON, draws current from the base of Q1, and causes the output voltage to drop. External connections of a positive voltage regulator are shown in Fig. 1.15(c). 

				[image: Fig-1-15c.eps]

				Fig. 1.15(c) External connections of a positive voltage regulator using 723 IC.

				Electrical characteristics of 723 IC voltage regulator

				[image: 1-1.eps]

				Application of 723 voltage regulator

				The 723/723C is useful in a wide range of applications such as a shunt regulator, a current regulator or a temperature controller.

				1.10 Three-Terminal IC Voltage Regulators

				Due to low-cost fabrication technology, many commercial integrated circuit regulators are available today. These include fairly simple, fixed voltage types of high frequency precision regulators which have much improved performance compared to those made from discrete components. The salient features of IC voltage regulators are as follows:

				
						Current limiting

						Self-protection against temperature, i.e., thermal shutdown

						Overcurrent protection

						Foldback current limiting

						Remote control operation over a wide range of input voltages

				

				Three-terminal IC voltage regulators are of the following types:

				
						Fixed positive/negative linear voltage regulator

						Fixed positive/negative linear voltage adjustable regulator

				

				1.10.1 Three-terminal Fixed Positive Voltage Regulator (LM78xx)

				The 78xx (sometimes LM78xx) series, developed by Fairchild Semiconductor, is a family of self-contained fixed, linear voltage regulator integrated circuits. For ICs within family, the ‘xx’ is replaced with two digits, indicating the output voltage (Table 1.2). For example, IC 7805 and IC 7815 are 5 V and 15 V regulators, respectively. Hence, the 78xx series voltage regulators are available with several fixed positive output voltages, making them useful in a wide range of applications. All these regulators, though designed primarily to produce fixed output voltage, they can be used with external components to obtain adjustable voltage and current as well. 

				
					
						
								
								Table 1.2 The 78xx series IC voltage regulators

							
						

						
								
								Part number

							
								
								Output voltage (V)

							
						

						
								
								7805

							
								
								5

							
						

						
								
								7806

							
								
								6

							
						

						
								
								7808

							
								
								8

							
						

						
								
								7809

							
								
								9

							
						

						
								
								7812

							
								
								12

							
						

						
								
								7815

							
								
								15

							
						

						
								
								7824

							
								
								24

							
						

					
				

				Hence, the 78xx series also comprises adjustable, three-terminal positive voltage regulators which are capable of supplying load currents in excess of 1 A over a 5 V to 15 V output voltage range. One terminal is for the unregulated input voltage Vin, the second one for the regulated voltage output Vout, and the third terminal for ground. The 78xx series voltage regulators are available either in the metal can package [shown in Fig. 1.16(a) or in the plastic package [shown in Fig. 1.16(b)].

				[image: Fig-1-16a.eps]

				Pin 1 and Pin 2 are electrically isolated from case. Case is the third electrical connection.

				Fig. 1.16(a) Metal can package of a three-terminal fixed positive voltage regulator (78xx).

				[image: Fig-1-16b.eps]

				Fig. 1.16(b) Plastic package of a three-terminal fixed positive voltage regulator (78xx).

				The above standard transistor packages can be easily mounted and handled. These regulators provide tighter output voltage tolerance of ±2% along with 0.01%/V line regulation and 0.3%/A load regulation. The ambient temperature range is from 0°C to +70°C. The 78xx series also offers full overload protection available only in ICs. Included on the chip are current limit, thermal overload protection and safe area protection.

				Hence, the salient features of the 78xx series are as follows:

				
						Fixed output voltage available: 5 V, 6 V, 8 V, 9 V, 12 V, 15 V, 18 V and 24 V

						The output current in excess of 1 A

						Output safe area compensation

						86 dB ripple rejection which is equivalent to 10,000 (which means any ripple at the output is 10,000 times smaller than that at the input)

				

				Working principle of a 78xx fixed positive voltage regulator

				The equivalent circuit of a three-terminal voltage regulator (LM78xx) as shown in Fig.1.16(c), consists of a built-in reference voltage [image: 6502.jpg]ref which drives the non-inverting input of a built-in operational amplifier (op-amp), an internal voltage divider (KD1 – KD2), and a series pass transistor Q. The current limiting and thermal shutdown features are 

				[image: Fig-1-16c.eps]

				Fig. 1.16(c) Equivalent circuit of a three-terminal voltage regulator (78xx).

				also included in the 78xx series. These regulators are essentially blownout-proof (i.e., they do not stop regulating). ‘Current limiting’ limits the peak output current to a safe value. Thermal shutdown prevents the IC from overheating.

				In the event of very high internal dissipation, the regulator will shutdown to prevent excessive heating. Because of the thermal shutdown and current limiting, the LM78xx series is almost indestructible. Due to the high gain of the amplifier, the input offset voltage becomes zero. The inverting voltage at the inverting input is Vref, since no current enters either of the inputs. So the reference voltage is given by

					Vref = IDRD2………(1.51)

				The regulated output voltage is given by

					[image: Biswanath__Eq-1-70.wmf]………(1.52)

				In Fig. 1.16(d), a solid tantalum capacitor C1 is required if the regulator is placed more than 10 cm away from the power supply filter capacitor. As the connecting leads produce unwanted oscillations, capacitor C1 is used to suppress such oscillations. The output capacitor C2 does improve transient response. Capacitor C2 should be used whenever long wires are used to connect the load, or when, transient response is critical.

				[image: Fig-1-16d.eps]

				Fig. 1.16(d) External parameter connections of a three-terminal, fixed positive voltage regulator (LM78xx).

				Self-protection against temperature, i.e., thermal shutdown

				The thermal shutdown circuit in a three-terminal voltage regulator cuts off the output voltage in order to reduce the temperature to the safe level when the junction temperature in the chip goes up to an extreme high.

				Overcurrent protection

				The overcurrent protection circuit in a three-terminal voltage regulator limits the current to protect the pass transistor against the overcurrent due to accidental short-circuit, or current overload.

				Advantages of 78xx fixed positive voltage regulator 

				
						No external components are required to provide a constant, regulated source of power

						Built-in protection against thermal overload

						Internal short-circuit current limiting protection

				

				Disadvantages of 78xx fixed positive voltage regulator

				
						The 78xx fixed positive voltage regulator is not suitable to power a circuit requiring 5V using a 6 V battery, as its input voltage is not higher than the output voltage by a minimum voltage of 2 V, typically.

						An adequate heat sink must be provided to dissipate extra input power in the form of heat, as the input voltage is higher than the output voltage which means that the total power going into the 78xx will be more than the output power provided.

						It is less efficient than some other types of power supplies, as input power is wasted during the process.

				

				1.10.2 Three-terminal Adjustable Positive Voltage Regulator (LM78xx)

				Figure 1.17(a) shows the use of a 78xx series fixed positive voltage regulator as an adjustable voltage regulator. This can be made externally by using a potential divider network consisting of R1 and R2. The 78xx develops a voltage VR1 across R1. An adjustable current Iadj flows out from pin 3 (adjustable terminal). Therefore, the total current flowing through R2 is given by

					I2 = Iadj + I1 = Iadj + (VR1/R1)………(1.53)

				[image: Fig-1-17a.eps]

				Fig. 1.17(a) Circuit diagram of a three-terminal adjustable positive voltage regulator (78xx).

				Therefore, the regulated output voltage Vout is given by

					[image: Biswanath__Eq-1-71.wmf]………(1.54)

				For example, for a 7805 IC voltage regulator, VR1 = 5 V. It is assumed that R1 = R2 =1kW and Iadj = 2 mA, then its output voltage is

					[image: Biswanath__Eq-1-72.wmf]

				Therefore, the output voltage of this 7805 IC voltage regulator can be adjusted anywhere between 5 V and 15 V. Since the current Iadj is very small compared to I1, Eq. (1.54) reduces to

					[image: Biswanath__Eq-1-73.wmf]………(1.55)

				1.10.3 Three-terminal Current Regulator Using LM78xx

				In Fig. 1.17(b), the load resistor RL takes the place of R2 in Fig. 1.17(a). The currents I1 and Iadj flow through the load RL. Therefore, the load current IL is given by

					[image: Biswanath__Eq-1-74.wmf]………(1.56)

				[image: Fig-1-17b.eps]

				Fig. 1.17(b) Circuit diagram of a three-terminal current regulator (78xx).

				When Iadj is negligible, Eq. (1.56) becomes

					[image: Biswanath__Eq-1-74a.wmf]………(1.57)

				It may, therefore, be seen that the output current is essentially constant and independent of load RL.

				1.10.4 Three-terminal Fixed Negative Voltage Regulator (LM79xx)

				The 79xx series is typical of three-terminal, fixed linear negative voltage regulator integrated circuits. This 79xx series is a negative voltage counterpart of the 78xx series and shares most of the same features, characteristics and package types. The 78xx and 79xx ICs can be used in combination to provide positive and negative supply voltages in the same circuit. Table 1.3 shows the part number and the output voltage of 79xx series IC voltage regulators. The 79xx series IC voltage regulators are thus available with several fixed negative output voltages making them useful in a wide range of applications. All these regulators are designed primarily to produce a fixed output voltage but they can be used with external components to obtain an adjustable voltage and current as well. 

				
					
						
								
								Table 1.3 The 79xx series IC voltage reulators

							
						

						
								
								Part number

							
								
								Output voltage (V)

							
						

						
								
								7905

							
								
								–5

							
						

						
								
								7905.2

							
								
								–5.2

							
						

						
								
								7906

							
								
								–6

							
						

						
								
								7908

							
								
								–8

							
						

						
								
								7912

							
								
								–12

							
						

						
								
								7915

							
								
								–15

							
						

						
								
								7918

							
								
								–18

							
						

						
								
								7924

							
								
								–24

							
						

					
				

				The 79xx series voltage regulators are available either in the metal can package or in the plastic package with the negative output voltage at pin 2.

				1.10.5	Additional Protection of Thermal Overload by Using External Pass Transistor for the 78xx Series

				A thermal overload condition is excessive power dissipation inside the regulator. The 78xx series can handle a maximum output current of at least 1.3 A and typically 2.5 A. If the load current exceeds the maximum allowable value Imax, there will be a thermal overload and the regulator will shut down.

				If an application needs a larger value of load current IL than the maximum current Imax that the regulator can handle, an external pass transistor QEPT is to be connected, as shown in Fig. 1.17(c). The current sensing resistor RCS determines the value of current at which the external pass transistor QEPT starts to conduct because it sets the base-emitter voltage of the transistor.

				As long as the current is less than the value set by RCS, the external pass transistor QEPT remains turned OFF and the regulator works normally. The reason behind it is that the voltage drop across RCS is less than the cut-in potential which is 0.7 V. The value of current sensing resistor RCS is given by

					[image: Biswanath__Eq-1-76.wmf]………(1.58)

				where Imax is the maximum value of current that the voltage regulator can handle internally.

				When the current is adequate to produce at least 0.7 V drop across the current sensing resistor RCS, the external pass transistor QEPT turns ON and conducts any current in excess of Imax. The current conduction level of the transistor QEPT depends on the load requirement. For example, if the total load current is 5 A and Imax was selected to be 1 A, then the external pass transistor QEPT will carry 4 A of current (IL – Imax) through it. The external pass transistor is a power transistor with heat sink that must be capable of handling a maximum power given by

					QEPT = IEPT(Vin – Vout)………(1.59)

				where IEPT = (IL – Imax).

				[image: Fig-1-17c.eps]

				Fig. 1.17(c) Thermal overload protection circuit diagram of a three-terminal IC voltage regulator (78xx).

				The drawback of using the external pass transistor in 78xx fixed positive voltage regulators is that the external pass transistor is not protected from excessive current when there is a short at the output.

				1.10.6 Current Limiting Circuit for the 78xx Series Voltage Regulators

				The drawback of using the external pass transistor can be overcome by placing an additional current limiting circuit, as shown in Fig. 1.17(d). The current limiting resistor RLIM sets the base-emitter voltage of transistor QLIM. The base-emitter voltage of QEPT is now 

				[image: Fig-1-17d.eps]

				Fig. 1.17(d) Current limiting circuit diagram of a three-terminal IC voltage regulator (78xx).

				determined by (VR_CS – VR_LIM), as they have opposite polarities. For normal operation, the voltage drop across RCS must be sufficient to overcome the reverse voltage drop across RLIM.

				If the current flowing through the transistor QEPT exceeds a certain maximum value (IEPT_max) due to short circuit, the voltage drop across RLIM reaches 0.7 V and this turns ON the transistor QLIM. As a result, QLIM now conducts current away from QEPT and through the voltage regulator. This forces a thermal overload to occur which shuts down the regulator. In this way, the external pass transistor QEPT is protected from excessive current.

				1.11	SWITCHING REGULATOR OR SWITCHED MODE POWER SUPPLY 
(SMPS)

				A switching regulator reduces power dissipation in the pass transistor. The pass transistor operates in the cut-off region and saturation region alternately, resulting in much less power dissipation in it. The major features of an SMPS are its small size, low cost, low weight, low volume, and high efficiency. Switching regulators operate on the principle of storing energy in an inductor during one portion of the cycle and then transferring the stored inductor energy to a capacitor during the other portion of the cycle.

				Switch mode operation can achieve regulation by using pulse width modulation. 
Figure 1.18(a) represents a high duty cycle (75%) since the width of the positive-going pulse is a large percentage of the cycle. A square wave has a duty cycle of 50% since the positive pulse is equal to one-half cycle. With rectangular waveforms, the dc average is equal to the dc peak times the duty cycle. Assuming a peak value of 100 V, the waveform in Fig. 1.18(a) would average to 75 V and the waveform in Fig. 1.18(b) to 25 V because its duty cycle is 25%. The switching or pass transistor is driven by a pulse width modulator (PWM). The dc voltage is controlled by varying the duty cycle of the rectangular waveform supplied to the base of the switching transistor. With increase in the frequency (more than the power frequency) of a transformer, the size of the transformer with the filter capacitor becomes smaller. The use of square waves minimises heat dissipation because a transistor is either in the saturation or in the cut-off region.

				[image: Fig-1-18a.eps]

				Fig. 1.18(a) Pulse width modulation—high duty cycle.

				[image: Fig-1-18b.eps]

				Fig. 1.18(b) Pulse width modulation—low duty cycle.

				Principle of operation

				In an SMPS, the ac supply from the mains is first applied to a rectifier/filter which converts the ac supply into a very high filtered dc voltage. This high voltage dc supply is then given to the switching transistor circuit as shown schematically in Fig. 1.18(c). The switching transistor is switched ON and OFF at a very high speed by a pulse width modulator (PWM) which generates very high frequency square pulses (typically of 20 to 50 kHz). The switching transistor circuit switches the high voltage dc ON and OFF at the same high frequency to result in square pulses at its output. The square pulses are then given to the primary winding of a transformer. These pulses induce a voltage in the primary winding of the transformer which, in turn, generates a voltage in the secondary winding. The rms voltage applied to the primary winding of the transformer depends on the ON-OFF ratio of the switching device. Due to the very high frequency involved, a small ferrite core transformer having very low power loss can be used. The voltage at the secondary is then rectified and filtered to produce the rectified output. The circuit diagram is shown in Fig. 1.18(d). 

				[image: Fig-1-18c.eps]

				Fig. 1.18(c) Block diagram of a switched mode power supply.

				[image: Fig-1-18d.eps]

				Fig. 1.18(d) Circuit diagram of a switched mode power supply.

					To regulate the output voltage Vout, a part of the rectified output as generated above is fed back to the switching section through a resistive attenuator circuit. This feedback voltage is applied to an error amplifier which compares it to a reference voltage and generates an error voltage. The error voltage is amplified and is used to control the ON to OFF ratio of a pulse width modulator (PWM). The output voltage from the PWM controls the action of the switching circuit. Hence the ON to OFF ratio of the PWM controls the rms voltage to the primary winding, resulting in regulating the final dc output voltage, Vout.

				If the output voltage Vout increases because of the decrease in load, the error voltage increases too. This enhanced error voltage reduces the ON time of the switching transistor, thereby reducing the output voltage to the desired value. The output voltage is also maintained at its desired value if it tends to decrease because of an increase in the load. Most SMPS have the facility to protect the power supply from overloads and short circuits in the output section.

				Applications of SMPSs

				Reliable performance of personal computers (PCs) depends upon the proper operation 
of their power supply units. Normally, a switched mode power supply (SMPS) is used in a PC.

				Advantages of SMPSs

				The advantages of an SMPS are (i) reduced size of filter components, (ii) reduced size of cores in the inductive components, (iii) low cost, and (iv) high efficiency.

				Disadvantages of SMPSs

					(i)	In a switching circuit, electromagnetic interference is a natural occurrence because of ON-OFF switching.	 This interference can get conducted to the load, resulting in higher output ripple and noise.

					(ii)	The trapped energy because of the large oscillatory current or higher harmonics lies in the radio frequency range and, therefore, causes interference on the display screen. 

					(iii)	The main supply can cause disturbance in other devices in close proximity because of the strong induced voltage in the SMPS which gets fed back to the mains.

					(iv)	If the shielding is improper, the SMPS would generate strong electromagnetic interference which may create	 intermittent problems to the computer or other devices.

				1.12 COMPARISON OF LINEAR POWER SUPPLY AND SMPS

				Table 1.4 shows the comparison of linear power supply and SMPS.	

				
					
						
								
								Table 1.4 Comparison of linear power supply and SMPS.

							
						

						
								
								Parameter

							
								
								Linear Power Supply

							
								
								SMPS

							
						

						
								
								Size

							
								
								Large

							
								
								Small

							
						

						
								
								Weight

							
								
								Heavy

							
								
								Light

							
						

						
								
								Efficiency

							
								
								Poor (25–50%)

							
								
								Good (65–80%)

							
						

						
								
								Operating cost

							
								
								High

							
								
								Low

							
						

						
								
								Noise level at output

							
								
								Low

							
								
								High

							
						

						
								
								Mains transformer

							
								
								Bulky

							
								
								Small

							
						

						
								
								Filter capacitor

							
								
								Bulky

							
								
								Medium

							
						

						
								
								Transformer core

							
								
								Laminated iron

							
								
								Ferrite core

							
						

						
								
								Regulation

							
								
								Less than 0.1%

							
								
								0.3%

							
						

						
								
								RF interference

							
								
								Special shielding should be provided

							
								
								Negligible

							
						

					
				

				1.13 SWITCH MODE CONVERTER

				A converter is another category of switched mode supply. A converter is a circuit that changes direct current to alternating current and then back to direct current. This makes it possible to transform one dc voltage to another dc voltage. It also permits a considerable saving in size and weight of the transformer because the frequency of operation is much higher than the normal line frequency.

				1.13.1 Flyback Converter

				The flyback converter stores energy in an inductor and transfers it to a storage capacitor such that the capacitor voltage is more than the input voltage. The output of the inverter (dc-ac stage) which is varied by a PWM method, is converted to dc by a diode rectifier D1 as shown in Fig. 1.19(a). When the transistor Q is turned on, the input voltage Vin appears across the transformer primary (inductor) and a corresponding voltage is induced in the secondary. When Q is OFF, a voltage of opposite polarity is induced in the primary

				[image: Fig-1-19a.eps]

				Fig. 1.19(a) Circuit diagram of a flyback converter.

				by the secondary due to the transformer action. The minimum open circuit voltage of the transistor Q is twice the input supply voltage. The input current is pulsating and discontinuous. Without diode D2, a dc current would flow through the transformer. When Q is OFF, diode D2 and capacitor C1 reset the transformer core. Capacitor C1 discharges through R1 when D2 is OFF and energy is lost in every cycle. This circuit is very simple and is restricted to applications below 500 W. This is a forward converter and it requires a voltage control feedback loop.

				1.13.2	Buck Converter or Forward Converter or Step-down Converter (Regulator)

				The buck regulator has the output voltage always less than the input voltage and can be practically anywhere between 10% and 90% of the input voltage—hence the name buck. This switching regulator can be used as a dc step-down transformer with maximum efficiency, which is more than 90%. The rectangular pulses from the pulse width modulator (PWM) on the base of the transistor saturate or cut-off the transistor during each cycle. Because of the ON-OFF switching, the average value is always less than the input voltage. The output of the buck converter as shown in Fig. 1.19(b) is compared with a reference voltage and the error signal is amplified by an error amplifier. This amplified error signal is used to generate a pulse width modulated waveform. This controls the ON-OFF periods of the switching transistor.

				[image: Fig-1-19b.eps]

				Fig. 1.19(b) Circuit diagram of a forward or buck converter (regulator).

				Principle of Operation

				When the transistor switch Q is turned on by the positive output pulse of the PWM, current flows through the inductor L and divides itself into two parts—one flowing through the output capacitor C and the other through the load RL. As the transistor starts conducting, the induced voltage in the inductor L bucks (opposes) the input voltage as illustrated in 
Fig. 1.19(b). When the output voltage Vout exceeds the input voltage Vin, the transistor switch Q is turned off by the negative output pulse of the PWM. At this instant, the stored energy in the inductor L reverses its polarity, and sends current into the load via diode D while the voltage is maintained by the capacitor C. As all the stored energy in the inductor is being used up, the capacitor discharges and the output voltage decreases. The diode D prevents the discharge of capacitor C through it. In this condition the switch Q is turned on and the process continues so that the output voltage is maintained very near to the input voltage Vin. Without the diode D, the inductive kick would develop enough reverse voltage to destroy the transistor.

					If the output voltage increases because of any decrease in load, the error voltage will increase too. This enhanced error voltage reduces the ON time of the switching transistor Q, thereby reducing the output voltage to the desired value. The output voltage is also maintained at its desired value if it tends to decrease because of an increase in load. 

				1.13.3 Boost Converter or Step-up Converter (Regulator)

				The boost regulator has its output voltage always more than the input voltage—hence the name boost. This switching regulator can be used as a dc step-up transformer. The rectangular pulses from the pulse width modulator (PWM) on the transistor base saturate or cut-off the switching transistor during each cycle. Because of the ON-OFF switching, the average value is always more than the input voltage. The output of a boost converter as shown in Fig. 1.19(c), is compared to a reference voltage and the error signal is amplified by

				[image: Fig-1-19c.eps]

				Fig. 1.19(c) Circuit diagram of a boost converter (regulator).

				an error amplifier. This amplified error signal is used to generate a pulse width modulated waveform. This waveform controls the ON-OFF periods of the switching transistor. The circuit has high efficiency as the boost converter requires only one transistor.

				Principle of operation

				When the switching transistor Q is turned on by the positive output of the PWM, the current flows through the inductor L and energy is stored in it. When the switching transistor Q is turned off by the negative output pulse of the PWM, the magnetic field in the inductor collapses and induces a large voltage across the coil of opposite polarity as depicted in 
Fig. 1.19(c) that adds (boosts) to the input voltage. This ensures the flow of current in the same direction. The diode D is now forward biased. Thus, the voltage across the inductor and the input voltage are in series and together charge the output capacitor C to a voltage higher than the input voltage Vin. The current flows through the inductor L and divides itself into two parts—one flowing through the output capacitor C and the other through the load RL. When the transistor Q turns on again, the diode D prevents capacitor C from discharging itself. The capacitor thus maintains the load voltage Vout when transistor Q is ON. During the conduction of transistor Q, the stored energy in the capacitor C, therefore, maintains the load current. 

					If the output voltage Vout increases because of any decrease in load, the error voltage will increase too. This enhanced error voltage reduces the ON time of the switching transistor, resulting in a decrease in the inductor voltage and thereby reducing the output voltage to the desired value. The output voltage is also maintained at its desired value if it tends to decrease because of an increase in load. 

				1.13.4 Buck-boost Converter (Regulator)

				This regulator operates on the principle of both buck and boost. The output voltage may be less than or more than the input voltage—hence the name ‘buck-boost’. The output voltage polarity is opposite to that of the input voltage. This converter as shown in Fig.1.19(d) is also known as inverting converter. It has high efficiency.

				Principle of operation

				When the switching transistor Q is turned on, the current flows through the inductor L and transistor Q. At this moment, the diode D is reverse biased. When the transistor Q is turned OFF, the voltage polarity in the inductor L changes its sign and the stored energy in L charges the capacitor C through the diode D, and sends current into the load as well. This takes the output voltage to an opposite polarity compared to that of the input voltage. The inductor current during energy release falls until transistor Q is switched on again in the next cycle. During the conduction of transistor Q, the stored energy in capacitor C maintains the load current.

					If the output voltage Vout increases because of any decrease in load, the error voltage increases too. This enhanced error voltage reduces the ON time of the switching transistor, resulting in a decrease in the inductor voltage, thereby reducing the output voltage to the desired value. The output voltage is also regulated to its desired value if it tends to decrease because of an increase in load.

				1.13.5 Cuk Converter or Regulator

				The circuit as shown in Fig. 1.20 was named after its inventor, Slobodan Cuk. This circuit operates on the principle of both buck and boost, and the converter is a simplified cascaded boost-buck converter utilising a minimum number of switches. The Cuk converter provides 

				[image: Fig-1-19d.eps]

				Fig. 1.19(d) Circuit diagram of a buck-boost converter (regulator).

				[image: Fig-1-20.eps]

				Fig. 1.20 Circuit diagram of a Cuk converter (regulator).

				an output voltage Vout which is less than or greater than the input voltage Vin, but the output voltage polarity is opposite to that of the input voltage.

				Principle of operation 

				When the transistor switch Q is OFF, the capacitor C1 charges through the inductor L1 and the diode D. When the transistor switch Q is turned on, the discharging current of the capacitor C1 consists of two parts: (i) one part charges the capacitor C2 through C1, inductor L2, and the transistor Q, and (ii) the remaining part flows through the load RL, inductor L2, capacitor C1, and transistor Q.

				When the transistor switch Q is OFF, the stored energy in the inductor L2 reverses its polarity and sends current into the load RL through the diode D, while the voltage is maintained by capacitor C2. As all the stored energy in the inductor L2 gets used up, capacitor C2 discharges and the output voltage decreases.

				1.13.6 Comparison of Buck, Boost, and Buck-boost Regulators	

				
					
						
								
								Buck regulator

							
								
								Boost regulator

							
								
								Buck-boost regulator

							
						

						
								
								The output voltage is less than the input voltage.

							
								
								The output voltage is more than the input voltage. 

							
								
								The output voltage is either less or more than the input voltage.

							
						

						
								
								The output voltage polarity is the same as that of the input voltage.

							
								
								The output voltage polarity is the same as that of the input voltage.

							
								
								The output voltage polarity is opposite to that of the input  voltage.

							
						

						
								
								It can be used as a dc step-down transformer. 

							
								
								It can be used as a dc step-up transformer.

							
								
								It can be used as a dc step-up or step-down transformer.

							
						

					
				

				

				1.13.7   3524 Pulse Width Modulation (PWM) Voltage Regulator

				The 3524 PWM chip having 16 pins, incorporates all the functions required in the construction of a regulating power supply, inverter, or switching regulator on a single chip. It includes a precision 5.0 V reference trimmed to ±1% accuracy. This 3524 IC can also be used as a control element for the high power output applications. It includes an on-chip regulator, error amplifier, programmable oscillator, pulse-steering flip-flop, two uncommitted pass transistors, a high gain comparator, and a current limiting and shutdown circuitry.

				Salient features of 3524 PWM voltage regulator

				
						Precision reference internally trimmed to ±1%

						Undervoltage lockout

						Current limit

						Output to 200 mA

						Output capability to 60 V

						200 ns shutdown

						Thermal shutdown

						Start-up supply current less than 4 mA

						Guaranteed frequency

				

				Working principle of 3524 pulse width modulation voltage regulator

				The 3524 is a fixed frequency pulse width modulation (PWM) voltage regulator control circuit which operates at a fixed frequency that is programmed by a timing resistor RT with one timing capacitor CT. A linear voltage ramp across CT produced by a constant charging current through RT – CT is fed back to the comparator. This provides linear control of the output pulse width duration by the error amplifier. The 3524 having an on-board reference regulator as, shown in Fig. 1.21(a), serves as a reference as well as for supplying the 3524 internal regulator control circuitry.

				[image: Fig-1-21a.eps]

				Fig. 1.21(a) Functional block diagram of a 3524 regulating pulse width modulator.

				The internal reference voltage is divided externally by a resistor ladder network consisting of R1, RD1 and R2, to establish a reference common-mode voltage range within the error amplifier, as shown in Fig. 1.21(b). The amplified error voltage is compared to the linear voltage ramp at CT. The resulting modulated pulse out of the high-gain comparator is then steered to the appropriate pass transistor Q1 or Q2 by the pulse steering flip-flop, which is synchronously toggled by the oscillator output as shown in Fig 1.21(b). The output of the error amplifier shares a common input to the comparator with the current limiting and shutdown circuitry. The output voltage swing of the internal error amplifier extends to 5 V. The uncommitted 60 V, 200 mA, NPN output pair greatly enhances the output drive capability. ‘Comp’ is made available for compensation.

				[image: Fig-1-21b.eps]

				Fig. 1.21(b) Pinout diagram with external parameter connection of a 3524 regulating pulse width modulator.

				Specifications of a 3524 pulse width modulation voltage regulator

				Table 1.5 shows the specification of a 3524 pulse width modulation voltage regulator.

				
					
						
								
								Table 1.5 Specification of a 3524 pulse width modulation voltage regulator.

							
						

						
								
								Parameter

							
								
								Value

							
						

						
								
								Supply voltage VCC

							
								
								8 V – 40 V

							
						

						
								
								Output voltage

							
								
								4.6 V – 5.4 V

							
						

						
								
								Reference output current

							
								
								0 mA – 50 mA

							
						

						
								
								Current through the CT terminal

							
								
								(–0.03) mA – (–2) mA

							
						

						
								
								Input voltage regulation

							
								
								10 mA – 30 mV

							
						

						
								
								Output voltage regulation

							
								
								10 mA – 50 mV

							
						

						
								
								Short circuit output current

							
								
								100 mA

							
						

						
								
								Load regulation

							
								
								20 mA – 50 mA

							
						

					
				

				MULTIPLE CHOICE QUESTIONS

				1.	A rectifier converts

				(a)	dc to ac.	

				(b)	low voltage to high voltage.

						(c)	ac to dc.	

				(d)	low power to high power.

					2.	In a half-wave rectifier, the load current flows for

						(a)	the complete cycle of the input signal.

						(b)	only the positive half-cycle of the input signal.

						(c)	less than a half-cycle of the input signal.

						(d)	more than a half-cycle, but less than the complete cycle of the input signal.

					3.	In a full-wave rectifier, the current in each of the diodes flows for

						(a)	complete cycle of the input signal.

						(b)	half-cycle of the input signal.

						(c)	more than the half-cycle, but less than the full-cycle.

						(d)	zero time.

					4.	In a full-wave rectifier, dc voltage is dropped across

						(a)	the transformer.	

				(b)	two diodes.	

						(c)	a single diode.	

				(d)	the load resistance.

					5.		Which of the following circuits cannot be operated directly from the mains?

						(a)	Bridge rectifier.	

				(b)	Centre-tap rectifier.

						(c)	Half-wave rectifier.	

				(d)	Voltage doubler.

					6.		The bridge rectifier is preferred to an ordinary two diodes full-wave rectifier because

						(a)	it uses four diodes.

						(b)	the transformer has no centre-tap.

						(c)	it needs a much smaller transformer for the same output.

						(d)	it has a higher safety factor.

					7.		The ripple frequency of the output waveform of a bridge rectifier when fed with a 
50 Hz sine wave is

						(a)	100 Hz.	

				(b)	25 Hz.

						(c)	50 Hz.	

				(d)	0 Hz. 

					8.	A higher ripple frequency signifies that

						(a)	the output is closer to dc.

						(b)	the power supply is not good.

						(c)	the output has a greater number of ac components.

						(d)	none of the above is correct.

					9.	Under the best conditions, the rectification ratio of a half-wave rectifier is

						(a)	0.406.	

				(b)	4.06.

						(c)	2.03.	

				(d)	0.812.

					10.	Efficiency of rectification is more for a

						(a)	full-wave rectifier.	

				(b)	larger load resistance.

						(c)	half-wave rectifier.	

				(d)	smaller load resistance.

					11.	In a dc power supply, the transformer utilisation factor is defined as

						(a)	[image: Biswanath__Eq-1-77.wmf] 

						(b)	[image: Biswanath__Eq-1-78.wmf]

						(c)	[image: Biswanath__Eq-1-79.wmf]

						(d)	none of the above.

					12.		While comparing transformer utilisation factor (TUF), the bridge rectifier has a TUF

						(a)	better than that of the conventional full-wave rectifier.

						(b)	less than that of the conventional full-wave rectifier.

						(c)	which is the highest of all rectifiers.

						(d)	which is none of the above.

					13.	The peak inverse voltage gets applied to a diode when it is

						(a)	forward biased.	

				(b)	reverse biased.

						(c)	in the ON state.	

				(d)	on a heat sink. 

					14.		If Vm is the peak voltage across the secondary of the transformer in a half-wave rectifier (without any filter circuit), the P.I.V is 

						(a)	Vm.	

				(b)	Vm/2.

						(c)	2Vm.	

				(d)	none of the above.

					15.		In a centre-tap full-wave rectifier, Vm is the peak voltage between the centre-tap and one end of the secondary. The maximum voltage across the reverse biased diode is 

						(a)	Vm.	

				(b)	Vm/2.

						(c)	2Vm.	

				(d)	none of the above.

					16.	Which of the following is the major advantage of a bridge rectifier?

						(a)	The output voltage is more smooth.

						(b)	No centre-tap transformer is required.

						(c)	The P.I.V. of each diode is half of that for a full-wave rectifier.

						(d)	None of the above.

					17.	If a power supply has a no-load voltage of 9 V and a full-load voltage of 8 V, the percentage regulation is

						(a)	10.2%.	

				(b)	12.5%.

						(c)	1.25%.	

				(d)	125%.

					18.	A power supply has a no-load voltage of 20 V and a full-load voltage of 10 V, the percentage regulation is

						(a)	1%.

					(b)	10%.

						(c)	100%.	

				(d)	none of the above.

					19.	If a power supply has a voltage regulation of 100%, then it is

						(a)	the best possible design.	

				(b)	the worst possible design.

						(c)	not a good design.	(d)	none of above.

					20.	The percentage voltage regulation of an ideal power supply is

						(a)	100%.	

				(b)	0%.

						(c)	1%.	

				(d)	none of the above.

					21.	An ideal power supply is characterised by its

						(a)	very large output resistance.	

				(b)	very small output resistance.

						(c)	zero internal resistance.	

				(d)	infinite internal resistance. 

					22.	A given filter has a no-load voltage of 300 V and the full-load voltage of 280 V. The regulation (full-load) of the circuit is 

						(a)	9.6%.	

				(b)	7.1%.

						(c)	6.7%.	

				(d)	4.2%.

					23.	The ripple factor of a power supply is the ratio of

						(a)	rms value to peak value.	

				(b)	peak value to dc value.

						(c)	rms value to dc value.	

				(d)	peak value to rms value.

					24.	The ripple factor of a power supply is a measure of its

						(a)	filter efficiency.	

				(b)	diode rating.

						(c)	voltage regulation.	

				(d)	purity of power output.

					25.		If in a rectifier, the ripple voltage is 100 mV and the dc value is 10 V, then the ripple factor is given by

						(a)	0.01.	

				(b)	0.02.

						(c)	0.001.	

				(d)	0.0002.

					26.	A power supply with a dc output of 140 V has a 50 Hz ripple of 1.4 V. The percentage ripple factor is

						(a)	0.1%.	

				(b)	0.14%.

						(c)	1%.	

				(d)	2.4%.

					27.	The ripple factor of a full-wave rectifier compared to that of a half-wave rectifier without a filter is

						(a)	less than half for that of a half-wave rectifier.

						(b)	equal to that of a half-wave rectifier.

						(c)	half of that for a half-wave rectifier.	

						(d)	none of the above.

					28.	If the ripple factor of a rectifier output wave is low, it means that

						(a)	the output voltage will have less ripple.

						(b)	the output voltage will be low.

						(c)	the filter circuit may not be required.

						(d)	none of the above are true.

					29.	The ripple factor of a full-wave bridge rectifier is

						(a)	1.21.	

				(b)	0.482.

						(c)	0.055.	

				(d)	none of the above.

					30.	For a half-wave rectifier, the ripple factor is

						(a)	1.45.	

				(b)	1.21.

						(c)	1.54.	

				(d)	1.0.

					31.	A higher value of the ripple factor of a power supply indicates

						(a)	that the rms value is equal to the peak value.

						(b)	ideal rectification.

						(c)	poor rectification.

						(d)	none of the above.

					32.	In a power supply, the ripple factor is a measure of

						(a)	filter efficiency.	

				(b)	diode rating.

						(c)	voltage regulation.	

				(d)	purity of power output.

					33.	The ripple factor of a filter is 

						(a)	directly proportional to the load.

						(b)	inversely proportional to the load.

						(c)	load dependent (in simple L and C filters).

						(d)	high for good filters.

					34.	The typical value of a filter capacitor for 50 Hz input is

						(a)	5 pF.	

				(b)	5 mF.

						(c)	200 mF.	

				(d)	50 mF.

					35.	A capacitor filter is used for relatively 

						(a)	light loads.	

				(b)	high loads.

						(c)	low load voltages.	

				(d)	none of the above.

					36.	A capacitor filter in a rectifier provides

						(a)	good voltage regulation.

						(b)	poor voltage regulation.

						(c)	voltage regulation that remains unaffected.

						(d)	none of the above.

					37.	With the increase in the load resistance in a power supply using a capacitor filter, the ripple voltage

						(a)	increases too.	

				(b)	decreases.

						(c)	remains unchanged.	

				(d)	undergoes none of the above.

					38.	The larger the value of the filter capacitor, the

						(a)	larger the peak-to-peak value of the ripple voltage.

						(b)	larger the peak current in the rectifying diode.

						(c)	longer the time that the current pulse flows through the diode.

						(d)	smaller the dc voltage across the load.

					39.	If Vm is the peak voltage across the secondary of the transformer in a half-wave rectifier with shunt ca	pacitor filter, the maximum voltage that occurs on the reverse biased diode is 

						(a)	Vm.	

				(b)	Vm/2.

						(c)	2Vm.	

				(d)	none of the above.

					40.	An inductor filter has a ripple that

						(a)	increases with increase in load resistance.

						(b)	decreases with increase in load resistance.

						(c)	remains the same with variation in load resistance.

						(d)	undergoes none of the above.

					41.	An inductor filter is used with

						(a)	relatively low load currents.	

				(b)	relatively high load currents.

						(c)	relatively high load voltages.	

				(d)	none of the above. 

					42.	With an increase in load resistance, the ripple voltage in a power supply using an inductor filter 

						(a)	decreases.	

				(b)	remains unchanged.

						(c)	increases too.	

				(d)	undergoes none of the above.

					43.	In filter circuits, the function of the bleeder resistance is

						(a)	to provide discharge path to capacitors so that the output becomes zero when the circuit has been deenergised.

						(b)	to maintain minimum current necessary for optimum inductor filter operation.

						(c)	to work as a voltage divider in order to provide a variable output from the supply.

						(d)	all of the above.

					44.	The main reason why a bleeder resistor is used in a dc power supply is that it

						(a)	keeps the supply on.	

				(b)	improves the voltage regulation.

						(c)	improves filtering action.	

				(d)	is both (b) and (c).

					45.	The voltage doubler circuit is a 

						(a)	low voltage, high current device.	

				(b)	high voltage,  low current device.

						(c)	low voltage, low current device.	

				(d)	high voltage, high current device. 

					46.	In a full-wave voltage doubler circuit, the ripple frequency is 

						(a)	equal to the input frequency.	

				(b)	thrice the input frequency.

						(c)	twice the input frequency.	

				(d)	none of the above.

					47.	Ripple in a full-wave voltage doubler circuit compared to a conventional full-wave rectifier is

						(a)	more.	

				(b)	less.

						(c)	equal.	

				(d)	none of the above.

					48.	The main components of a typical regulated power supply are

						(a)	rectifier, filter, and regulator.	

				(b)	transformer, rectifier, filter, and regulator. 

						(b)	transformer and rectifier.	

				(d)	none of the above.

					49.	A zener diode is invariably used with 

						(a)	forward bias.	

				(b)	reverse bias.

						(c)	zero bias.	

				(d)	any of the above.

					50.	A zener diode when biased correctly

						(a)	never overheats.	

				(b)	acts as a fixed resistance.

						(c)	has a constant voltage across it.	

				(d)	has a constant current passing through it. 

					51.	The pass transistor in a linear regulator operates in

						(a)	the saturation or cut-off region.	

				(b)	the active region.

						(c)	the saturation region only.	

				(d)	all of the above regions.

					52.	The collector-emitter resistance of the pass transistor in a series regulator varies with the change in 

						(a)	the input voltage.

						(b)	the output voltage.

						(c)	the input voltage or the output voltage.

						(d)	none of the above.

					53.	Which of the following ICs is a voltage regulator?

						(a)	IC 723.	

				(b)	IC 3028.

						(c)	IC 3065.	

				(d)	IC 741.

					54.	The maximum load current for IC 723 without any external series transistor is

						(a)	150 mA.	

				(b)	250 mA.

						(c)	750 mA.	

				(d)	1 A.

					55.	The IC 723 chip can be used as

						(a)	a linear regulator.

						(b)	a switching regulator.

						(c)	either a linear or a switching regulator.

						(d)	none of the above.

					56.	The three-terminal IC voltage regulator should have

						(a)	overcurrent protection	

				(b)	current limiting

						(c)	thermal shutdown	

				(d)	all of the above

					57.	The dc output voltage of IC 7805 three-terminal voltage regulator is

						(a)	5 V	

				(b)	8 V

						(c)	15 V	

				(d)	none of the above

					58.	The 78xx series voltage regulators are capable of supplying load currents in excess of

						(a)	1 A over a 5 V to 25 V output voltage range

						(b)	1 A over a 5 V to 15 V output voltage range

						(c)	1 A over a 5 V to –25 V output voltage range

						(d)	1 A over a 5 V to –15 V output voltage range

					59.	The maximum load current for a three-terminal IC voltage regulator is

						(a)	1 A	

				(b)	5 A

						(c)	10 A	

				(d)	100 A

					60.	The dc output voltage of IC 7905.2 three-terminal voltage regulator is

						(a)	–5 V	

				(b)	–5.2 V.

						(c)	–9.2 V	

				(d)	none of the above

					61.	The full form of SMPS is

						(a)	static mode power system.

						(b)	switched mode power supply.

						(c)	sample multiplexed power system.

						(d)	none of the above.

					62.	The transistor in a switched mode power supply operates in 

						(a)	the saturation and cut-off region, alternately.

						(b)	the active region.

						(c)	the saturation region only.

						(d)	all of the above regions.

					63.	The transformer used in a switched mode power supply is 

						(a)	air core.	

				(b)	iron core.

						(c)	ferrite core.	

				(d)	all of the above.

					64.	The frequency of a switching transistor compared to power frequency in a switched mode power supply is 

						(a)	equal.	

				(b)	high.

						(c)	low.	

				(d)	very high.

					65.	The typical value of switching frequency in a switched mode power supply is 

						(a)	50 Hz.	

				(b)	50 kHz.

						(c)	50 MHz.	

				(d)	500 GHz. 

					66.	The wave used to minimise heat dissipation in the switching transistor of an SMPS is a

						(a)	sine wave.

					(b)	triangular wave.

						(c)	square wave.

					(d)	saw tooth wave. 

					67.	In a flyback converter, energy is stored in the transformer primary 

						(a)	during the time when the transistor is OFF.

						(b)	during the time when the transistor is ON.

						(c)	during the time when the core is saturated. 

						(d)	when it is none of the above.

					68.	In a flyback converter, energy is transferred to the transformer secondary

						(a)	at all times.

						(b)	when the transistor is OFF.

						(c)	only when the transistor is in saturation.

						(d)	when it is none of the above.

					69.	The output voltage of a buck converter is

						(a)	less than the input voltage.	

				(b)	more than the input voltage.

						(c)	equal to the input voltage.	

				(d)	either more or less than the input voltage.

					70.	The output voltage of a boost converter is

						(a)	less than the input voltage.	

				(b)	more than the input voltage.

						(c)	equal to the input voltage.	

				(d)	none of the above. 

				TRUE OR FALSE STATEMENTS

				State whether the following statements are true or false:

					1.	A full-wave rectifier is less efficient than a half-wave rectifier. 

					2.	In a full-wave rectifier, if the input frequency is 50 Hz, then the output frequency will be 100 Hz.

					3.	The main function of a rectifier is to convert an ac voltage into a steady state dc voltage. 

					4.	The value of breakdown voltage of a zener diode depends upon doping. 

					5.	In a centre-tap full-wave rectifier, if Vm is the peak voltage between the centre-tap and one end of the	 secondary, then the maximum voltage across the reverse biased diode will 2Vm. 

					6.	he average value of the half-wave rectified voltage is 0.318 times the peak supply voltage. 

					7.	The ripple in a full-wave doubler is greater than that in a conventional full-wave rectifier. 

					8.	The ripple factor for a full-wave rectifier is 1.21. 

					9.	A capacitor filter is used with rectifiers to supply a large load current. 

					10.	A choke input filter is used with rectifiers to supply a large load current. 

					11.	In a full-wave voltage doubler, there is a common connection between the ground of the input and the ground of the output. 

					12.	The voltage regulator diode is commonly called a zener diode. 

					13.	Externally, the zener diode looks much like other silicon rectifier devices and electrically it is capable of rectifying ac. 

					14.	A zener diode is always forward biased.

					15.	Zener diode as a voltage regulator operates in the constant voltage region of the characteristic curve. 

					16.	A transistor current regulator employs a transistor and a zener diode. 

					17.	In a transistor series regulator, the transistor acts like a variable resistance. 

					18.	A transformer is a very important constituent in a linear regulator. 

					19.	A linear voltage regulator is also referred to as non-dissipative regulator. 

					20.	A three-terminal voltage regulator does not have a thermal shutdown capability. 

					21.	A three-terminal voltage regulator can also be used to obtain adjustable voltage and current. 

					22.	The 78xx three-terminal voltage regulators are available with negative output.

					23.	The 79xx three-terminal voltage regulators are available with positive output.

					24.	The output current of 78xx three-terminal voltage regulators is in excess of 1 A.

					25.	Switching regulators are sometimes called linear regulators. 

					26.	An SMPS isolates the source from the load. 

					27.	An SMPS is frequently used as a power supply in computers. 

					28.	A switching regulator results in a compact and low-weight power supply. 

					29.	An SMPS is characterised by the fact that the active device in it is either ON or OFF. 

					30.	A linear regulator is characterised by the fact that the active device in it is always operated in the active region. 

					31.	In a buck regulator, the output voltage is always less than the input voltage. 

					32.	In a boost regulator, the output voltage is always less than the input voltage. 

					33.	The polarity of the output voltage in a buck-boost regulator is opposite to that of the input voltage. 

					34.	There is a 10 V reference voltage source in a TL3524 PWM IC. 

					35.	TL3524 PWM IC is a 16 pin IC chip. 

				REVIEW QUESTIONS

				1.	(a)	Draw the circuit diagram of a full-wave rectifier using capacitor input filter.(WBDEE 1998)

						(b)	Deduce the expression for the ripple factor of a full-wave rectifier. 
(WBDEE 1999)

						(c)	What is transformer utilisation factor (TUF)?

				2.	(a)	What is a regulated power supply? 

						(b)	What is the physical significance of voltage regulation? 

						(c)	Explain the operation of a capacitor filter in a full-wave rectifier circuit. 

					3.	(a)	Draw and explain the circuit of a full-wave voltage doubler. (WBDETC 1998) 

						(b)	What is the disadvantage of a full-wave voltage doubler?

						(c)	Derive the relation for efficiency of rectification of a full-wave rectifier. Discuss how does it differ from that of a half-wave rectifier.

						(d)	Explain the operation of a p filter in a full-wave rectifier circuit. (WBDETC 1998)

					4.	(a)	What is ripple factor and why it is so important?

						(b)	Deduce the ripple factor for a full-wave rectifier circuit.	

					5.	(a)	What is a voltage regulator? 

						(b)	With a neat circuit diagram, discuss the working of a regulated power supply using series regulator whose output is negative with respect to ground.

					6.	(a)	With the help of a v-i characteristic curve, explain how a zener diode may be used in stabilising the output of a regulated power supply.

						(b)	Explain with a neat circuit diagram the operation of a shunt voltage regulator.

					7.	(a)	Explain with the help of a block diagram, the internal constructional details of an IC regulator chip. (WBDEE 1999)

						(b)	Explain with a neat circuit diagram the operation of a series regulator using either an op-amp or a transistor as a switching element. (WBDEE 1999)

					8.	(a)	Explain the advantages and disadvantages of switched mode power supply. With the help of a block diagram, explain the working principle of switched mode power supply. (WBDEE 1998)

						(b)	What do you mean by three-terminal IC regulators? Explain with a neat circuit diagram the operation of a series regulator using an op-amp. (WBDEE 1998)

					9.	(a)	Mention the salient features of the three-terminal IC voltage regulators.

						(b)	Classify the different types of three-terminal IC voltage regulators.

					10.	(a)	Explain with a neat circuit diagram the principle of working of a 78xx fixed positive voltage regulator (three-terminal IC regulator).

						(b)	What are the advantages and disadvantages of the three-terminal voltage regulators?

					11.	(a)	Explain how a 78xx fixed positive voltage regulator can be used as an adjustable positive voltage regulator.

						(b)	Explain how a 78xx fixed positive voltage regulator can be used as a current regulator.

					12.	(a)	What is meant by the 79xx series fixed negative voltage regulators?

						(b)	Explain with a neat circuit diagram the thermal overload protection of a three-terminal voltage regulator.

						(c)	Draw a diagram for current limiting circuit of a three-terminal voltage regulator. Explain its working in brief.

					13.	(a)	What are the elements of switched mode regulators? (WBDETC 1997)

						(b)	Explain with a neat circuit diagram the operation of a buck-boost regulator. (WBDETC 1997)

						(c)	Compare the features of buck, boost, and buck-boost regulators.

				PROBLEMS

					1.1	A sinusoidal voltage of peak magnitude 25 V and frequency 50 Hz is applied to a half-wave rectifier. The load resistor is 1000 W. The forward resistance of the diode is 10 W. Calculate (i) the peak, average, and rms values of load current, (ii) the dc power output, (iii) the ac power input, (iv) the rectifier efficiency, and (v) the ripple factor. 

					1.2	A full-wave rectifier supplies a load of 1 kW. The ac voltage applied to the diodes is 220-0-220 V (rms). The diode resistance is neglected. Calculate (i) the average dc voltage, (ii) the ripple voltage, (iii) the dc power output, (iv) the ac power input, and 
(v) the rectifier efficiency.

					1.3	A 7.2 V zener is used to maintain a constant voltage across the load. The load current varies from 12 to 100 mA. Calculate the value of the series resistance in order to maintain a voltage of 7.2 V across the load. The input voltage is maintained at 12 V and the minimum zener current is 10 mA.

			

		

	
		
			
				Chapter 2

				DIFFERENTIAL AMPLIFIERS

				2.1 INTRODUCTION

				Before the advent of the age of ICs, circuit designers had to design amplifiers from scratch using discrete components such as transistors, resistors, capacitors, etc. With the availability of ICs, this is no longer necessary. Presently, complete amplifiers with a large variety of characteristics are available on a single chip. These are called operational amplifiers (abbreviated to op-amps). Most op-amps consist of a differential amplifier input stage (i.e. the differential amplifier is the basic building block of the operational amplifier) followed by one or more high gain amplifier stages which in turn drive some form of the output stage. A thorough understanding of the analysis of differential amplifiers helps clarify the operation of the operational amplifier and makes their characteristics easy to comprehend. 

				An integrated circuit, commonly referred to as IC, is a complete electronic circuit that is contained within a single chip of silicon. Often no larger than a discrete transistor, an IC can contain as many as hundreds of thousands of integrated transistors, diodes, resistors, and capacitors, along with interconnecting conductors, processed and contained entirely within a single chip of silicon. An important advantage of the direct coupling between the stages of an operational amplifier circuit is that it removes the lower cut-off frequency imposed by the coupling capacitors. Therefore, the differential amplifier is capable of amplifying dc as well as ac input signals.

				The differential amplifier has gained wide acceptance in circuits such as direct coupled amplifiers and those used for physical measurements like pressure, and medical monitoring of physiological systems. Basically, differential amplifier stage provides high gain to the difference mode signal and rejects the common mode signal.

				2.1.1 Ebers–Moll Model

				The CE connection of a transistor is used more often compared to the CB connection because a small input current (base current) controls a large output current (collector current). For instance, if b = 150, a small base current produces a collector current which is 150 times larger than the base current. Figure 2.1(a) is the monolithic form of an N-P-N transistor. Furthermore, the output current appears to come out of a current source which means that the transistor is a controlled current source. The base current controls the current source. The equivalent circuit of a transistor contains an emitter diode in series with a current source. This model is called the Ebers–Moll dc model as shown in Fig. 2.1(b).

				The Ebers–Moll model amplifies an ac signal. In the absence of the ac signal, the transistor operates at the Q point (quiescent operating point), usually set near the middle of the dc load line. When an ac signal drives a transistor, both the emitter current and base-emitter voltage change.

				[image: Fig-2-1ab.eps]

				Fig. 2.1(a) and (b) (a) Monolithic form of an N-P-N transistor and (b) Ebers–Moll dc model of a transistor.

				If the signal is small, the operating point swings sinusoidally from the quiescent operating point Q to a positive current peak at point M, then to a negative peak current at point N, and back to the quiescent operating point Q, where the cycle repeats. This implies sinusoidal variations in IE and VBE as shown in Fig. 2.1(c).

				[image: Fig-2-1cd.eps]

				Fig. 2.1(c) and (d)	(c) Changes in emitter current produced by changes in base-emitter voltage and
(d) Ebers–Moll ac model of a transistor.

				If the signal is small, peak points M and N are close to the quiescent operating point Q, and the operation is approximately linear. Because of this, the changes in the base-emitter voltage and emitter current are approximately proportional. As far as the ac signal is concerned, the diode appears to be a resistance given by 

					[image: Biswanath__Eq-2-35.wmf]	

				where

				rE 	is the ac emitter resistance

				DVBE 	is the small change in base-emitter voltage

				DiE 	is the corresponding change in emitter current.

				Figure 2.1(d) shows the Ebers–Moll ac model. In this model, the base-emitter diode of the Ebers–Moll dc model is replaced by the ac emitter resistance rE which is given by

					[image: Biswanath__Eq-2-36.wmf]

				2.2 DIFFERENTIAL AMPLIFIER

				The function of a differential amplifier (abbreviated to diff-amp) is, in general, to amplify the difference between two signals given at its input. The diff-amp is made use of in many physical measurements where the response from dc to many megahertz (MHz) is required. The differential amplifier can be classified as follows:

				
						Double-ended input, double-	ended output differential amplifier

						Single-ended input, double-ended output differential amplifier

						Double-ended input, single-ended output differential amplifier

						Single-ended input, single-ended output differential amplifier 

				

				2.2.1 Double-Ended Input and Double-Ended Output Differential Amplifier

				The most general form of a diff-amp is shown in Fig. 2.2(a) which has two input signals, vin1 and vin2. The input signals can have frequencies all the way down to zero, equivalent to dc, as the signals are directly coupled. The output voltage vout is the voltage between the collectors, C1 and C2. This configuration is also referred to as dual input, balanced output diff-amp, because both collectors are at the same dc potential with respect to ground. The differential amplifier circuit is powered by a dual supply, one positive (+VCC ) and the other negative (– VEE ) with respect to ground. Ideally, the circuit is symmetrical with identical transistors (Q1 and Q2) and equal collector loads (i.e. RL1 = RL2). This circuit is, therefore, also called a symmetrical emitter-coupled difference amplifier.

				When the two input signals vin1 and vin2 are equal in magnitude and in phase (i.e. vin1 and vin2 are in the common mode), the output voltage vout is zero. In practice, there is a mismatch between the two transistors Q1 and Q2 (i.e. b1  b2); a small output voltage, therefore, exists between the collectors C1 and C2. If vin1 is greater than vin2, an output voltage vout appears with the polarity shown in Fig. 2.2(a). The voltage across each collector load (RL1 and RL2) is out of phase by 180° with respect to the input signals vin1 and vin2 as shown in Fig. 2.2(b). This polarity assignment is in accordance with the common-emitter configuration. This polarity simply indicates that the voltage at collector C2 is more positive with respect to that at the collector C1, even though both are negative with respect to ground. The output voltage has an opposite polarity, when vin1 is less than vin2.

				If the two input signals vin1 and vin2 are equal in magnitude but out of phase (vin1 and vin2 are called the difference mode signals), the collector voltage of transistor Q1 will 

				[image: Fig-2-2a.eps]

				[image: Fig-2-2b.eps]

				Fig. 2.2(a) and (b)	Double-ended input, double-ended output (balanced output) differential amplifier: 
(a) circuit diagram and (b) ac equivalent circuit.

				increase in the negative direction, in which case an identical increase in the collector voltage of transistor Q2 will occur in the positive direction. As a result, the differential amplifier amplifies the difference of the two input signals, producing an output of vout=A(vin1 – vin2) where A is the voltage gain of the amplifier. The difference mode signal vd and the output voltage vout are shown in Fig. 2.2(c).

				[image: Fig-2-2c.eps]

				Fig. 2.2(c)	Input and output waveforms: double-ended input, double-ended output (balanced output) differential amplifier.

				EXAMPLE 2.1

				Determine the dc voltages and currents of a double-ended input and double-ended output differential amplifier, as shown in Fig. 2.2(d). 

				[image: Fig-2-2de.eps]

				Figure 2.2(d) and (e)	(d) Circuit diagram of Example 2.1 and (e) rearranged form without ac signals of Example 2.1.

				Solution For the calculation of dc bias currents, signal sources vin1 and vin2 are to be shorted. It is assumed that VBE1 = VBE2 = VBE = 0.7 V. The dc emitter bias current in the rearranged form illustrated in Fig. 2.2(e) is given by

					[image: Biswanath__Eq-2-1.wmf]

				The dc collector bias current in the rearranged form illustrated in Fig. 2.2(d) is given by

					[image: Biswanath__Eq-2-2.wmf]

				The dc collector-emitter voltage in the rearranged form illustrated in Fig. 2.2(e) is given by

				Vout1 = Vout2 = Vout = VCC – IC RL

				= 12 – {(1.77 × 10–3) × (4.1 × 103)} = [image: Biswanath__Eq-2-3.wmf]

				2.2.2 Single-Ended Input and Double-Ended Output Differential Amplifier

				Figure 2.3(a) shows the single-ended input, balanced output differential amplifier. The input signal vin1 is applied to the base of transistor Q1, and the output voltage vout is measured between the two collector loads, RL1 and RL2 , which are at the same dc potential (i.e. 
RL1 = RL2). Therefore, the output is said to be a balanced output. A double-ended output has few applications because it requires a floating load, i.e. both ends of the load have to be connected between collectors, C1 and C2. This is inconvenient in most applications because one end of the load is connected to the ground. 

				[image: Fig-2-3a.eps]

				Fig. 2.3(a) Circuit diagram of a single-ended input, double-ended output (balanced output) differential amplifier.

					During the positive half-cycle of the input signal vin1, the base-emitter voltage of Q1 is positive and that of the transistor Q2 is negative as shown in Fig. 2.3(b). This means that the collector current in transistor Q1 increases and that in transistor Q2 decreases from the operating point. During this period, the collector currents iC1 and iC2 are in the same direction as shown in Fig. 2.3(b). An opposite action takes place during the negative half-cycle of the input signal vin1, i.e. the collector current in transistor Q1 decreases and that in transistor Q2 increases. The voltage across the collector load RL2 of transistor Q2 is positive and that across the collector load RL1 of transistor Q1 is negative with respect to ground, which is shown in the ac equivalent circuit. The output voltage is given by

				vout = vout2 – vout1

				Figure 2.3(c) shows the input and output waveforms.

				[image: Fig-2-3b.eps]

				FIg. 2.3(b)	AC equivalent circuit of a single-ended input, double-ended output (balanced output) differential amplifier.

				[image: Fig-2-3c.eps]

				Fig. 2.3(c)	Input and output waveforms of a single-ended input, double-ended output (balanced output) differential amplifier.

				2.2.3	Double-Ended Input and Single-Ended Output Differential 
Amplifier

				The most practical and widely used form of the differential amplifier is shown in Fig. 2.3(d). It has many applications because it can drive single-ended loads. This type of differential amplifier is used for the input stage of most op-amps. In this configuration, the output voltage is measured at only one of the two collectors with respect to ground. The output is referred to as an unbalanced output because the collector at which the output voltage is measured is at some finite dc potential with respect to ground. To derive the voltage gain of this diff-amp, the superposition theorem is applied. This means working out the voltage gain for each input separately, and then combining the two results to get the total gain. The Ebers–Moll ac model is helpful in calculating the output voltage for each input separately.

				[image: Fig-2-3d.eps]

				Fig. 2.3(d) Circuit diagram of a double-ended input, single-ended output differential amplifier.

				2.2.4	Single-Ended Input and Single-Ended Output Differential 
Amplifier

				To obtain the voltage gain for each input acting separately, the diff-amp as shown in 
Fig. 2.4(a) is converted to a single-ended input, single-ended output differential amplifier. The input signal vin1 is applied to the base of Q1 while the other input terminal is grounded. The transistor Q1, which acts as an emitter follower circuit, drives the input circuit of transistor Q2 which is connected in the CB mode. In the CB mode, the output voltage is in phase with the input signal vin1. Hence the final output vout1 is in phase with vin1. The input terminal corresponding to input signal vin1 is known as the noninverting input terminal. This type of single-ended input and single-ended output differential amplifier is sometimes referred to as a simple amplifier.

				Figure 2.4(c) shows the ac equivalent circuit of Fig. 2.4(b), which is the rearranged form of Fig. 2.4(a). Figure 2.4(d) is a simplified ac equivalent circuit of Fig. 2.4(c). 

				[image: Fig-2-4a.eps]

				Fig. 2.4(a) Circuit diagram of a single-ended input, single-ended output differential amplifier.

				[image: Fig-2-4b.eps]

				Fig. 2.4(b) Rearranged form of Fig. 2.4(a).

					In practice, as RE is much greater than rE , the effective emitter resistance is given by

					Reff = rE + (RE||rE)

					[image: Biswanath__Eq-2-37.wmf]

					[image: Biswanath__Eq-2-38.wmf]………(2.1)

				[image: Fig-2-4c.eps]

				Fig. 2.4(c) AC equivalent circuit of Fig. 2.4(b).

				[image: Fig-2-4d.eps]

				Fig. 2.4(d) Simplified ac equivalent circuit of Fig. 2.4(c)

				The input signal and the output voltage are given respectively by

					vin1 = (iE) (2rE)

				and

					vout1 = iC RL

				Hence, the voltage gain for the noninverting input is given by

					[image: Biswanath__Eq-2-39.wmf]………(2.2)

				Therefore, the output voltage is given by 

					[image: Biswanath__Eq-2-40.wmf]………(2.3)

				This kind of diff-amp is also called the noninverting amplifier.

				To find the voltage gain for the inverting input, the input signal vin2, which in difference mode with respect to the input signal vin1, is applied to the base of Q2 while the other 
input terminal is grounded as shown in Fig. 2.5(a). The input signal vin2 drives the CE amplifier (Q2). Now, Q2 drives Q1 which is connected in the CB mode. In the CE mode, the output voltage vout2 is inverted with respect to its input signal vin2. Hence the terminal corresponding to the input signal vin2 is known as the inverting input terminal.

				[image: Fig-2-5a.eps]

				Fig. 2.5(a) Circuit diagram of a single-ended input, single-ended output differential amplifier.

				Figure 2.5(c) is the ac equivalent circuit of Fig. 2.5(b) which is a rearranged form of 
Fig. 2.5(a). Figure 2.5(d) is a simplified ac equivalent circuit of Fig. 2.5(c).

				In practice, as RE is much greater than rE , the effective emitter resistance is given by

					Reff = rE + (RE||rE )

					[image: Biswanath__Eq-2-41.wmf]

					[image: Biswanath__Eq-2-42.wmf]………(2.4)

				The input signal and the ac output voltage are given respectively by

					vin2 = (iE) (2rE)

				and

					vout2 = – iC RL

				[image: Fig-2-5b.eps]

				Fig. 2.5(b) Rearranged form of Fig. 2.5(a).

				[image: Fig-2-5cd.eps]

				Fig. 2.5(c) and (d) (c) AC equivalent circuit of Fig. 2.5(b) and (d) simplified ac equivalent circuit of Fig. 2.5(c).

				The negative sign indicates that the output voltage vout2 is out of phase with the input 
signal vin2. Hence, the voltage gain for the inverting input is given by

					[image: Biswanath__Eq-2-43.wmf] ………(2.5)

				Therefore, the output voltage is given by

					[image: Biswanath__Eq-2-44.wmf]………(2.6)

				This kind of diff-amp is known as the inverting amplifier. 

				According to the superposition theorem, the total output voltage vout can be obtained by adding these two output voltages vout1 and vout2 with both signals vin1 and vin2 present as shown in Fig. 2.3(d). Therefore, the total output is given by

					[image: Biswanath__Eq-2-45.wmf]………(2.7) 

				where Ad = RL /2rE = differential mode voltage gain.

				Hence the output voltage is given by

					vout = Ad (vin1 – vin2)………(2.8)

				Therefore, the output voltage vout of a double-ended input, single-ended output differential amplifier is proportional to the difference between the two input signals vin1 and vin2 which are in the difference mode, i.e. both the input signals are out of phase.

				2.3 DIFFERENCE MODE AND COMMON MODE SIGNALS

				Since the differential amplifier is most often used to amplify the difference between the two input signals vin1 and vin2, it is appropriate to express the inputs in such a way that it emphasises this point as follows:

				Difference mode signal can be defined as the difference of the two input signals vin1 and vin2 as shown in Fig. 2.6.

				[image: Fig-2-6.eps]

				Fig. 2.6 Block representation of a differential amplifier.

				Therefore, the difference mode signal is given by

					vd = vin1 – vin2 ………(2.9)

				Common mode signal is the average value of the two input signals vin1 and vin2. Therefore, the common mode signal is given by

					vc = (vin1 + vin2)/2 ………(2.10) 

				From Eq. (2.10),

					2vc = vin1 + vin2………(2.11) 

				Adding Eqs. (2.9) and (2.11), 

					vd + 2vc = 2vin1

				The input signal vin1 is given by

					vin1 = vc + vd/2 ………(2.12) 

				Subtracting Eq. (2.9) from Eq. (2.11),

					2vc – vd = 2vin2

				Hence, the other input signal is given by

					vin2 = vc – vd/2 ………(2.13)

				2.4 DC ANALYSIS OF A DIFFERENTIAL AMPLIFIER

				Figure 2.7(a) is the dc equivalent circuit of a diff-amp with a double-ended input and a single-ended output. The bases, B1 and B2, are returned to the ground through resistances RB. These may be actual resistors, or they may represent the Thevenin resistances of the circuits driving the differential amplifier. Either way, there must be a dc path from each base to ground; otherwise, transistors Q1 and Q2 will go into the cut-off state.

				[image: Fig-2-7a.eps]

				Fig. 2.7(a) DC equivalent circuit of a differential amplifier with double-ended input and single-ended output.

				2.5 DIFFERENT TERMINOLOGIES OF DIFFERENTIAL AMPLIFIERs

				The various terminologies referred to in the study of differential amplifiers are mentioned in the following subsections. 

				2.5.1 Tail Current of a Differential Amplifier

				A differential amplifier is sometimes called a long-tail pair because it consists of two transistors, Q1 and Q2, connected to a single emitter resistance RE (the tail). The current through RE is called the tail current IT which is given by

					IT = IE1 + IE2 = 2IE ………(2.14)

				The two emitter currents IE1 and IE2 are equal as the two transistors Q1 and Q2 are assumed to be identical. Because of this, each emitter is biased through a resistance 2RE as shown in Fig. 2.7(b). This circuit produces the same emitter currents (IE1 = IE2 = IE) as those in the original circuit of Fig. 2.7(a). Each transistor is emitter biased by the supply –VEE and the resistance 2RE. Therefore, the emitter current is given by 

					[image: Biswanath__Eq-2-46.wmf]………(2.15)

				[image: Fig-2-7b.eps]

				Fig. 2.7(b)	Rearranged dc equivalent circuit of a differential amplifier with double-ended input and single-ended output.

				Equation (2.15) assumes a stiff design, meaning that RB is less than 1/100 of 2bdc RE. Symbolically, RB < 0.02bdc RE . This condition being satisfied, the dc voltage from each base to the ground is approximately zero. In Fig. 2.7(a), the tail current is the sum of the two emitter currents and is given by

					IT = 2IE ………(2.16)

				Comparing Eqs. (2.15) and (2.16), the tail current is given by

					[image: Biswanath__Eq-2-47.wmf]………(2.17)

				The exact equation of the tail current can also be derived in another way. Applying Kirchhoff’s voltage law to the LHS input loop of Fig. 2.7(a),

					VEE – IB1RB – VBE – IT RE = 0

				or

				VEE – VBE =	IB1RB + IT RE 

					=	(IC1/b)RB + IT RE  (∵ IC1 = bIB1)

					=	(IE1/b)RB + IT RE  (∵ IC1 @ IE1)

					=	(IT/2b)RB + IT RE  (∵ IE1 = IT/2)

					=	IT {(RB/2b) + RE}

				Therefore,

					[image: Biswanath__Eq-2-48.wmf]………(2.18)

				In practice, the value of RB is much greater than that of RE, but RB/2b is much less than RE. So RB/2b may be neglected. Hence, the tail current is 

					[image: Biswanath__Eq-2-49.wmf]………(2.19)

				2.5.2 Input Bias Current of a Differential Amplifier

				The input bias current is the average of the two base currents IB1 and IB2 entering into the inputs of a diff-amp. The input bias current is, therefore, given by

					Iin,bias = (IB1 + IB2)/2 ………(2.20)

				2.5.3 Input Offset Current of a Differential Amplifier 

				The input offset current is defined as the difference of the two base currents IB1 and IB2 entering into the inputs of a diff-amp. The Input offset current is, therefore, given by

					Iin,offset = IB1 ~ IB2 ………(2.21)

				2.5.4 Input Impedance of a Differential Amplifier

				In the midband of a diff-amp, the input impedance looking into either of the input terminals is given by

					ri = 2brE ………(2.22)

				This input impedance is twice that of an ordinary CE amplifier. In the equation, the factor of 2 arises because the emitter resistance rE of each transistor is in series as shown in 
Figs. 2.4(d) and 2.5(d). The classical method of getting a higher input impedance with a 
diff-amp is the use of a Darlington pair transistor which is dealt with later. In subsection 2.2.4, the differential mode voltage gain was obtained as

					 Ad = RL /2rE

				or

					bRL /ri = RL /2rE 

				as in general, the voltage gain of an amplifier = (current gain)(load resistance/input resistance).

				Therefore, the input resistance is given by

					ri = 2brE ………(2.23) 

				where b is the ac current gain.

				Example 2.2

				In Fig. 2.7(c), the transistors Q1 and Q2 have identical bdc equal to 125. Determine the output voltage?

				[image: Fig-2-7c.eps]

				Fig. 2.7(c) Example 2.2.

				Solution 	

				According to the problem:

					Base bias resistance, RB = 38 kW 

				 	Emitter load, RE = 14 kW 

				 	DC current gain, bdc = 125

				 	Emitter power supply, 	VEE = –12 V

				 	Collector power supply, 	VCC = 12 V

				 	Collector load, RL = 14 kW

				The tail current is given by

					[image: Biswanath__Eq-2-50.wmf]

				The emitter current is given by

					IE = IT /2 = 0.000798/2 = 0.000399 A @ IC   (∵ IC @ IE)

				Therefore, the output voltage is given by

					Vout = VCC – IC RL = 12 – (0.000399  14  1000) = [image: Biswanath__Eq-2-51.wmf] 

				Example 2.3 

				If in Fig. 2.7(c), the transistor Q1 has bdc = 100 and transistor Q2 has bdc = 125, calculate (i) the two base currents, (ii) the two base voltages, (iii) the input bias current, and (iv)the input offset current.

				Solution	

				According to the problem:

					Base bias resistance, RB = 38 kW 

				 	Emitter load, RE = 14 kW 

				 	DC current gain, bdc1 = 100 and bdc2 = 125

				 	Emitter power supply, 	VEE = – 12 V 

					Collector power supply,	VCC = + 12 V 

				The tail current is given by

					[image: Biswanath__Eq-2-52.wmf]

				The emitter current in each transistor is given by 

					IE = IT/2 = IE1 = IE2 = 0.798/2 = 0.399 mA 

				The base current in transistor Q1 is given by

					IB1 = IC1/bdc1 @ IE1/bdc1 = 0.399/100 = [image: Biswanath__Eq-2-53.wmf]

				The base current in transistor Q2 is given by

					IB2 = IC2/bdc2 @ IE2/bdc2 = 0.399/125 = [image: Biswanath__Eq-2-54.wmf] 

				The base voltage of transistor Q1 is given by

					VB1 = – IB1  RB = – 3.99 mA  38 kW = [image: Biswanath__Eq-2-55.wmf]

				The base voltage of transistor Q2 is given by

					VB2 = – IB2  RB = – 3.19 mA  38 kW = [image: Biswanath__Eq-2-56.wmf]

				The input bias current is, therefore, given by

					Iin,bias = (IB1 + IB2)/2 = (3.99 + 3.19)/2 = [image: Biswanath__Eq-2-57.wmf]

				The input offset current is, therefore, given by

					Iin,offset = IB1 – IB2 = 3.99 – 3.19 = [image: Biswanath__Eq-2-58.wmf]

				EXAMPLE 2.4

				Determine the (i) dc output voltage, (ii) ac voltage gain/differential mode voltage gain, (iii) ac output voltage, and (iv) common mode gain of a single-ended input and single-ended output differential amplifier, as shown in Fig. 2.7(d). 

				[image: Fig-2-7de.eps]

				Fig. 2.7(d) and (e) (d) Circuit diagram of Example 2.4 and (e) Rearranged form without ac signal of Example 2.4.

				Solution For the calculation of dc bias currents, signal sources vin1 and vin2 are to be shorted. It is assumed that VBE1 = VBE2 = VBE = 0.7 V. The dc emitter bias current in the rearranged form illustrated in Fig. 2.7(e) is given by

					[image: Biswanath__Eq-2-4.wmf]

				The dc collector bias current in the rearranged form illustrated in Fig. 2.7(e) is given by

					[image: Biswanath__Eq-2-5.wmf]

				(i)	The dc collector-emitter voltage or dc output voltage in the rearranged form illustrated in Fig. 2.7(e) is given by

				Vout =	VCC – IC RL

				=	12 – {(0.17 × 10–3) × (47 × 103)} = [image: Biswanath__Eq-2-6.wmf]

				The value of emitter resistance is given by

					[image: Biswanath__Eq-2-7.wmf]

					(ii)	The ac voltage gain or differential mode voltage gain is given by

					[image: Biswanath__Eq-2-8.wmf]

					(iii)	The ac output voltage is given by

					vout = Av × vin = 153.65 × (2.5 × 10–3) = [image: Biswanath__Eq-2-9.wmf]

					(iv)	The common-mode voltage gain is given by

					[image: Biswanath__Eq-2-10.wmf]

				2.6 REJECTION OF COMMON MODE SIGNAL BY DIFFERENTIAL AMPLIFIER 

				If the two input signals vin1 and vin2 are in common mode, they are in phase. The common mode signal drives both the inputs of a differential amplifier simultaneously. Most interferences, for example, static and other kinds of undesirable pick-ups, are common mode signals. The connecting wires on the input bases behave like small antennas. If a 
diff-amp is operating in an environment with a lot of electromagnetic interference, each 
base picks up an unwanted interference voltage. One of the reasons for the diff-amp to be so popular is on account of its capacity to reject common mode signals. In other words, 
an ideal differential amplifier rejects common mode signals as the output voltage is 

					vout = Ad(vin1 – vin2) = Ad  0 = 0  (∵ vin1 = vin2)	

				and, therefore, there is not much unwanted interference at the output. 

				2.7 DIFFERENTIAL AMPLIFIER WITH COMMON MODE SIGNAL

				Figure 2.8(a) shows a common mode signal driving a differential amplifier. The two equal voltages (vin1 = vin2 = vin,comm) which are in phase drive both the inputs simultaneously. Assuming that the two transistors, Q1 and Q2, are identical, the equal inputs imply equal emitter currents. Therefore, the emitter resistance RE can be split as shown in Fig. 2.8(b). This equivalent circuit has exactly the same emitter currents as those of the original circuit in Fig. 2.8(a).

				[image: Fig-2-8ab.eps]

				Fig. 2.8(a) and (b)		Double-ended input, single-ended output differential amplifier with common mode signal: (a) single emitter resistance and (b) two emitter resistances.

				Figure 2.8(c) shows the ac equivalent circuit. When a common mode signal drives a differential amplifier, a large unbypassed emitter resistance 2RE with ac emitter resistance 

				[image: Fig-2-8c.eps]

				Fig. 2.8(c) AC equivalent circuit of the differential amplifier of Fig. 2.8(b).

				of the respective transistors (according to the Ebers–Moll ac model) appears in the ac equivalent circuit. Now, the input signal and the output voltage are given, respectively, by

					vin1 = vin2 = vin,comm = iE (rE + 2RE) ………(2.24) 

				and

					vout = – iC RL ………(2.25)

				Therefore, the voltage gain for a common mode signal is given by 

					[image: Biswanath__Eq-2-59.wmf]………(2.26)

				Since RE is always much greater than rE, the common mode voltage gain can be approximated as

					[image: Biswanath__Eq-2-60.wmf]………(2.27)

				2.8 COMMON MODE REJECTION RATIO (CMRR)

				In an ideal differential amplifier, the output voltage vout is proportional to the difference mode signal vd and does not depend on the common mode signal vc . Thus in an ideal differential amplifier, the common mode gain Ac equals zero. This condition cannot be realised in practice, because to make Ac = 0, emitter resistance RE would have to be infinite. In order to measure the departure from the ideal, a quantity called the common mode rejection ratio is used. In other words, to express how successful an amplifier is in providing gain for the difference mode signal and rejecting the common mode signal, a factor called the common mode rejection ratio is used. 

					The common mode rejection ratio is defined as the ratio of the differential mode gain Ad to the common mode gain Ac. Therefore,

					[image: Biswanath__Eq-2-61.wmf]………(2.28) 

				The output voltage vout as shown in Fig. 2.9(a) can be expressed as a linear combination of the two input voltages vin1 and vin2.

					vout = A1vin1 + A2vin2 ………(2.29)

				where A1 (or A2) is the voltage amplification from input 1 (or 2) to the output under the condition that the terminal 2 (or 1) is grounded.

				[image: Fig-2-9a.eps]

				Fig. 2.9(a) Block representation of a differential amplifier with difference mode and common mode signals.

				The two input signals in terms of common mode and difference mode signals from 
Eqs. (2.12) and (2.13) are given, respectively, by 

					vin1 = vc + vd/2  and  vin2 = vc – vd/2	

				Substituting the values of vin1 and vin2 in Eq. (2.29), the output voltage is given by 

					vout = Advd + Acvc ………(2.30)

				where	

				Ad = (A1 + A2)/2 = difference mode voltage gain

				 Ac = A1 + A2 = common mode voltage gain.

				The common mode gain Ad can be measured directly by setting vin1 = – vin2 = 0.5 V, so that vd = 1 V and vc = 0. Under these conditions the measured output voltage vout gives the gain Ad for the difference mode signal. Similarly, if vin1 = vin2 = 1 V, then vd = 0, 
vc = 1 V, and vout = Ac. The output voltage is now a direct measurement of the common mode gain Ac. Clearly, Ad must be large, whereas ideally, Ac should be equal to zero. The common mode rejection ratio, thus, serves as a figure of merit for a differential amplifier. Therefore,

					[image: Biswanath__Eq-2-62.wmf] 

				The common mode gain is, therefore, given by

					Ac = Ad/CMRR 

				Substituting the value of Ac in Eq. (2.30), the output voltage is given by 

					[image: Biswanath__Eq-2-63.wmf]………(2.31) 

				The term [image: Biswanath__Eq-2-64.wmf] in Eq. (2.31) is known as the error term. It can be concluded from 

				this equation that the amplifier should be designed so that the figure of merit r is large compared to the ratio of the common mode signal vc to the difference mode signal vd . This equation, therefore, points out the desirability of as large a value of RE as is practical to provide a high degree of common mode rejection.

				Example 2.5

				The common mode rejection (CMR) of a typical diff-amp is 80 dB and the difference mode voltage gain (open loop) is 20,000. Calculate (i) the common mode gain and (ii) the CMRR.

				Solution 	According to the problem:

				Difference mode gain, Ad = 20,000

				Common mode rejection, CMR = 80 dB 

				The common mode rejection (CMR) is expressed in decibels (dB) as	

					CMR =	20 log (CMRR) = 20 log (Ad/Ac) = 20 (log Ad – log Ac)

					=	20 log 20,000 – 20 log Ac = 86.02 – 20 log Ac.  (log means log10)

				Now, 80 =	86.02 – 20 log Ac  (∵ CMR = 80 dB) 

				or	

				20 log Ac = 6.02 dB

				Therefore, the common mode gain (open-loop) is given by

					Ac = antilog of (6.02/20) = 1.99 = [image: Biswanath__Eq-2-65.wmf]

				and the common mode rejection ratio by

					CMRR = Ad/Ac = 20,000/2 = [image: Biswanath__Eq-2-66.wmf]

				Example 2.6

				(a) The first set of signals for a differential amplifier is vin1 = 45 mV and vin2 = – 45 mV and the second set is vin1 = 1000 mV and vin2 = 900 mV. If the common mode rejection ratio is 100, calculate the difference in output voltages obtained for the two sets of input signals. (b) Repeat part (a) if r = 10,000.

				Solution (a) In the first case, the difference mode and the common mode signals are given, respectively, by 

					vd = vin1 – vin2 = 45 – (– 45) = 90 mV  

				and

					vc = (vin1 + vin2 )/2 = {45 + (– 45)}/2 = 0 mV

				The output voltage is given by 

					vout = Advd + Acvc = (Ad  90) + (Ac  0) = 90Ad mV

				In the second case, the difference mode and the common mode signals are given, respectively, by 

					vd = vin1 – vin2 = 1000 – 900 = 100 mV

				and

					vc = (vin1 + vin2 )/2 = (1000 + 900)/2 = 950 mV 

				The output voltage vout in terms of the figure of merit r is given by 

					vout =	[image: Biswanath__Eq-2-67.wmf]

					=	100Ad (1 + 9.5/100) = 100Ad (1 + 0.095) = 100 Ad  1.095 mV = 109.5 Ad mV

				The difference in output voltage obtained for the two sets of input signals is, therefore, 
19.5 Ad mV.

				(b) For r = 10,000, the second set of signals results in an output

					vout =	[image: Biswanath__Eq-2-68.wmf]

					=	100Ad (1 + 9.5/10,000) = 100Ad  1.00095 mV = 100.095Ad mV

				whereas the first set of signals gives an output, vout = 90Ad. Hence, the two measurements now differ by only 10.095Ad mV.

				2.9 DIFFERENTIAL AMPLIFIER WITH A CONSTANT CURRENT SOURCE

				The output resistance of a constant current source is much higher than that of constant voltage source. The high value of emitter resistance RE increases the value of CMRR according to Eq. (2.28). A good differential amplifier can be obtained by the use of a constant current source (BJT/MOSFET). If emitter load, RE, of high value is used in series with the voltage source, the voltage rating of the source would need to be increased for the purpose of setting proper quiescent emitter current. This problem is avoided with the help of a current source.

				A transistor in CE configuration with an unbypassed emitter resistance RE has a very high output resistance between the collector and emitter. In Fig. 2.3(a), emitter resistance RE is replaced by a constant current transistor Q3, as shown in Fig. 2.9(b). The dc collector current in transistor Q3 is established by resistors R, RE and two diodes D1, D2. The emitter current IE3 which is approximately equal to the collector current IC3 is determined as follows:

				[image: Fig-2-9b.eps]

				Fig. 2.9(b) Circuit diagram of a differential amplifier with constant current source.

				It is assumed that the voltage drop across each diode is equal to VD, the voltage at the base of transistor Q3 is given by

				VB3 = – VEE + 2VD

				Thus,	

					VE3 = VB3 – VBE3 = – VEE + 2VD – VBE3 

				and

					[image: Biswanath__Eq-2-11.wmf]………(2.32)

				It is also assumed that the transistor Q3 has the same characteristics as diodes D1 and D2, that is, if VD = VBE3, then IE3 = VD/RE. Thus, for a given value of RE, the emitter current IE3 depends on the voltage drop across the diodes which, however, is a function of current ID passing through them (according to the diode characteristic curve). However, current ID is a part of the current I2 which is determined by the value of R. This means that the emitter current IE3 can be changed by varying either the value of R or RE . The quiescent collector current IC3(= IE3 ) in transistor Q3 for a particular differential amplifier is fixed and must be invariant because no signal is injected into either the emitter or the base of Q3. Thus, the transistor Q3 is a source of constant emitter current for transistors Q1 and Q2 of the differential amplifier. The two diodes are used to stabilise the bias of the transistor Q3 by compensating for the variations in VBE with temperature change.

				Necessity of two diodes in a differential amplifier with constant current source 

				The use of diode in a differential amplifier with constant current source makes quiescent collector current independent of temperature. The base-emitter voltage VBE3 of transistor Q3 decreases approximately by 2.5 mV/°C and the diode has also the same temperature dependence. Thus, the two variations cancel each other and the quiescent collector current IC3 becomes independent of temperature. The voltage drop across a single diode VD does not have the same value VBE3 of the transistor Q3. Therefore, two diodes are normally used instead of a single diode to compensate the temperature effect.

				Example 2.7

				The differential amplifier shown in Fig. 2.9(c) has RL1 = RL2 = 12 kW and RE = 4.2 kW. The supply voltage is ± 12 V and the voltage at the base of Q3 is 4.0 V. If the bases of Q1 and Q2 are grounded, calculate the voltages at the collectors of Q1 and Q2. Assume that Q1 and Q2 are perfectly matched and VBE for each transistor is 0.7 V.

				[image: Fig-2-9c.eps]

				Fig. 2.9(c) Example 2.7.

				Solution According to Fig. 2.9(c):

					VB3 =	(Base voltage of Q3 with respect to ground) – (–VEE)

					=	– 4.0 – (– 12) = 8.0 V

				Voltage across the emitter load RE is given by

					VE = IE RE = VB3 – VBE = 8.0 – 0.7 = 7.3 V 

				The current through the emitter load is given by

					IE = VEE /IE = 7.3/(4.2  1000) = 0.00173 A = 1.73 mA

				As Q1 and Q2 are perfectly matched,

					IE1 = IE2 = IE /2 = 1.73/2 = 0.865 mA 

				Since base current is very small,

					IE1 @ IC1 = 0.865 mA

				and

					IE2 @ IC2 = 0.865 mA

				Therefore, the collector voltage at Q1 is given by 

					VC1 =	VCC– IC1 RL

					=	12 – (0.865  10–3) (12  103) =  [image: Biswanath__Eq-2-69.wmf]

				Similarly, the collector voltage at Q2 is given by

					VC2 = VC1 =  [image: Biswanath__Eq-2-69.wmf]

				2.10 CURRENT MIRROR

				The circuit in which the output current is forced to be equal to the input current is said to be a current mirror circuit. Thus, the output current in a current mirror circuit is a mirror image of the input current, as shown in Fig. 2.10(a). In other words, two branches of current mirror are parallel to each other and create approximately equal currents. These currents are used to load other stages in circuits and they are designed in such a way that the current remains constant and independent of loading. In Fig. 2.10(b), transistors Q3 and Q4 are matched, as the IC technology is used for the fabrication of the circuit. 

				For best performance, transistors (BJT/MOSFET) should be matched; temperature should be the same for all devices. Collector-base voltages for BJT or drain-gate voltages for MOSFET should also be matched. This will provide equal currents on both sides of the current mirror. All of the circuits have a compliance voltage which is the minimum output voltage needed to maintain correct working of the circuit. BJT and MOSFET should be in the active/linear and active/saturation regions, respectively. 

				In Fig. 2.10(b), once the current I2 is set up, the quiescent collector current IC3 automatically gets established to be nearly equal to I2. The current mirror is a special case of constant current bias and, therefore, can be used to set up constant emitter current in differential amplifier stages. The combination of transistors Q3 and Q4 make the current mirror circuit. Since Q3 and Q4 are identical transistors, their base-emitter voltages VBE3 and VBE4 must be the same. Their base and collector currents are also approximately equal to each other. Thus, 

					VBE3 = VBE4; IC3 = IC4; IB3 = IB4

				Applying Kirchhoff’s current law (KCL) to point B3,

					I2 = IC4 + I = IC4 + 2IB4 = IC3 + 2IB3 = IC3 + 2(IC3/bdc) = IC3(1+2/bdc)………(2.33)

				where bdc is the value of b for VCB = 0 V.

				Generally, bdc is large enough so that 2/bdc is negligibly small. Thus, the collector current of Q3 (IC3) is nearly equal to the current I2. This mirror effect is valid for only large values of b.

				[image: Fig-2-10ab.eps]

				Fig. 2.10 Differential amplifier with current mirror: (a) block representation and (b) circuit diagram.

				Limitation of current mirror

				For low-value current source, the value of required resistance R, as shown in Fig. 2.10(b) would be sufficiently high. This high value resistance can not be fabricated economically in IC circuits. The use of Widlar current source overcomes the said problem. 

				2.10.1 Widlar Current Mirror 

				The introduction of an emitter resistance in the sink transistor Q3 in the current mirror shown in Fig. 2.10(b) is the Widlar current source illustrated in Fig. 2.10(c). This additional emitter resistance RE forces the currents in the two branches of the circuit to be unequal. Thus, it is referred to as a source rather than a mirror. This circuit has been designed in such a way that the collector current IC4 is twice the value of IC3. This Widlar current source is used as a block in the operational amplifier. The collector currents IC3 and IC4 for transistors Q3 and Q4 biased in the forward active mode (ignoring reverse saturation currents of the collector-base junction) are respectively given by

					[image: Biswanath__Eq-2-12.wmf]………(2.34)

				and

					[image: Biswanath__Eq-2-13.wmf]………(2.35)

				where

				α	is the current gain

				Irev,sat_EB	is the reverse saturation current of emitter-base junction

				VT	is the volts equivalent of temperature.

				[image: Fig-2-10c.eps]

				Fig. 2.10(c) Differential amplifier with Widlar current source.

				From Eqs. (2.34) and (2.35),

					[image: Biswanath__Eq-2-14.wmf]………(2.36)

				Natural logarithm on both sides of Eq. (2.36) is taken. Now, Eq. (2.36) can be written as

					[image: Biswanath__Eq-2-15.wmf]………(2.37)

				Applying Kircnnoff’s voltage law to the emitter-base loop containing Q3 and Q4,

					VBE4 – VBE3 = (IB3 + IC3) RE 

				or

					VBE4 – VBE3 = (1/b3 + 1) IC3RE………(2.38)

				From Eqs. (2.37) and (2.38),

					[image: Biswanath__Eq-2-16.wmf]………(2.39)

				or

					[image: Biswanath__Eq-2-17.wmf]………(2.40)

				Applying KCL to point C4 of the source transistor Q4, as shown in Fig. 2.10(c),

					Isource (= I2) = IC4 + I………(2.41) 

				or

					Isource (= I2) = IC4 + IB4 + IB3………(2.42)

				or

					[image: Biswanath__Eq-2-18.wmf]………(2.43)

				For identical transistors, b3 = b4 = b. In the Widlar current source, IC4  IC3, therefore, the term IC3/b3 may be ignored in Eq. (2.43).

					[image: Biswanath__Eq-2-19.wmf]………(2.44)

				or

					[image: Biswanath__Eq-2-20.wmf]

				or

					[image: Biswanath__Eq-2-21.wmf]………(2.45)

				where [image: Biswanath__Eq-2-22.wmf]

				The value of b is much larger than 1, i.e., b  1.

				Thus,	IC4  Isource………(2.46) 

				The compliance voltage, Vcom_v, as shown in Fig. 2.10(c), is roughly given by

					Vcom_v = VBE3(sat) + (IB3 + IC3) RE – VEE………(2.47)

				If IC4 = IC3 is forced in Eq. (2.40), the argument of the logarithm is 1 which produces RE=0. This condition behaves as a simple current mirror. For that reason, IC4 and IC3 do not match. If MOSFET instead of BJT were used, it would behave similarly to the simple current source.

				2.10.2 Wilson Current Mirror 

				This circuit consisting of three transistors has a major advantage of higher output impedance over the simple current mirror as shown in Fig. 2.10(d). A Wilson current  mirror, accepts an input current at the input terminal and provides a mirrored current source or sink output at the output terminal. This circuit provides an output current IC3 which is equal to Isource (= I2) exhibiting a very high output resistance.

				Since	VBE4 = VBE5 = VBE; IC4 = IC5; IB4 = IB5 = IB 

				For identical transistors, b3 = b4 = b5 = b. 

				Applying (KCL) to point E3(= C5),

					IE3 = IB4 + IB5 + IC5………(2.48) 

				or

					IE3 = 2IB + IC5

				or

					[image: Biswanath__Eq-2-23.wmf]………(2.49)

				Again,	[image: Biswanath__Eq-2-24.wmf]………(2.50)

				[image: Fig-2-10d.eps]

				Fig. 2.10(d) Differential amplifier with Wilson current source.

				Comparing Eqs. (2.49) and (2.50),

					[image: Biswanath__Eq-2-25.wmf]

				or		

				[image: Biswanath__Eq-2-26.wmf]………(2.51)

				Since	IC4 = IC5

					[image: Biswanath__Eq-2-27.wmf]………(2.52)

					[image: Biswanath__Eq-2-28.wmf]………(2.53)

				Again, applying KCL to point C4 (= B3),

					I2 = IC4 + IB3

				or		

				[image: Biswanath__Eq-2-29.wmf]………(2.54)

				[image: Biswanath__Eq-2-30.wmf]

				or

					[image: Biswanath__Eq-2-31.wmf]………(2.55)

				Therefore,	

				[image: Biswanath__Eq-2-32.wmf]………(2.56)

				where [image: Biswanath__Eq-2-33.wmf]

				The difference [image: Biswanath__Eq-2-34.wmf] is extremely small error for modest values of b. 

				2.11 HYBRID PARAMETERS FOR BIPOLAR JUNCTION TRANSISTORS (BJTs)

				The elements of the equivalent circuit for BJTs can be developed from the internal physics of the devices or from their terminal properties. The latter approach has been employed here since it is more general and has many conceptual advantages.

				When designing or analysing a transistor amplifier, a two port network (four terminal network) is used. Six possible pairs of equations relating input and output quantities can be used to completely define the terminal behaviour of the two port network shown in 
Fig. 2.11(a). These six pairs of equations involve impedance, admittance, hybrid and chain parameters. All are interrelated; for most of the BJTs, the hybrid, or h, parameters are most useful because they are easily measured and most often specified in manufacturer’s data sheets, and also provide a quick estimate of the circuit performance.

				The standard form of the hybrid equation is given by

				v1 	= h11i1 + h12v2 ………(2.57) 

				i2 	= h21i1 + h22v2 ………(2.58)

				In these equations, the independent variables are the input current i1 and the output voltage v2. The small signal current (i1 and i2) directions shown in Fig. 2.11(b) are flowing into the network. This convention differs from the convention employed to describe dc and total currents in the transistor.

				[image: Fig-2-11ab.eps]

				Fig. 2.11(a) and (b) Two port network: (a) block representation and (b) ac equivalent circuit.

				In transistor circuit theory,

					v1 =	hii1 + hrv2 ………(2.59) 

					i2 =	hfi1 + hov2 ………(2.60) 

				In the equivalent circuit of Fig. 2.11(b), the input circuit is derived from Eq. (2.59) using Kirchhoff’s voltage law (KVL), and the output circuit is derived from Eq. (2.60) using Kirchhoff’s current law (KCL). Terminal definitions for all the four parameters are as follows:

				From Eq. (2.59),

				Short circuit input impedance is given by

					[image: Biswanath__Eq-2-70.wmf]	

				Short circuit forward current gain is given by

					[image: Biswanath__Eq-2-71.wmf]	

				Again, from Eq. (2.60), open circuit reverse voltage gain is given by

					[image: Biswanath__Eq-2-72.wmf]	

				Open circuit output admittance is given by

					[image: Biswanath__Eq-2-73.wmf]

				[image: Fig-2-11c.eps]   

				Fig. 2.11(c)

				[image: Fig-2-11d.eps]

				Fig. 2.11(d)

				The equivalent circuit of Fig. 2.11(b) is extremely useful as 

					(i)		it isolates the input and output circuits, their interactions being accounted for by the two controlled sources, and

					(ii)	the two ports of the circuit are in a form which makes it simple to take into account source and load circuits. 

				The input circuit is a Thevenin equivalent and the output circuit a Norton equivalent. Hybrid means mixed quantity as the parameters hi and ho of the hybrid model consist of ohm and mho. (In SI system, mho is siemen.)

				2.12 HYBRID MODEL FOR BJTs IN COMMON EMITTER CONFIGURATION

				Open circuit reverse voltage gain 

				The open circuit reverse voltage gain is given by 

					[image: Biswanath__Eq-2-74.wmf]	

				It is usually negligible as vce is much greater than vbe. Hence hre is omitted. 

				Output admittance

				The output admittance is given by

					[image: Biswanath__Eq-2-75.wmf]

				Thus, this parameter is simply the slope of the collector characteristic curve at the Q point.

				Short circuit current gain

				If RL = 0 (i.e. vce = 0), then the short circuit current gain is given by

					[image: Biswanath__Eq-2-76.wmf]

				Thus, this parameter can also be obtained from the v-i characteristic curve.

				Input impedance

				The input impedance is given by

					[image: Biswanath__Eq-2-77.wmf]

				At room temperature, VT  @  25 mV, so that a transistor with hfe = 100 and ICQ = 10 mA would have an input impedance, hie = 250 W. Figures 2.12(a) to 2.12(d) and 2.13(a) to 2.13(c) as given in sequence are needed to aid the study of hybrid parameters.

				[image: Fig-2-12ab.eps]

				Fig. 2.12(a) and (b) N-P-N transistor amplifier: (a) circuit diagram and (b) small signal circuit.

				[image: Fig-2-12cd.eps]

				Fig. 2.12(c) and (d) N-P-N transistor amplifier: (c) equivalent circuit and (d) characteristic curve.

				[image: Fig-2-13a.eps]

				Fig. 2.13(a) Hybrid model of a CE transistor.

				[image: Fig-2-13b.eps]

				Fig. 2.13(b) Approximate hybrid model.

				[image: Fig-2-13c.eps]

				Fig. 2.13(c)  Simplified hybrid model.

				2.13 THE DARLINGTON AMPLIFIER

				The Darlington amplifier shown in Fig. 2.14(a) is sometimes called a compound amplifier. This configuration is used to provide increased input impedance and a very high current gain, effectively hfe1  hfe2. The emitter of transistor Q1 is connected directly to the base of Q2. Usually the two collectors are also connected together, but this is not necessary. 

					The current gain of the configuration shown in Fig. 2.14(a) can be found (assuming identical transistors) as follows [see Eq. (2.61)]:

					[image: Biswanath__Eq-2-78.wmf]………(2.61)

				and

				[image: Biswanath__Eq-2-79.wmf] = (hfe2 + 1)(1)(hfe1 + 1) = (hfe + 1)2  (Assuming that the two transistors

				are identical, i.e. hfe1 = hfe2 = hfe).

				Putting the value of iE2/iB1 in Eq. (2.61),

					Ai = a (hfe + 1)2 + a (hfe + 1) = a (hfe + 1)(hfe + 2) @ hfe2  (∵ a  1)

				Thus, the Darlington amplifier offers a very high current gain.

				The input impedance as seen looking between the base of Q1 and the emitter of Q2 is found by reflecting the base-emitter impedance hie2 of Q2 from the emitter circuit of Q1 into the base circuit of Q1 [see Figs. 2.14(b) and 2.14(c)].

				[image: Fig-2-14a.eps]

				Fig. 2.14(a) Basic Darlington (compound) amplifier.

				[image: Fig-2-14bc.eps]

				Fig. 2.14(b) and (c) Darlington pair: (a) input impedance and (b) input impedance with Q2 replaced by hie2.

				The input resistance is given by

					Ri = hie1 + (hfe + 1)hie2 ………(2.62) 

				However, the input resistance of a transistor is given by

					[image: Biswanath__Eq-2-80.wmf]  where IEQ is the quiescent emitter current. 

				So, the effective input resistance of Darlington amplifier is 

					[image: Biswanath__Eq-2-81.wmf]………(2.63)

				From Fig. 2.14(a),

					[image: Biswanath__Eq-2-82.wmf]………(2.64)

				Combining Eq. (2.64) with Eq. (2.63) yields Ri in terms of either hie2 or hie1. That is, 

				Ri = 2(hfe2 + 1)hie2

				= 2hie1 

				Thus, the input impedance of Q2 is successfully multiplied by 2(hfe2 + 1).

				2.14 DIFFERENTIAL AMPLIFIER with DARLINGTON configuration

				Figure 2.14(d) shows a difference amplifier with Darlington input circuit transistors Q1 and Q3 which significantly increase the differential input impedance without increasing the current flowing in Q2, Q4, and therefore Q5.

				[image: Fig-2-14d.eps]

				Fig. 2.14(d) Differential amplifier with Darlington configuration.

				2.15 CASCADED DIFFERENTIAL AMPLIFIER STAGES

				The circuit of differential amplifiers connected in series is called the tandem connection. 
Figure 2.15 shows a typical double stage differential amplifier. The first stage is a dual-input, balanced-output differential amplifier. The second stage is another differential amplifier driven by the output of the first differential amplifier. A single-ended (unbalanced) output vout is taken from this second stage. Both stages use the constant current emitter source to set up the emitter currents in the differential pairs.

				[image: Fig-2-15.eps]

				Fig. 2.15 Circuit diagram of a cascaded differential amplifier.

				In most of the cases, the matching of transistors as well as resistor values is essential for proper operation of the differential stages. For that reason, the use of transistor arrays such as CA3086 or LM3146 is recommended.

				2.16 POWERING OF A DIFFERENTIAL AMPLIFIER BY A DUAL SUPPLY

				A differential amplifier is powered by a dual supply, one positive with respect to ground 
(+VCC) and the other negative with respect to ground (–VEE) as shown in Fig. 2.2(a). 
The negative emitter supply (–VEE ) allows the bases of both transistors Q1 and Q2 to be operated at dc ground +VCC. As a result, the power rating of the single source, i.e. +VCC is enlarged. This is usually desired in a dc amplifier, since the signal source is often referenced to ground. The positive power supply (+VCC ) maintains the collector circuit 
of two transistors Q1 and Q2 reverse biased. If a single power supply +VCC is used 
instead of the dual power supply, both input and output circuits of the two transistors would draw current through the single source. Eventually this may damage the power source.

				MULTIPLE CHOICE QUESTIONS

					1.	A differential amplifier has 

						(a)	one input.	

						(b)	two inputs.

						(c)	three inputs. 	

						(d)	none of the above. 

					2.	A differential amplifier has 

						(a)	an op-amp.	

				(b)	a transformer.

						(c)	an emitter follower.	

				(d)	none of the above.

					3.	In differential amplifiers, the transistors are 

						(a)	of different characteristics.	

				(b)	one N-P-N and the other P-N-P.

						(c)	unmatched.	

				(d)	matched.

					4.	A differential amplifier is used in op-amp circuits because of its

						(a)	high input impedance.	

				(b)	low input impedance.

						(c)	low CMRR. 

					(d)	high CMRR. 

					5.	A common mode signal is applied to 

						(a)	the inverting input. 

					(b)	the noninverting input.

						(c)	both the inputs. 

					(d)	none of the above.

					6.	If the two input terminals of a diff-amp are grounded, then 

						(a)	an output offset voltage may exist.

						(b)	the ac output voltage is zero.

						(c)	the base currents are equal.

						(d)	the collector currents are equal.

					7.		If a differential amplifier having an open loop gain of 80 dB is fed with 2 mV dc 
at its noninverting input and 1.9 mV dc at the inverting input, then the output 
will be 

						(a)	1 V dc.

						(b)	– 1 V dc.

						(c)	zero as op-amp does not amplify dc.	

						(d)	none of the above.

					8.	The tail current of a diff-amp is 

						(a)	equal to the difference of the base currents of the two transistors.

						(b)	equal to collector current of either of the transistors.

						(c)	two times the collector current of either of the transistors.

						(d)	half the collector current of either of the transistors.

					9.	The input offset current of a diff-amp is the

						(a)	average of the two base currents.

						(b)	difference of the two base currents.

						(c)	average of the two collector currents.

						(d)	difference of the two collector currents.

					10.	The differential voltage gain is equal to 

						(a)	RL/2RE.	

				(b)	RL/2rE.

						(c)	RE/2rE.	

				(d)	none of the above.

					11.	The CMRR of a diff-amp is defined as 

						(a)	Ad/Ac. 

					(b)	Ac/Ad.

						(c)	CMR/Ad. 

					(d)	none of the above. 

					12.	The input impedance of a differential amplifier equals rE times 

						(a)	2b.	

				(b)	RE. 

						(c)	RL.	

				(d)	b.

					13.	The input stage of an op-amp is usually

						(a)	a class A push-pull amplifier.	

				(b)	a CE amplifier.

						(c)	a differential amplifier.	

				(d)	none of the above.

					14.	Darlington connection of transistors is utilised to

						(a)	increase the output resistance. 

					(b)	increase the input resistance.

						(c)	decrease the input resistance. 

					(d)	decrease the output resistance. 

				TRUE OR FALSE STATEMENTS 

				State whether the following statements are true or false:

					1.	The differential amplifier is the basic building block of an op-amp. 

					2.	A differential amplifier does not amplify the difference of the two signals given at the two inputs.

					3.		The differential amplifier is made use of in many physical measurements and in medical electronics. 

					4.		Dual-input, balanced-output differential amplifier and symmetrical emitter-coupled differential amplifier are not one and the same differential amplifier. 

					5.	The output of a double-ended input, single-ended output differential amplifier is referred to as the balanced output. 

					6.	A single-ended input, single-ended output diff-amp is sometimes called a simple amplifier. 

					7.	A noninverting amplifier is not a simple amplifier. 

					8.	A noninverting amplifier operates in the difference mode with respect to the input signal. 

					9.	The differential amplifier is sometimes called a long-tail pair. 

					10.	A long-tail pair consists of two transistors connected to a large number of resistors known as the tail. 

					11.	The input bias current of the differential amplifier is the sum of the two base currents entering into the inputs of the amplifier. 

					12.	The input offset current of the differential amplifier is defined as the difference of the two base currents entering into the inputs of the differential amplifier. 

					13.	 The classical method of getting a higher input impedance with a differential amplifier is by the use of a Darlington pair. 

					14.	In an ideal differential amplifier, the output voltage is equal to the difference mode signal and depends on the common mode signal. 

					15.	To measure how successful an amplifier is in providing gain for the difference mode signal and rejecting the common mode signal, a factor called common mode rejection ratio is used.

				16.	Figure of merit and CMRR are not the same parameters.

				17.	The error term of a differential amplifier is [image: Biswanath__Eq-2-83.wmf]. 

				18.	In a differential amplifier, a constant current source provides a much higher output resistance than that provided by a constant voltage source. 

				19.	A circuit in which the output current is forced in a direction opposite to that of the input current is said to be a current mirror circuit. 

				20.	The current mirror is a special case of constant current bias and, therefore, can be used to set up constant emitter current in differential amplifier stages. 

				21.	A Darlington amplifier is also called a compound amplifier. 

				REVIEW QUESTIONS

					1.	(a)	What is the purpose of a differential amplifier? 

						(b)	What is meant by common mode input signal and difference mode input signal?

						(c)	What is the difference between the common mode gain and the differential gain? What are the ideal values for each of these parameters?

					2.	(a)	With the help of a neat circuit diagram, explain the working principle of a differential amplifier.

						(b)	Show how a differential amplifier can be used as a simple amplifier. Explain how the input impedance of a differential amplifier is increased.

					3.	(a)	What do you mean by common mode rejection ratio? 

						(b)	With a neat circuit diagram, explain the function and purpose of the constant current emitter current source of a differential amplifier.

					4.	(a)	Explain how the performance of a difference amplifier is related to CMRR. Discuss why normally two power supplies, one negative and other positive, are used in a differential amplifier.

						(b)	How is the ability of an amplifier to provide gain for the differential signal but reject the common mode signal indicated? 

						(c)	Derive the equation for the output voltage from a true differential amplifier. 

						(d)	How may the error term be minimised in the amplifier? 

					5.	(a)	With the help of a neat sketch, explain the operation of a Darlington pair.

						(b)	What do you mean by common mode signal and difference mode signal of a differential amplifier? Obtain the output voltage equation of a diff-amp in terms of the common mode and difference mode signals.

					6.	(a)	Explain how the diff-amp can be used as a noninverting/inverting amplifier. 

						(b)	What is a balanced output differential amplifier?

					7.	(a)	Enumerate the reasons for using a constant current source with a differential amplifier. What is the necessity of two diodes in a constant current source?

						(b)	What is a current mirror and how can it be used to set up a constant emitter current in the differential amplifier stages? What is the limitation of current mirror?

						(c)	Draw the circuit diagram of Widlar current mirror. Explain its principle of working.

						(d)	Draw the circuit diagram of Wilson current mirror. Explain its principle of working.

				PROBLEMS

				2.1	An IC operational amplifier has a typical open loop differential gain of 100,000 and a common mode gain of 25. (a) What is its CMRR? (b) What is its CMR in decibels? 

				2.2	Determine the common-mode rejection ratio of a differential amplifier if the percentage difference in output voltages obtained for the two sets of input signals given below is 9.5%. 

				Set 1: vin1 = 45 mV	and  vin2 = – 45 mV;

				Set 2: vin1 = 1000 mV		and  vin2 = 900 mV 

			

		

	
		
			
				Chapter 3

				OPERATIONAL AMPLIFIERS

				3.1 INTRODUCTION

				An operational amplifier (abbreviated as op-amp) is a direct-coupled amplifier with high voltage gain. It normally consists of one or more differential amplifier stages followed by a level-shifting stage and an output stage. A feedback circuit is also generally added to control the overall response characteristics of op-amps. The name operational amplifier is applied when a very stable amplifier is used to implement a wide variety of linear and non-linear functions. A linear circuit is one that preserves the shape of the input signal, for example, if the input signal is sinusoidal, the output signal is also sinusoidal. In a non-linear application, the shape of the output signal is different from that of the input. Examples of non-linear circuits are clamper, clipper, comparator and others. Circuit functions can be changed to suit a variety of applications, by merely changing a few external elements, such as ac and dc signal amplification, active filters, oscillators, comparators, regulators, etc. Operational amplifiers are widely applied because they approach ideal amplifier, especially for dc and low frequency signals.

					The op-amp was originally designed for performing analog mathematical operations such as addition, subtraction, multiplication, and integration. Thus, the name operational amplifier has been derived from this original usage for these mathematical operations. The present-day integrated operational amplifier is a versatile device, predictable, and an economic system building block. It offers the advantages of small size, high reliability, reduced cost, temperature tracking, and low offset voltage and current.

					Based on their performance specifications and the internal structure, op-amps are classified into the following groups.

				General purpose op-amps. These op-amps have moderate to reasonably good values for the key parameters. This op-amp has a JFET based input differential amplifier stage resulting in high input impedance and good noise specifications.

				High-speed, wide-bandwidth op-amps. These op-amps have high slew rate and wide bandwidth specifications. High slew rate (rate of change of output voltage with changes in the input frequency) is an advantage in high frequency applications especially in comparators, oscillators, and filters.

				Op-amp comparators. These op-amps are especially designed for use in comparator applications. They have a very fast response time (typically from a few nanoseconds to several tens of nanoseconds) compared to the general purpose op-amps (typically 
1 microsecond).

				Norton op-amps. This op-amp, also known as current differencing op-amp, differs from a conventional op-amp in its internal structure. In a conventional op-amp, the input stage is a differential amplifier to achieve inverting and non-inverting input functions. In the case of a Norton op-amp, the non-inverting input function is derived from the inverting input function by using a configuration called the current mirror.

				Instrumentation op-amps. This type of op-amp has a very high input impedance, very large CMRR and extremely low values of offsets and offset drifts. It is a precision op-amp with single-ended output and differential input gain block. It is internally a combination of three op-amps, two at the input wired as buffers and the third at the output wired as a differential amplifier.

				Isolation op-amps. The output of this op-amp is electrically isolated from the input. It 
is a differential input, single-ended output amplifier. Isolation impedances of the order of 1012 W and isolation voltages of about 1000 V are common.

					Figures 3.1(a) to 3.1(d) show circuit symbols of general purpose op-amps, Norton 
op-amps, instrumentation op-amps, and isolation op-amps, respectively.

				[image: Fig-3-1atod.eps]

				Fig. 3.1	Schematic symbols: (a) general purpose op-amp, (b) Norton op-amp, (c) instrumentation op-amp, and (d) isolation op-amp.

				3.2 INTERPRETING THE mA741 OP-AMP SERIES

				Fairchild Semiconductor Corporation introduced its mA709 IC op-amp in 1965. It was the first widely used monolithic op-amp. Although successful, this first generation op-amp had many disadvantages. This led to an improved op-amp known as the mA741. The mA741 has been an enormous success as it is inexpensive and easy to use. A mA741 op-amp series includes the 741, 741A, 741C, and 741E models; the schematic diagrams and electrical parameters for all of them are the same, with only the values of the parameters differing from one model to another. For instance, the 741A has the best tolerances (tightly controlled parameters) and costs the most. At the other extreme, the 741C has the worst tolerances and consequently costs the least. Figures 3.2(a) and 3.2(b) represent the pinout diagrams of the mA741 IC op-amp, i.e. 8 pin mini DIP and 8 pin metal can, respectively.

				[image: Fig-3-2ab.eps]

				Fig. 3.2(a) and (b) Pinout diagram of a mA741 IC op-amp: (a) 8 pin mini DIP and (b) 8 pin metal can.

				Other manufacturers, namely Motorola produces the MC1741, National Semiconductor the LM741, and Texas Instruments the SN72741. All these monolithic op-amps are equivalent to the mA741 because they are manufactured to the same specifications. For convenience, most people drop the prefix mA and refer to this widely used op-amp simply as the 741. The features of the 741 are:

				
						No external frequency compensation required

						Short-circuit protection

						Offset null capability

						Low power consumption

						Large common mode and differential voltage ranges

						No latch-up problem

				

				Properties of an ideal op-amp. The properties of an op-amp are:

				
						Input resistance, Rin   (open circuited). Consequently, no current enters either of the input terminals.

						Output resistance, Rout @ 0

							Voltage gain, Av  – . The output voltage, vout = – Avvin(off), is infinite. Thus, as 
Av  – , it is required that the input offset voltage vin(off) @ 0

						Input offset voltage, vin(off) @ 0

						The amplifier responds equally at all frequencies. Hence, the bandwidth is infinite.

						The common mode rejection ratio (CMRR = difference mode gain/common mode gain) is infinite.

						Characteristics do not drift with temperature.

						Input offset current, iin(off) @ 0

						Perfect balance: vout @ 0, when vin1 = vin2 (vin1 and vin2 are the common mode signals)

				

				Properties of real op-amp

				The properties of a real op-amps are

				
						Input resistance Rin is high (> 1 MΩ).

						Output resistance Rout is low (< 100 Ω).

						Open-loop voltage gain Av is very high (>10 000). 

						Input offset voltage vin(off) is low (<10 mV).

						Input offset current iin(off) is low (<50 nA).

						Common mode rejection ratio (CMRR = difference-mode voltage gain, Ad/common mode voltage gain, Ac) is high (>60 dB).

						Bandwidth is dominant pole (10 Hz).

				

				Pin configuration of the 741C op-amp. The pin configuration of the 741C op-amp is described below:

				Pin 1 and Pin 5 These pins are marked as – offset null and + offset null, respectively. A 10 kW potentiometer can be connected between pins 1 and 5, and the wiper of the potentiometer can be connected to the negative supply, – VEE. By adjusting the potentiometer, the output offset voltage (output voltage without any input applied) can be reduced to 0 V.

				Pin 2 and Pin 3 These two pins are called inverting and non-inverting inputs, respectively. The op-amp has differential inputs, with voltages vin1 and vin2 applied to the inverting and non-inverting terminals, respectively, as shown in Fig. 3.2(c).

				Pin 4 and Pin 7 An operational amplifier circuit is powered by a dual supply, one positive, +VCC (Pin 7), with respect to ground and the other negative, –VEE (Pin 4), with respect to ground. So Pin 4 and Pin 7 are power supply pins.

				Pin 6 The output vout is obtained from the output Pin 6.

				Pin 8 This is known as the ground pin (GND). In the circuit diagram of the 741 IC op-amp, it is marked as NC (i.e. no connection). This means it has a common path with potential zero.

				[image: Fig-3-2c.eps]

				Fig. 3.2(c) Symbolic representation of the mA741 IC op-amp with different pins shown.

				Equivalent circuit of an op-amp. An op-amp consists of an input resistance Rin connected between two inputs (i.e. Pin 2 and Pin 3) as shown in Fig. 3.3. The output circuit consists of a controlled voltage source of magnitude – Avvin(off) in series with an output resistance Rout connected between the output terminal (Pin 6) and ground (Pin 8). The output voltage vout is the amplified difference signal (i.e. vin(off) = vin1 – vin2). The (–) and (+) symbols at the inputs of the op-amp refer to the inverting and non-inverting inputs,  respectively. If

				[image: Fig-3-3.eps]

				Fig. 3.3 AC equivalent circuit of an op-amp.

				vin2 = 0, then the output voltage vout is 180° out of phase (inverted) with respect to the input signal vin1. Similarly, when vin1 = 0, the output voltage vout and the input signal vin2 are in phase (non-inverting).

				3.3 OP-AMP CHARACTERISTICS

				As an op-amp is a direct coupled amplifier, both dc and ac characteristics have to be considered in designing op-amp circuits. The electrical characteristics that affect the op-amp performance are as follows:

					The ideal op-amp is perfectly balanced (i.e. the output voltage, vout = 0) when the input voltages vin1 and vin2 are equal. A real op-amp, however, exhibits an imbalance caused by mismatch of the input transistors. This mismatch results in unequal bias currents, IB1 and IB2, flowing through the input terminals and consequently in unequal base-emitter voltages, VB1 and VB2, as shown in Fig. 3.4(a). The simplified circuit of this op-amp with both input terminals grounded, i.e. without any input applied is shown in Fig. 3.4(b). For instance, the data sheet of a typical 741C lists a maximum input offset voltage of ± 2 mV. This difference of 2 mV is an unwanted input signal that gets amplified to produce a voltage at the output terminal. Hence, it requires an input offset voltage to be applied between the two input terminals for balancing the amplifier output to zero.

				Input offset voltage. The input offset voltage vin(off) is the differential input voltage that exists between the two input terminals of an op-amp without any external inputs applied. In other words, it is that voltage which must be applied between the two input terminals to balance the amplifier, i.e. to force the output voltage to zero. For example, a voltage of 2 mV can be applied at the inverting input to nullify the output voltage [see Fig. 3.4(c)]. The input offset voltage when vout = 0 is given by

					vin(off) = VB2 ~ VB1………(3.1) 

				where VB2 and VB1 are the two base-emitter voltages.	

				[image: Fig-3-4ab.eps]

				Fig. 3.4(a) and (b)	(a) Output voltage of a real op-amp without any input applied and (b) symbolic circuit of the op-amp without any input applied.

				Input offset voltage drift. The input offset voltage drift is the ratio of the change in the input offset voltage to the change in temperature. It is also referred to as thermal voltage drift. Its unit is mV/°C. Let

				vin(off)1 be the input offset voltage at temperature t1

				vin(off)2 be the input offset voltage at temperature t2

				Therefore, the input offset voltage drift is given by

					[image: Biswanath__Eq-3-1.wmf]………(3.2)

				Input bias current. The input bias current is the average of the two input bias currents, IB1 and IB2, entering the two input terminals of a balanced amplifier [see Fig. 3.4(c)]. The input bias current when vout = 0 is, therefore, given by

					IB = (IB1 + IB2)/2………(3.3)

				Even though both the input transistors are identical, it is not possible to have IB1 and IB2 exactly equal to each other because of the internal imbalance between the two inputs.	

				Input bias current drift. The input bias current drift is the ratio of the change in the input bias current to the change in temperature. It is also known as thermal bias current drift. Its unit is pA/°C. Therefore, the input bias current drift is given by

					[image: Biswanath__Eq-3-2.wmf]………(3.4)

				Input offset current. The input offset current is the difference in the two base currents, entering the input terminals of a balanced amplifier. For instance, Fig. 3.4(d) shows a resistance RB between the non-inverting input and ground. Since there is a base current IB2 through RB, a voltage v2 = IB2 RB appears at the non-inverting input. 

					If the inverting input is grounded i.e. v1 = 0, then the input offset voltage is, vin(off) = IB2 RB. This unwanted input voltage is amplified to produce an output voltage. A method of nullifying the voltage at the output is to add an equal resistance to other input as shown in Fig. 3.4(e). 

				[image: Fig-3-4ctoe.eps]

				Fig. 3.4(c), (d) and (e)	(c) Input offset voltage to nullify the output voltage (balanced amplifier), 
(d) input offset current, and (e) nullifying the output voltage.

				In Fig. 3.4(e), the input offset voltage is given by

					vin(off) =	IB1 RB – IB2 RB 

					=	(IB1 – IB2)RB = Iin(off) RB 	

				where Iin(off) = IB1 – IB2 = input offset current.

				Therefore, the input offset current is given by

					Iin(off) = vin(off)/RB ………(3.5) 

				Input offset current drift. The input offset current drift is the ratio of the change in input offset current to the change in temperature. It is also known as thermal drift in the input offset current. Its unit is pA/°C. Let

				iin(off)1 be the input offset current at temperature t1

				iin(off)2 be the input offset current at temperature t2

				Therefore, the input offset current drift is given by

					[image: Biswanath__Eq-3-3.wmf]………(3.6)

				Output offset voltage. The voltage that appears at the output of an op-amp, caused by an imbalance in the differential amplifier as discussed above in cases where VB1  VB2 and IB1  IB2, is known as the output offset voltage. That is, 

					vout(off) = vout(off)2 – vout(off)1………(3.7)

				Output offset voltage drift. The output offset voltage drift is the ratio of the change in the output offset voltage to the change in temperature. It is also referred to as thermal drift in the output offset voltage. Its unit is mV/°C. Let

				vout(off)1 be the output offset voltage at temperature t1

				vout(off)2 be the output offset voltage at temperature t2

				Therefore, the output offset voltage drift is given by

					[image: Biswanath__Eq-3-4.wmf]………(3.8)

				Input common mode voltage range. The input common mode voltage range is the range of common mode voltages over which an op-amp remains linear. For the 741C op-amp, the range of the input common mode voltage is ±13 V maximum. This means that the common mode voltage applied to both input terminals can be as high as +13 V or as low as –13 V without disturbing the proper functioning of the op-amp.

				Input differential mode range. It is the maximum difference mode signal that can be safely applied to the input terminals of the op-amp.	

				Output voltage range. This is the maximum output voltage swing that can be obtained without significant distortion (at a given load resistance).

				Offset voltage adjustment range. The offset voltage adjustment range is the range through which the input offset voltage can be adjusted by varying the 10 kW potentiometer which is connected between offset null Pin 1 and Pin 5 as shown in Fig. 3.2(c). For the 741C, the offset voltage adjustment range is ± 15 mV.

				Output voltage swing (AC output compliance). The ac output compliance indicates the values of positive and negative saturation output voltages of the op-amp. The output voltage never exceeds these limits for the given supply voltages, +VCC and –VEE. Its capacity to swing depends on the load resistance RL. For example, the output voltage swing of the 741C is guaranteed to be between +13 V and –13 V for RL ≥ 2 kW, giving a 26 V peak-to-peak undistorted (unclipped) sine wave for ac input signals. As the load resistance decreases, the slope of the ac load line changes and the ac output compliance decreases. The ac output compliance is approximately 27 V for an RL of 10 kW, 25 V for 1 kW, and 7 V for 100 kW.

				Power supply rejection ratio, PSRR. The power supply rejection ratio is the ratio of the change in the input offset voltage Dvin(off) to the corresponding change in one of the power supply voltages DV, with all the remaining power supply voltages held constant.

					A variety of terms equivalent to PSRR are used by different manufacturers, such as the supply voltage rejection ratio (SVRR) and the power supply sensitivity (PSS). These parameters are expressed either in microvolts per volt or in decibels. Therefore,

					PSRR = Dvin(off)/DV………(3.9)

				Short-circuit output current. If the output terminal of the op-amp is accidentally grounded, the current through the short will certainly be much higher in value than either IB or iin(off). This high current may damage the op-amp if it does not have output short-circuit protection. The 741 family op-amps, however, have built-in short-circuit protection circuitry. The short-circuit current Isc = 25 mA for the 741C op-amp. It means that the built-in short-circuit protection is guaranteed to withstand 25 mA of output current in protecting the op-amp.	

				Large-signal voltage gain. Since an op-amp amplifies the difference voltage between two input terminals, the voltage gain of the amplifier is defined as the ratio of the output voltage vout to the differential input voltage (vd = vin(off)). Because the output signal amplitude is much larger than the input signal, the voltage gain is commonly called large-signal voltage gain.

				3.4 OPEN-LOOP OP-AMP CONFIGURATION

				The term open loop signifies that there is no connection, either direct or via another network, between the output and input terminals. That is, the output signal is not fed back in any form to the input terminal, and the loop that would have been formed otherwise with feedback is open. When connected in open-loop configuration, the op-amp simply functions as a high-gain amplifier. There are three open-loop configurations: (1) differential amplifier, (2) inverting amplifier, and (3) non-inverting amplifier.

				Open-loop voltage gain. The open-loop voltage gain (AOL = Av) is the ratio vout/vin with the feedback path open as shown in Fig. 3.5(a). When calculating AOL, the impedances on each terminal must not be disturbed. For this reason, the inverting input terminal is returned to ground through an equivalent resistance RB = R1||R2, and the output terminal is loaded by an equivalent resistance, RL= (R1 + R2)||RL. Usually, RL is much greater than the output impedance of the amplifier so that the open-loop voltage gain AOL is approximately equal to the differential voltage gain Ad. The open-loop voltage gain of a 741C op-amp is typically 100,000.

				[image: Fig-3-5a.eps]

				Fig. 3.5(a) Open-loop connection of an op-amp.

				3.5 CLOSED-LOOP OP-AMP CONFIGURATION

				An op-amp that uses feedback is called a feedback amplifier. A feedback amplifier is sometimes called a closed-loop amplifier because the feedback forms a closed loop between the input and the output. A feedback amplifier, therefore, essentially consists of two parts — an op-amp and a feedback circuit as shown in Fig. 3.5(b). The feedback circuit can take several different forms depending on the designed application of the amplifier. It means that the feedback circuit may be made up of either passive components, or active components, or a combination of both.

				Closed-loop voltage gain. An op-amp always amplifies the difference input voltage 
(vin(off) = vd), which is vd = vin – vf  as shown in Fig. 3.5(b). As the feedback voltage vf opposes the input voltage vin, the feedback is said to be negative. The feedback voltage applied to the inverting input is given by

					[image: Biswanath__Eq-3-5.wmf]………(3.10)

					= kvout 

				where k = R2/(R1 + R2) = feedback fraction.

				[image: Fig-3-5b.eps]

				Fig. 3.5(b) Closed-loop connection of an op-amp.

				The difference input voltage or error voltage is given by 

					vd = verror = vin – vf = vin – kvout

				Again, the output voltage is

					vout =	Avvd = Av(vin – kvout)

				or

					vout + Avkvout = Avvin

				or

					vout (1 + kAv) = Avvin

				Hence, the closed-loop voltage gain of an op-amp is given by

					[image: Biswanath__Eq-3-6.wmf]………(3.11)

				The product kAv is called loop gain because it represents the voltage gain going all the way around the circuit, from input to output and back to input. When the loop gain kAv is much greater than 1, the closed loop voltage gain will be Avf = vout/vin = 1/k, which depends on the values of R1 and R2. The quantity (1 + kAv) is sometimes called desensitivity of a feedback amplifier as it indicates how much the voltage gain is reduced by the negative feedback. 

				3.6 TERMINOLOGIES OF OP-AMP

				The operation of the op-amp circuit may now be described by the terms introduced in the following subsections.

				3.6.1 Virtual Ground

				Ideally, the negative voltage feedback implies that: (a) the error voltage (input offset voltage vin(off)) is zero and (b) the current into the op-amp (input offset current, iin(off)) is zero.

				The high open-loop voltage gain Av is the basis for the first implication. The high input resistance of the op-amp is the reason for the second point.

					An ordinary ground has zero voltage and can sink infinite current. A virtual ground has zero voltage and zero current. The term virtual is used to imply that although the feedback from output to input through feedback resister R2 serves to keep the input offset voltage vin(off) at zero, input and feedback currents are algebraically added at Pin 2 as shown in 
Fig. 3.6(a). Therefore, the inverting terminal (Pin 2) is called the summing point. Because the virtual ground draws no current, all the input current iin has to pass through R2. The voltage across R2, therefore, equals iinR2. Since the virtual ground has approximately zero voltage to ground, KVL tells us that the output voltage is, vout = iinR2.

				[image: Fig-3-6a.eps]

				Fig. 3.6(a) Virtual ground means that the inverting input terminal of an op-amp has zero voltage and zero current.

				3.6.2 Slew Rate

				A frequency related parameter of the op-amp is the slew rate. The slew (i.e. change) rate is the time rate of change of the closed-loop amplifier output voltage under large signal conditions. It indicates how rapidly the output of an op-amp can change in response to the change in frequency. Slew rate affects the high frequency performance of an op-amp, i.e. it limits the size of the output voltage at high frequencies. The slew rate changes with change in voltage gain and is normally specified at unity gain.

				The charging current in a capacitor is given by, i = C(dv/dt). Therefore, the rate of change of voltage in a capacitor will be given by dv/dt = i/C. The greater the charging current, the faster the capacitor charges up. If for any reason the charging current is limited to a maximum value, the rate of voltage change is also limited to a maximum value.

				Assuming that a current of value, Imax = 40 mA charges the capacitor CC = 20 pF as shown in Fig. 3.6(b). Because this current is constant, the capacitor voltage increases linearly as shown in Fig. 3.6(c).

				The maximum rate of change of capacitor voltage is given by

					[image: Biswanath__Eq-3-7.wmf] = 40 mA/20 pF = 2 V/ms………(3.12)

				Thus, the output voltage across the capacitor changes at a maximum rate of 2 V/ms. The voltage cannot change faster than this unless Imax is either increased or CC is decreased. Therefore, the slew rate, SR = Imax /CC is the maximum rate of change of output voltage. The slew rate of an op-amp is fixed. Therefore, if the output signal is required to change at a rate faster than the slew rate, distortion will be observed. Thus slew rate is one of 

				[image: Fig-3-6bc.eps]

				Fig. 3.6(b) and (c) (b) A capacitor being charged and (c) the rate of change of output voltage across the capacitor.

				the important factors in selecting the op-amp for ac applications, particularly at relatively high frequencies.

				Slew rate distortion. If an input sine wave has an initial slope of 2 V/ms and the slew rate is 3 V/ms, the amplifier can respond fast enough to produce the required output slope of 2 V/ms as shown in Fig. 3.6(d). But when the initial slope of the sine wave (assumed, 3 V/ms) is greater than SR (2 V/ms), then the amplifier does not respond fast enough to produce the required output slope of 3 V/ms. In this case, the slew rate distortion makes the output voltage look more triangular than sinusoidal as shown in Fig. 3.6(e). If there were no slew rate problems, the output voltage would follow the input dotted waveform shown in Fig. 3.6(e). With further increase in the frequency of the input waveform,  the output signal swing becomes even more triangular.

				[image: Fig-3-6d.eps]    

				[image: Fig-3-6e.eps]

				Fig. 3.6(d) and (e)	(d) Initial slope of the input sine wave is less than or equal to SR of the op-amp and (e) slew rate distortion because of initial slope being greater than SR.

				Causes of slew rate. Slew rate is a large signal phenomenon, that is, it is indicative of the ability of an op-amp to handle large signals without distortion. A large signal is one whose amplitude is comparable to the power supply voltage. Slew rate is caused by current limiting and the saturation of the internal stages of an op-amp when a high frequency, large amplitude signal is applied. A capacitor requires a finite amount of time to charge and discharge. This means that internal capacitors prevent the output voltage from responding immediately to a fast changing input.

				Slew rate equation. Figure 3.7(a) shows a voltage follower circuit. It is assumed that the input is a high frequency sine wave of large magnitude, i.e. vin = Vm sin wt as shown in 
Fig. 3.7(b). Now, the output voltage is vout = vin = Vm sin wt. The rate of change of output voltage is, dvout/dt = Vm w cos wt and the maximum rate of change of output voltage occurs when wt = 0°. Therefore, the slew rate is given by

					SR =	[image: Biswanath__Eq-3-8.wmf]

					=	Vm w cos 0 = Vmw = Vm2pf/106 V/ms………(3.13) 

				where f is the frequency in Hz. 

				[image: Fig-3-7ab.eps]

				Fig. 3.7(a) and (b) (a) Op-amp as voltage follower and (b) input waveform.

				For distortionless output, the slew rate determines the maximum frequency of operation for a desired output swing. Unless stated differently, with a lower frequency the slew rate determines the maximum undistorted output voltage swing. Thus, as long as the value of the right-hand side of Eq. (3.13) is less than the designed value of slew rate, the output waveform will always be undistorted. Therefore, maximum frequency is given by

					[image: Biswanath__Eq-3-10.wmf]………(3.14) 

				It is also called the power bandwidth.

				3.6.3 Common Mode Rejection Ratio (CMRR)

				The output vout of Fig. 3.7(c) can be expressed as a linear combination of the two input voltages vin1 and vin2. The output voltage is thus given by

				vout = Ain1vin1 + Ain2vin2 ………(3.15) 

				where Ain1(or Ain2) is the voltage amplification from input 1(or 2) to the output under the condition that input 2(or 1) is grounded.

				[image: Fig-3-7c.eps]

				Fig. 3.7(c) Output voltage.

				The difference mode signal vd is the difference between the two input voltages vin1 and vin2. Therefore,

					vd = vin2 – vin1 ………(3.16)

				The common mode signal vc is the average of the two input voltages vin1 and vin2. Therefore,

					vc = (vin2 + vin1)/2………(3.17) 

				or

					vin1 + vin2 = 2vc ………(3.18)

				Adding Eqs. (3.16) and (3.18),

					2vin2 = vd + 2vc

				or

					vin2 = vc + (vd/2)

				Subtracting Eq. (3.16) from Eq. (3.18),

					2vin1 = 2vc – vd

				or

					vin1 = vc – (vd /2)

				Substituting the values of vin1 and vin2 in Eq. (3.15),

					[image: Biswanath__Eq-3-11.wmf]

				Therefore,

					vout = Advd + Acvc

				where 

				 Ac = common mode voltage gain = A2 + A1

				Ad = difference mode voltage gain = (A2 – A1)/2

				It is always preferred to have a large Ad, whereas ideally, Ac should be equal to zero. A quantity called the common mode rejection ratio which serves as the figure of merit r for an op-amp, is given by

					[image: Biswanath__Eq-3-12.wmf]………(3.19)

				3.7 TYPICAL PARAMETERS OF MONOLITHIC mA741C OP-AMP

				The typical specifications for the mA741C op-amp are listed below:

				Electrical characteristic: Supply voltage, VS = ± 15 V, Ambient temperature, TA = 25°C, unless otherwise specified. 

				
					
						
								
								Parameter

							
								
								Value

							
						

						
								
								Open loop voltage gain 

							
								
								100,000

							
						

						
								
								Input offset voltage 

							
								
								2 mV

							
						

						
								
								Input offset current 

							
								
								20 nA

							
						

						
								
								Input bias current 

							
								
								80 nA

							
						

						
								
								Input resistance 

							
								
								2 MW

							
						

						
								
								Offset voltage adjustment range

							
								
								± 15 mV

							
						

						
								
								Input voltage range

							
								
								± 13 V

							
						

						
								
								Common mode rejection ratio 

							
								
								90 dB

							
						

						
								
								Supply voltage rejection ratio 

							
								
								30 mV/V

							
						

						
								
								Large signal voltage gain 

							
								
								200,000

							
						

						
								
								Output voltage swing 

							
								
								± 13 V

							
						

						
								
								Output resistance

							
								
								75 W

							
						

						
								
								Output short-circuit current

							
								
								25 mA

							
						

						
								
								Supply current 

							
								
								1.7 mA

							
						

						
								
								Power consumption 

							
								
								50 mW

							
						

						
								
								Slew rate 

							
								
								0.5 V/ms

							
						

					
				

				3.8 LINEAR APPLICATIONS OF OPERATIONAL AMPLIFIER

				In a linear circuit, the output signal is a replica of the input signal. For example, if the input signal is a sine wave, then the output signal is also a sine wave. The linear applications of op-amps are now discussed in the subsections below.

				3.8.1	The Inverting Amplifier or Negative Scale Changer or Scale Changing Amplifier

				The circuit shown in Fig. 3.8(a) is an inverting amplifier stage, utilising an ideal op-amp. Because the input offset current iin(off) is zero, the current iin flows through both R1 and Rf. Further, a virtual ground exists at the op-amp input, i.e. input current, iin = – if. The input current and feedback current are given, respectively, by

					iin = vin/R1  and  if = vout/Rf 

				Thus,

					vin/R1 = – vout/Rf  (∵ iin = –if)

				Hence, the closed-loop voltage gain of the op-amp is given by

					[image: Biswanath__Eq-3-13.wmf]………(3.20)

				[image: Fig-3-8a.eps]

				Fig. 3.8(a)  Op-amp as an inverting amplifier.

				The closed-loop voltage gain Avf, thus, depends only on the ratio of the resistors Rf and R1. The result is an amplified output of opposite polarity. Hence, such a circuit acts as a phase- inverting amplifier, or as an op-amp that operates as a negative scale changer. It multiplies the input voltage by a negative constant factor. If Rf/R1 = k, which is a real constant, then Avf = – k and the scale has been multiplied by a factor of – k. By varying the value of k, the scale can be changed. Hence, the circuit in Fig. 3.8(a) is a scale-changing amplifier. Since the output voltage vout is out of phase with respect to the input signal vin, the inverting amplifier is also called phase shifter.

				Input impedance of the inverting amplifier

				The input impedance of the op-amp is the impedance seen looking into the amplifier input terminals as shown in Fig. 3.8(b). The closed-loop input impedance is given by

				rin = vin/iin………(3.21) 

				In order to evaluate the closed-loop input impedance in terms of the circuit elements, Kirchhoff’s voltage law is applied around the input loop,

				vin – R1iin + vin(off) (or vd) = 0 

				In an ideal op-amp, the input offset voltage is zero, i.e. vin(off) = 0. Therefore,

				[image: Fig-3-8b.eps]

				Fig. 3.8(b) Input impedance of an inverting amplifier.

				Now,				vin = R1iin  or  R1 = vin/iin………(3.22)

				From Eqs. (3.21) and (3.22),

				rin  R1

				Instead of assuming that the op-amp is ideal, the closed-loop input impedance from the equivalent circuit of the inverting amplifier as shown in Fig. 3.8(c) is given by 

					rin = R1 + (Rin||rf)

				where rf = – vd /if.

				

				Since no current enters into either of the inputs (i.e. iin(off) = 0), iin = if. Applying Kirchhoff’s voltage law around the loop which includes Rf,

					– vd – Rf if – Rout if – Advd = 0

				[image: Fig-3-8c.eps]

				Fig. 3.8(c) AC equivalent circuit to calculate the input impedance of an inverting amplifier.

				or	

					– vd = Rf if + Rout if + Advd 

				or

					– vd = if (Rf + Rout) + Advd 	

				or

				– vd – Advd = if (Rf + Rout)		

				or

					[image: Biswanath__Eq-3-14.wmf]

				Therefore,

					[image: Biswanath__Eq-3-15.wmf]………(3.23)

				Since (1 + Ad) is very large compared to the factor (Rf + Rout), the factor (Rf + Rout)/(1 + Ad) approaches zero. In practice, rf << Rin and rin << R1, so that rin  R1 is the value obtained for an ideal op-amp.

				Output impedance of the inverting amplifier

				The output impedance of the op-amp is the impedance seen looking into the amplifier output terminal. The output impedance of the amplifier shown in Fig. 3.8(b) is found by setting the input voltage source vin = 0, inserting a test voltage source of magnitude vout at the output terminal, and measuring the current drawn from the test source. Such a circuit configuration is shown in Fig. 3.8(d). The closed-loop output impedance of the amplifier is given by

				rout = vout/iout 

				The current iout consists of i1 and i2. The current drawn by the combination is

				iout	= i1 + i2 

				[image: Fig-3-8d.eps]

				Fig. 3.8(d)  AC equivalent circuit to calculate the output impedance of an inverting amplifier.

				[image: Biswanath__Eq-3-16.wmf]

				[image: Biswanath__Eq-3-17.wmf] (as assumed that Rin >> R1) ………(3.24) 

				With this assumption, the additional relation is

				[image: Biswanath__Eq-3-18.wmf]………(3.25)

				The negative sign of vd means that the voltage at the inverting input (–) with respect to the non-inverting input (+), i.e. ground is as shown in Fig. 3.8(d). Thus, from Eq. (3.24),

					iout =	[image: Biswanath__Eq-3-19.wmf]

						[image: Biswanath__Eq-3-20.wmf]

				or

					[image: Biswanath__Eq-3-21.wmf]	

				or

					[image: Biswanath__Eq-3-23.wmf]

				The output impedance rout is thus seen to consist of two resistors in parallel as shown in Fig. 3.8(e). In most cases, 

				(R1 + Rf) >> Rout/[1 + Ad R1/(R1 + Rf)].

				[image: Fig-3-8e.eps]

				Fig. 3.8(e) The two parallel resistances which make up the output resistance, rout.

				Therefore, the closed-loop output impedance is given by

					[image: Biswanath__Eq-3-24.wmf]………(3.26)

				In an ideal operational amplifier, the input impedance and the output impedance are infinite and zero, respectively.

				EXAMPLE 3.1

				Calculate the output voltage for the circuit shown in Fig. 3.8(a) having R1 = 75 kΩ, Rf=400kΩ, and input voltage vin = –1.5 V. 

				Solution The output voltage of an inverting amplifier illustrated in Fig. 3.8(a) is given by

					[image: Biswanath__Eq-3-26.wmf]

				3.8.2 Noninverting Amplifier

				The op-amp as shown in Fig. 3.9(a) is used as a non-inverting amplifier stage and the voltage at the inverting input is given by

				[image: Fig-3-9a.eps]

				Fig. 3.9(a)  Op-amp as a non-inverting amplifier.

					[image: Biswanath__Eq-3-25.wmf]………(3.27)

				From an ideal op-amp, the input offset voltage, vin(off) = 0 = vin1 – vin2. Therefore,

					vin1 = vin2

				From Eq. (3.27),

					[image: Biswanath__Eq-3-27.wmf]

				Therefore, the closed-loop voltage gain is given by

					Avf =	[image: Biswanath__Eq-3-28.wmf]

					=	1 + Rf/R1………(3.28)

				Equation (3.28) indicates that the feedback provided by Rf causes Avf to depend only on the resistance ratio Rf/R1. Hence, the closed-loop voltage gain Avf is always greater than unity and the amplified output vout is in phase with the input signal vin1. This circuit works as a positive scale changer, i.e. it multiplies the input by k incremented by 1. By varying the value of k, the scale can be changed.

				Input impedance of the non-inverting amplifier

				The input impedance of a non-inverting amplifier is rin = vin1/iin1 as shown in Fig. 3.9(b). Since iin1 = vd /Rin, it is observed that iin1 must be very small (iin(off) = iin1 = 0 = input offset current for an ideal op-amp) and, therefore, rin must be very large. To determine rin quantitatively, it can be written as 

					iin1 = vd/Rin ………(3.29)

				[image: Fig-3-9b.eps]

				Fig. 3.9(b)  Circuit diagram of a linear non-inverting amplifier to calculate the input impedance.

				However, since vd = vout/Ad, therefore, Eq. (3.29) becomes

					iin1 = vout/(Ad Rin) ………(3.30)

				The output voltage of the non-inverting amplifier is given by

					[image: Biswanath__Eq-3-29.wmf]………(3.31)

				Substituting the value of vout in Eq. (3.30),

					[image: Biswanath__Eq-3-30.wmf]………(3.32)

				Hence, the closed-loop input impedance is given by

					[image: Biswanath__Eq-3-31.wmf]………(3.33)

				Output impedance of the non-inverting amplifier

				To calculate the output impedance rout, the input voltage source vin1 is replaced by a short circuit, and a test voltage source of magnitude vout is applied to the output. The resulting equivalent circuit is then identical to the circuit used to calculate the output impedance rout for the inverting amplifier as shown in Fig. 3.8(d). Hence, rout can be found from

					[image: Biswanath__Eq-3-32.wmf]

				From Fig. 3.8(e), the closed-loop output impedance is

					[image: Biswanath__Eq-3-33.wmf]………(3.34)

				Example 3.2 

				An inverting amplifier has input resistance R1 = 20 kW and a feedback resistance 
Rf = 100 kW. Find (i) the output voltage, (ii) the input resistance, and (iii) the input current for an input voltage of 1 V. 	

				Solution	According to the problem: 

					Input resistance, R1 = 20 kW 

					Feedback resistance, Rf = 100 kW

					The output voltage of an inverting amplifier is given by

					vout = – (Rf/R1)vin = – (100/20)(1) = [image: Biswanath__Eq-3-34.wmf]

				The negative sign indicates that the amplifier is in inverting mode.

				The input resistance of an inverting amplifier is given by

					[image: Biswanath__Eq-3-35.wmf] 

				The input current of an inverting amplifier is given by

					[image: Biswanath__Eq-3-36.wmf]

				EXAMPLE 3.3

				Calculate the output voltage for the circuit shown in Fig. 3.9(a) having R1 = 75 kΩ, Rf = 400 kΩ, and input voltage vin = – 2.25 V. 

				Solution The output voltage of a non-inverting amplifier illustrated in Fig. 3.9(a) is given by

					[image: Biswanath__Eq-3-37.wmf]

				3.8.3 Unity Gain Buffer (Voltage Follower)

				The closed-loop voltage gain of the non-inverting amplifier is given by

					[image: Biswanath__Eq-3-38.wmf]

				If Rf is made zero in Fig. 3.9(a), the closed-loop voltage gain is, Avf = vout/vin = 1. The resistance R1 is not needed. This stage shown in Fig. 3.9(c), is called a unity gain buffer or voltage follower as it has 

				
						infinite input resistance

						zero output resistance

						unity gain

				

				This circuit has the properties which are almost identical to the emitter follower circuit, i.e. the output voltage vout is in phase with the input, vin (i.e. vout = vin). The circuit shown in 
Fig. 3.9(c) is commonly used as an isolation amplifier because it allows the input voltage vin, to be transferred as output voltage vout while at the same time preventing load resistance RL from loading down the input source. Since the output voltage vout follows the input signal vin, this circuit is called voltage follower.

				[image: Fig-3-9c.eps]

				Fig. 3.9(c) Op-amp as a unity gain buffer or voltage follower circuit.

				3.8.4 Adder or Summing Amplifier (Inverting Mode)

				The arrangement in Fig. 3.10(a) may be used to obtain an output which is the linear combination of a number of input signals.

				The input current is given by

					iin =	i1 + i2 + . . . + in

					=	v1/R1 + v2/R2 + . . . + vn/Rn 

				[image: Fig-3-10a.eps]

				Fig. 3.10(a) Circuit diagram of an op-amp as an adder.

				As a virtual ground exists at the op-amp input, therefore,

					iin = – if 

				or

					v1/R1 + v2/R2 +  + vn/Rn = – vout/Rf 

				Therefore, the output voltage is given by

					[image: Biswanath__Eq-3-39.wmf]………(3.35)

				If R1 = R2 =  = Rn = R, then the output voltage is

					[image: Biswanath__Eq-3-40.wmf]………(3.36)

				Hence the output voltage vout is proportional to the sum of the input signals and the virtual ground is truly a summing point of the input currents. The arrangement may be extended to a very large number of inputs requiring only one additional resistor for each additional input. This result depends, in the limiting case of large amplifier gain, only on the resistors involved, and because of virtual ground, there is a minimum interaction between the input sources. This connection is widely used in analog computers and may be used to solve linear equations.

				3.8.5 Adder/Summing Amplifier (Noninverting Mode)

				An adder/summing amplifier in noninverting mode as shown in Fig. 3.10(b) gives a non-inverted sum output. The nodal equation applied to the noninverting input is given by

					i1 + i2 + i3 +  + iin = 0………(3.37)

				or

					[image: Biswanath__Eq-3-41.wmf]………(3.38)

				[image: Fig-3-10b.eps]

				Fig. 3.10(b) Op-amp as an adder or summing amplifier (noninverting mode).

				or

					[image: Biswanath__Eq-3-42.wmf]

				Therefore,

					[image: Biswanath__Eq-3-43.wmf]………(3.39)

				The noninverting amplifier consisting of resistive attenuator Rf , and R connected to the inverting input, produces an output voltage of

					[image: Biswanath__Eq-3-44.wmf]………(3.40)

				Therefore, the output voltage from Eqs. (3.39) and (3.40) is given by

					[image: Biswanath__Eq-3-45.wmf]………(3.41)

				If R1 = R2 = R3 =  = Rn = R = Rf /2, then the output voltage is given by

					[image: Biswanath__Eq-3-46.wmf]………(3.42)

				Hence, the output voltage vout of an adder/summing amplifier in noninverting mode is directly proportional to the sum of individual input signals applied to the noninverting input.

				3.8.6 Subtractor (Difference Amplifier)

				Sometimes it is necessary to amplify the difference between two input voltage levels and reject the voltage common to both as shown in Fig. 3.11(a). The double-ended input, 

				[image: Fig-3-11a.eps]

				Fig. 3.11(a) Circuit diagram of an op-amp as a subtractor.

				single-ended output instrument amplifier is often used to amplify inputs from transducers which convert a physical quantity (e.g. pressure and temperature) and its variation into an electrical signal. Examples of such transducers are strain gauge bridges and thermocouples, etc. Let 

					ea be the terminal voltage at Pin 2 

					eb be the terminal voltage at Pin 3. 

				Input offset voltage and output voltage are then given, respectively, by

					vin(off) = ea – eb………(3.43) 

				and

					vout = Avvin(off)………(3.44)

				where Av is the open-loop voltage gain of the amplifier. 

				Since the gain of the operational amplifier is infinite (or since no current enters either input),

					iin1 = iin2 ………(3.45) 

				and

					iin1 = iin2 ………(3.46)

				From Eqs. (3.45) and (3.46),

					[image: Biswanath__Eq-3-47.wmf]………(3.47)

				and 

					[image: Biswanath__Eq-3-48.wmf]………(3.48)

				Since the gain is infinite, ea << vin1 and eb << vin2, therefore, from Eqs. (3.47) and (3.48), 

					[image: Biswanath__Eq-3-49.wmf]

				and

					[image: Biswanath__Eq-3-50.wmf]

				Thus, the input offset voltage is

					[image: Biswanath__Eq-3-51.wmf]

				The output voltage is given by

					[image: Biswanath__Eq-3-52.wmf]

				or

					[image: Biswanath__Eq-3-53.wmf]………(3.49)

				Since for a practical amplifier, Av >> 1, from Eq. (3.49),

					[image: Biswanath__Eq-3-54.wmf]

				Therefore,

					[image: Biswanath__Eq-3-55.wmf]………(3.50)

				Hence the output voltage vout is proportional to the difference between the two input signals vin1 and vin2. In Fig. 3.11(a), the input signals can be scaled to the desired values by selecting appropriate values for the external resistors; when this is done, the circuit is called the scaling amplifier.

				3.8.7 Adder-Subtractor 

				An adder-subtractor, as shown in Fig. 3.11(b), is used to perform addition and subtraction simultaneously. The superposition theorem is applied to obtain the output voltage vout, as the circuit contains more than one signal source. It is assumed that signal source v1 

				[image: Fig-3-11b.eps]

				Fig. 3.11(b) Op-amp as an adder-subtractor.

				acts alone with other signal sources v2, v3 and v4 becoming zero. The equivalent circuit with v1 acting alone and other sources v2, v3, and v4 becoming zero, is shown in Fig.3.11(c)— first part. Thevenin’s theorem is applied to the inverting input (pin 2) shown in Fig. 3.11(c) for finding the output voltage vout1 of this inverting amplifier, and vout1 from the second part of Fig. 3.11(c) is given by

					[image: Biswanath__Eq-3-56.wmf]………(3.51)

				Similarly, the output voltage vout2 of this inverting amplifier due to the signal source v2 alone is given by

					[image: Biswanath__Eq-3-57.wmf]………(3.52)

				Again, it is assumed that signal source v3 acts alone with other signal sources v1, v2 and v4 becoming zero—third part of Fig. 3.11(c). The voltage v3_non-inv at the non-inverting input (pin3) from the fourth part of Fig. 3.11(c) is given by

					[image: Biswanath__Eq-3-58.wmf]………(3.53)

				[image: Fig-3-11c.eps]

				Fig. 3.11(c) Equivalent circuit of an adder-subtractor.

				The output voltage vout3 of this non-inverting amplifier due to the signal source v3 alone corresponding to the fourth part of Fig. 3.11(c), is given by

					[image: Biswanath__Eq-3-59.wmf]………(3.54)

				Similarly, the output voltage vout4 due to the signal source v4 alone, is given by

					[image: Biswanath__Eq-3-60.wmf]………(3.55)

				Therefore, the net output voltage vout with all the four signal sources acting simultaneously, is given by

					vout = vout1 + vout2 + vout3 + vout4

				or

					vout = – v1 – v2 + v3 + v4

				Thus,	vout = (v3 + v4) – (v1 + v2)………(3.56)

				Therefore, the output voltage vout in adder-subtractor is proportional to the difference of the two sums of the signal sources.

				EXAMPLE 3.4

				Obtain the output voltage vout of adder-subtractor, as shown in Fig. 3.11(d). 

				[image: Fig-3-11d.eps]

				Fig. 3.11(d) Example 3.4.

				Solution From Fig. 3.11(d), the output voltage vout1 due to the v1 source acting alone and all other sources v2, v3 and v4 making zero, is given by

					[image: Biswanath__Eq-3-61.wmf]………(3.57)

					[image: Biswanath__Eq-3-62.wmf]

				Similarly, the output voltage vout2 due to the v2 source acting alone and all other sources v1, v3, and v4 making zero, is given by

					[image: Biswanath__Eq-3-63.wmf]………(3.58)

					[image: Biswanath__Eq-3-64.wmf]

				It is assumed that signal source v3 acts alone and the other signal sources v1, v2 and v4 become zero. The voltage vnon-inv at the non-inverting input (pin 3), as shown in Fig. 3.11(d), is given by

					[image: Biswanath__Eq-3-65.wmf]………(3.59)

					[image: Biswanath__Eq-3-66.wmf]

				The output voltage vout3 of this noninverting amplifier due to the signal source v3 alone as shown in Fig. 3.11(d), is given by

					[image: Biswanath__Eq-3-67.wmf]………(3.60)

					[image: Biswanath__Eq-3-68.wmf]

				Again, it is assumed that signal source v4 acts alone and the other signal sources v1, v2 and v3 becoming zero. The voltage vnoninv at the noninverting input (pin 3) as shown in Fig.3.11(d) is given by

					[image: Biswanath__Eq-3-69.wmf]………(3.61)

					[image: Biswanath__Eq-3-70.wmf]

				The output voltage vout4 of this non-inverting amplifier due to the signal source v4 alone, as shown in Fig. 3.11(d), is given by

					[image: Biswanath__Eq-3-71.wmf]

				Therefore, the net output voltage vout with all the four signal sources acting simultaneously, is given by

					vout =	vout1 + vout2 + vout3 + vout4

					=	(–1.93) + (–3.6) + 6.89 + 9.62

					=	(6.89 + 9.62) – (1.93 + 3.6) = 16.51 – 5.53 = [image: Biswanath__Eq-3-72.wmf]

				3.8.8 Instrumentation Amplifier 

				In some applications like measurements with the help of transducers, the desired degree of precision may be required that the op-amp circuit does not load down the measured circuit at all. In such cases, the instrumentation amplifier, as shown in Fig. 3.12(a), provides a useful and improved alternative to the difference amplifier. The instrumentation amplifier consists of a standard difference amplifier buffered by a front end having two op-amps Av2 and Av1. This amplifier allows the gain of both input channels to be adjusted simultaneously by varying a single resistor R.

				[image: 3-12a-new.eps]

				Fig. 3.12(a) Instrumentation amplifier.

				The salient features of instrumentation amplifiers are:

				
						High CMRR

						Low dc offset

						High gain accuracy

						Low output impedance

						High gain stability with low temperature coefficient

				

				Principle of working of instrumentation amplifier

				It is assumed that virtual shorts exist across the input terminals of two op-amps Av2 and Av1. Under these conditions, the voltage across R, as shown in Fig. 3.12(a), is given by

					v2 – v1 = iRR………(3.62)

				or

					[image: Biswanath__Eq-3-73.wmf]………(3.63)

				As the input offset current iin(off) is zero for both the op-amps Av2 and Av1, the current iR flowing through R2, R and R2 must be the same. The difference in output voltages of the two op-amps Av2 and Av1 is given by

					vout2 – vout1 = iR(R2 + R + R2) 

				or

					vout2 – vout1 = iR(2R2 + R)………(3.64)

				Substituting the value of iR from Eq. (3.63) to Eq. (3.64),

					[image: Biswanath__Eq-3-74.wmf]………(3.65)

				The subtractor or difference amplifier Av3 amplifies the difference in output voltages (vout2 – vout1) by a factor of (–R3/R1). Thus, the net output voltage of instrumentation amplifier is given by

					[image: Biswanath__Eq-3-76.wmf]

				or

					[image: Biswanath__Eq-3-75.wmf]

				or

					[image: Biswanath__Eq-3-77.wmf]………(3.66)

				The voltage gain of instrumentation amplifier can be adjusted by a potentiometer R. The value of R should never be made zero, as this will make the gain infinity.

				Applications of instrumentation amplifier

				Instrumentation amplifiers are suited for the following instruments:

				
						Digital multimeters,

						Oscilloscopes, 

						Temperature indicator,

						Temperature controller,

						Light intensity meter, and

						Data recorders.

				

				Instrumentation amplifier with transducer bridge

				An instrumentation amplifier with transducer bridge, as shown in Fig. 3.12(b), consists of a resistive transducer whose resistance Rtrans varies as a function of the physical quantity to be measured. The wheatstone bridge is balanced initially by a dc supply V so that v2 and v1 become equal to each other, i.e., v2 = v1. The resistance Rtrans varies with the change in physical quantity, causing an imbalance in the bridge, i.e., v2  v1. For imbalance condition, the resultant resistance of the resistive transducer will be (Rtrans ± ∆Rtrans). The difference in voltage (v2 ~ v1) to the two inverting and non-inverting inputs now gets amplified by the instrumentation amplifier.

				[image: 3-12b_new.eps]

				Fig. 3.12(b) Instrumentation amplifier with transducer bridge.

					Usually, R11, R22 and R33 are equal to each other. It is assumed that be the change in resistance of the resistive transducer. The voltage v1 is constant as the values of R11 and R22 are fixed. The voltage v2 varies as a function of the change in resistance of resistive transducer. Now, the voltage v2 and v1 are, respectively, given by

					[image: Biswanath__Eq-3-78.wmf]………(3.67)

				and

					[image: Biswanath__Eq-3-79.wmf]………(3.68)

				The output voltage across the bridge terminals is given by

					[image: Biswanath__Eq-3-80.wmf]………(3.69)

				If R11 = R22 = R33 = Rtrans = R, then the Eq. (3.69) can be written as

					[image: Biswanath__Eq-3-81.wmf]

				or

					[image: Biswanath__Eq-3-82.wmf]

				or

					[image: Biswanath__Eq-3-83.wmf]

				or

					[image: Biswanath__Eq-3-84.wmf]………(3.70)

				The subtractor or difference amplifier Av3 of instrumentation amplifier in Fig. 3.12(a) amplifies the difference in output voltages (vout2 – vout1) by a factor of (–R3/R1). Thus, the output voltage of instrumentation amplifier with transducer bridge from Eq. (3.66) is given by

					[image: Biswanath__Eq-3-85.wmf]………(3.71)

				EXAMPLE 3.5

				A minimum output voltage of 55 mV is obtained for a differential input of 1 mV in an instrumentation amplifier, as shown in Fig. 3.12(a). Calculate the maximum value of resistance R that could be used. It is given that R1 = 1.1 kΩ and R2 = R3 = 11 kΩ.

				Solution Minimum output voltage, vout = 55 mV	

				Differential input, (v1 – v2) = 1.1 mV

				The minimum output voltage will occur when the value of resistance R is maximum. The output voltage vout from Eq. (3.66) is given by 

					[image: Biswanath__Eq-3-86.wmf]

				or

					[image: Biswanath__Eq-3-87.wmf]

				Thus, the maximum value of resistance R = [image: Biswanath__Eq-3-88.wmf] 	

				3.8.9 Current-to-Voltage Follower

				Devices such as photomultipliers and photocells, act like an ideal current source. The output current of these devices is essentially constant and independent of the load. The current-to-voltage converter produces an output voltage which is proportional to the current. An op-amp used as a current-to-voltage converter is shown in Fig. 3.12(c). Since the inverting terminal is a virtual ground, this circuit places a short circuit across the current source. The current in Rs is zero and the input current iin flows through the feedback resistor Rf .The output voltage vout is equal to the input current iin times the feedback resistor Rf. Therefore,

					vout = – iin Rf ………(3.72)

				Thus, the output voltage vout is proportional to the input current iin. A capacitor C connected in parallel with the feedback resistor Rf reduces the high frequency noise.

				Applications of current-to-voltage follower

				One of the most common uses of the current-to-voltage follower is in sensing the current from photodetectors as shown in Fig. 3.12(d). It is also utilised in digital-to-analog converter circuits. 

				[image: Fig-3-12c.eps]

				Fig. 3.12(c) Op-amp as a current-to-voltage converter.

				[image: Fig-3-12d.eps]

				Fig. 3.12(d) Conversion of photo-induced current into a proportional output voltage.

				3.8.10 Voltage-to-Current Follower/v to i converter

				Figure 3.13 shows a voltage-to-current converter in which load RL is floating (not connected to ground). It is also called a transconductance amplifier or current series negative feedback amplifier because the feedback voltage across R1 applied to the inverting terminal depends on the output current iout and is in series with the input offset 
voltage vin(off).

				Applying Kirchhoff’s voltage law to the input loop,

					vin = vin(off) + vf 

				For an ideal op-amp, the input offset voltage is zero. Therefore,

					vin = vf = ioutR1

				[image: Fig-3-13a.eps]

				Fig. 3.13 Op-amp as a voltage-to-current converter.

				or

					iout = vin/R1 ………(3.73) 

				It means that an input voltage vin is converted into an output current of vin/R1. By making the input voltage constant, this circuit can serve as a constant source or sink.

				Applications of voltage-to-current follower

				This circuit can be used in applications such as low-voltage dc and ac voltmeters, diode match finders, light emitting diodes, and zener diode testers.

				3.8.11 Logarithmic Amplifier

				This circuit provides an output voltage that is proportional to the logarithm of the input voltage. The diode used in Fig. 3.14(a) has the volt-ampere characteristic as

					[image: Biswanath__Eq-3-89.wmf]

				The diode current id may be approximated by 

					[image: Biswanath__Eq-3-90.wmf]………(3.74) 

				where

				Io 	is the diode reverse saturation current

				Vd 	is the voltage across the diode

				k 	is a term that includes physical constants and temperature.

				Because of the virtual ground, the input current is, iin = vin/R1.

				Also, the voltage across the diode is, Vd = – vout. This negative sign indicates that the 
op-amp is an inverting amplifier.

				[image: Fig-3-14a.eps]

				Fig. 3.14(a) Op-amp as a logarithmic amplifier.

				Making these substitutions in Eq. (3.74),

					[image: Biswanath__Eq-3-91.wmf]………(3.75)

				Taking the natural logarithm (ln) of Eq. (3.75), it yields

					[image: Biswanath__Eq-3-92.wmf]

				Therefore,

					[image: Biswanath__Eq-3-93.wmf]………(3.76)

				Equation (3.76) demonstrates that the output voltage vout is indeed proportional to the natural logarithm of the input voltage vin.

				3.8.12 Precision Rectifier

				If the forward voltage diode drop is not negligible compared to the magnitude of the input signal, the rectified output will not be a faithful reproduction of the input signal. In the extreme situation, where the magnitude of the input signal is altogether smaller than the forward voltage diode drop, the diodes in the rectifier circuit will never become forward biased and the rectifier circuit will not rectify at all.

					The problem of diode drop can easily be overcome by combining an op-amp with one or more diodes in a circuit known as the precision rectifier. The input signal to a precision rectifier drives the op-amp, and the op-amp provides the voltage required to forward bias any diodes in the circuit. The diodes direct the flow of current in the circuit so that rectification can occur.

				Principle of working of precision rectifier

				The input signal v is connected to the non-inverting input of the op-amp and its output vout(op-amp) drives diode D, as shown in Fig. 3.14(b). The output vout of the rectifier is fed back to the inverting input, thus providing a negative feedback loop. When the input signal v is slightest bit positive (even if it is much less than the forward voltage diode drop VF, the op-amp responds by increasing its output voltage vout(op-amp) towards the positive saturation limit, i.e., vout(op-amp) = +Vsat. This makes the diode D forward biased. The output of op-amp vout(op-amp) continues to increase until the voltage at the inverting input vinv reaches the same value as the voltage at the non-inverting input vnon-inv. The difference voltage (vinv – vnon-inv) needed to sustain the op-amp output voltage vout(op-amp) is very small and approaches zero due to the high gain Av of op-amp. Under these conditions, the output voltage of rectifier vout becomes essentially equal to the input voltage v.

				[image: Fig-3-14b.eps]

				Fig. 3.14(b) Precision rectifier.

					The output voltage vout(op-amp) of the op-amp lies on diode-drop above the output vout of the rectifier, i.e., vout = vout(op-amp) + VF. The forward voltage diode drop is absorbed inside the feedback loop of the op-amp, and the input signal (v) reflects across the load. The output voltage of the rectifier is given by

					vout = Av(vinv – vnon-inv) – VF………(3.77)

				As the input offset current iin(off) is zero, v = vinv and vout = vnon-inv, Eq. (3.77) can be written as

					vout = Av(v – vout) – VF………(3.78)

				or

					vout (1 + Av) = Avv – VF

				or

					[image: Biswanath__Eq-3-94.wmf]………(3.79)

				The factor VF/(1 + Av) can be neglected owing to the large value of voltage gain Av. The factor Av/(1 + Av) reduces to 1 due to the same reason. Equation (3.79) becomes

					vout = v………(3.80)

				When the input signal v is negative, the op-amp output goes to negative saturation limit, i.e., vout(op-amp) = –Vsat. This action forces the diode to become reverse biased, isolating the load from the op-amp output.

				Example 3.6 

				The summing amplifier as shown in Fig. 3.10(a) has Rf = 10 kW, R1 = 10 kW, R2 = 2.2 kW, R3 = 3.3 kW, v1 = – 6 V, v2 = + 2 V and v3 = + 0.75 V. Calculate the output voltage vout. 

				Solution The output voltage of an op-amp as a summing amplifier is

					[image: Biswanath__Eq-3-95.wmf]

				The negative sign indicates that the output voltage is negative with respect to the resultant input signals of v1, v2, and v3.

				Example 3.7

				The subtractor as shown in Fig. 3.11(a) has R1 = 10 kW, R2 = 100 kW, vin1 = 3 V, vout = 1 V. Calculate the input voltage vin2.

				Solution The output voltage of an op-amp as a subtractor is

					[image: Biswanath__Eq-3-96.wmf]

				Example 3.8

				The subtractor as shown in Fig. 3.11(a) has (a) ea = 1.5 mV, eb = 1.3 mV, vout = 0.243 V; 
(b) ea = 5.0002 V, eb = 5 V, vout = 10.7 V. Calculate the (i) difference mode gain, (ii) common mode gain, and (c) CMRR.

				Solution The output voltage in terms of the difference mode gain and common mode gain is

				vout1 = (ea – eb)Ad + {(ea + eb)/2}Ac 	

				or 

					0.243 =	{(1.5 – 1.3)  10–3}Ad + [{(1.5 + 1.3)/2}  10–3]Ac	

					=	0.0002Ad + 0.0014Ac ………(3.81)

				Similarly,

					vout2 	= (ea – eb)Ad + {(ea + eb)/2}Ac

				or

					10.7 =	(5.0002 – 5.0000)Ad + {(5.0002 + 5.0000)/2}Ac 	

					=	0.0002Ad + 5.0001Ac ………(3.82)

				Subtracting Eq. (3.81) from Eq. (3.82), 

					10.7 – 0.243 = 4.9987Ac

				Therefore, the common mode gain is

					[image: Biswanath__Eq-3-97.wmf]

				Substituting this value of Ac in Eq. (3.81), 

					0.243 = 0.0002Ad + (0.0014  2.092)

				Hence, the difference mode gain is

					[image: Biswanath__Eq-3-98.wmf]

				Therefore, the common mode rejection ratio is

					[image: Biswanath__Eq-3-99.wmf]

				3.9 NONLINEAR APPLICATIONS OF OP-AMPs

				In a non-linear circuit, the output signal is not a replica of the input signal. For example, if the input signal is a sine wave, then the output signal may be a rectangular wave. 

				3.9.1 Differentiator

				Figure 3.15(a) shows a circuit of a differentiator using an op-amp. A differentiator is a circuit that responds to the rate of change of the input signal. It is essentially a high-pass filter, meaning that it produces more output for signals at higher frequencies. Input current and feedback current are given, respectively, by

					iin = C (dvin/dt)  and  if = vout/Rf

				As a virtual ground exists at the op-amp input, therefore,

					iin = –if  or  C (dvin/dt) = – vout/Rf

				Therefore, the output voltage is

					[image: Biswanath__Eq-3-100.wmf]………(3.83)

				[image: Fig-3-15a.eps]

				Fig. 3.15(a) Op-amp as a differentiator.

				Thus, the output vout is proportional to the time derivative of the input signal vin. As the instantaneous output is proportional to the instantaneous rate of change at its input or to the slope of the input waveform, therefore, the output voltage is vout = – RfC(Dvin/Dt). Assuming that the input signal is changing at a rate of 100 V/s (Dvin/Dt), C = 1 mF, and 
Rf = 10 kW, then the output voltage as shown in Fig. 3.15(b) is 

					vout = (–10  103) (1  10–6) 100 = –1 V 

				If the input signal is, vin = Vm sin wt, then the output is vout = – RfCVmw cos wt. These input and output waveforms are shown in Fig. 3.15(c). As the magnitude of the output increases linearly with increasing frequency (w = 2pf ) and the differentiator circuit has high gain at high frequencies, it results in amplification of the high frequency components of the amplifier noise and such a noise output may completely obscure the differentiated signal. For this reason, the use of the differentiator is avoided in high frequency circuits.

				[image: Fig-3-15bc.eps]

				Fig. 3.15(b) and (c) Input and output waveforms of a differentiator: (b) ramp input and (c) sinusoidal input.

				3.9.2 Integrator

				The circuit shown in Fig. 3.16(a) is an integrator. The opposite of differentiation is integration. The input need not be sinusoidal. It is essentially a low-pass filter and produces more output for signals at lower frequencies. In Fig. 3.16(a), the input current and capacitive current are given, respectively, by

					iin = vin/R  and  iC = C(dvout/dt)

				[image: Fig-3-16a.eps]

				Fig. 3.16(a) Op-amp as an integrator.

				As a virtual ground exists at the op-amp input, therefore,

					iin = – iC  or   vin/R = – C (dvout/dt)

				or 

					dvout = –(vin/RC) dt	

				Integrating both sides,

					[image: Biswanath__Eq-3-101.wmf]

				Therefore,

					[image: Biswanath__Eq-3-102.wmf]………(3.84)

				The amplifier, therefore, provides an output voltage that is proportional to the integral of 
the input voltage. If the input voltage is constant (vin = V), then the output will be a ramp. That is,

					[image: Biswanath__Eq-3-103.wmf]

				Such an integrator makes an excellent sweep circuit for a cathode ray tube oscilloscope and this integrator is called a Miller integrator. When an input waveform vin steps down from 0 to –1 V, with C = 1 mF and R = 10 kW as shown in Fig. 3.16(a), the rate of output voltage change as shown in Fig. 3.16(b) will be

					[image: Biswanath__Eq-3-104.wmf]

				If the input signal is an inverted cosine waveform, the output will be a sine waveform as shown in Fig. 3.16(c). This is opposite of differentiation [see Fig. 3.15(c)].

				[image: Fig-3-16b.eps]  

				[image: Fig-3-16c.eps]

				Fig. 3.16(b) and (c) Input and output waveforms of an integrator: (b) step input and (c) sinusoidal input.

				The scale factor 1/RC is the slope of the ramp. If v = V = 1 V, R = 1 MW and C =1mF are considered, then scale factor is

					[image: Biswanath__Eq-3-105.wmf]

				Thus, the output is a negative ramp, as shown in Fig. 3.16(d). If the scale factor is changed by making R = 100 kW, then

					[image: Biswanath__Eq-3-106.wmf]

				The output is a steeper ramp voltage, as shown in Fig. 3.16(d).

				[image: Fig-3-16d.eps]

				Example 3.9

				The input to the differentiator circuit of Fig. 3.15(a) is a sinusoidal voltage of peak value 5 mV and frequency 1 kHz. Find the output when R = 100 kW and C = 1 mF. 

				Solution	According to the given problem:

				Peak value of sinusoidal voltage, Vm = 5 mV

				Frequency of supply voltage, f = 1 kHz

				The instantaneous value of the input voltage is 

					vin = Vm sin wt = 5 sin (2p  1000t) = 5 sin (2000pt) mV

				The output voltage of the differentiator circuit is

					[image: Biswanath__Eq-3-108.wmf] 

				Example 3.10

				A 2.5 mV, 1 kHz sine wave signal is applied to the input of the 741 op-amp integrator as in Fig. 3.16(a), for which R = 40 kW and C = 1.2 mF. Find the output voltage vout. 

				Solution	According to the given problem: 

					The input signal, Vrms = 2.5 mV 

					The peak value of the input signal, Vm = [image: Biswanath__Eq-3-109.wmf]Vrms = [image: Biswanath__Eq-3-109.wmf]  2.5 = 3.53 mV

				The output voltage of the integrator circuit is

					[image: Biswanath__Eq-3-110.wmf]

				It is assumed that at t = 0, vout(t) = 0.

				Therefore, the output voltage is

					[image: Biswanath__Eq-3-111.wmf]

				Example 3.11 	

				A 741C has a slew rate of 0.6 V/ms. What is the power bandwidth if the output voltage has a peak value of 12 V. 

				Solution The maximum frequency without slew rate distortion is

					[image: Biswanath__Eq-3-112.wmf] 

				At this frequency, the op-amp can produce an undistorted sinusoidal output signal with a peak value of 12 V. If the frequency is increased above 7.96 kHz, the output signal starts to shrink and becomes triangular instead of sinusoidal.

				3.9.3 Op-comparator

				In a non-linear circuit, the output signal is not a replica of the input signal. A comparator, as its name suggests, compares a signal voltage on one of the inputs with a known voltage called the reference voltage on the other input. In its simplest form, it is nothing more than an open-loop op-amp, with two analog inputs and a digital output—the output may be either of positive saturation or negative saturation supply voltage, depending on which of the inputs is larger. When the non-inverting voltage is larger than the inverting voltage, the comparator produces a high output voltage. When the non-inverting input is less than the inverting input, the output is low. The trip point (also called the threshold, the reference and so on) of a comparator is the value of the input voltage, at which the output changes states, i.e. from low to high or vice versa.

				Applications of op-comparators

				Comparators are used in circuits such as digital interfaces, zero crossing detector (ZCD), Schmitt triggers, discriminators, voltage level detectors, and oscillators.

				A comparator should posses the following characteristics:

				
						Very high speed of operation

						Very low input offset voltage and current

						High accuracy

						High CMRR

						Large voltage gain

						Low hysteresis voltage

				

				3.9.4 Noninverting Comparator

				Figure 3.17(a) is a non-inverting comparator because the input is applied to the non-inverting input terminal of the op-amp. A fixed reference voltage applied to the inverting input terminal is

					[image: Biswanath__Eq-3-113.wmf]………(3.85)

				The other time varying signal voltage vin is applied to the non-inverting input. When vin is less than Vref , the output voltage vout is at –Vsat which is nearly equal to –VEE because the voltage at the inverting input is higher than that at the non-inverting input. On the other hand, when vin is greater than Vref, the non-inverting input becomes positive with respect to the inverting input and vout goes to +Vsat which is nearly equal to +VCC. Thus vout changes from one saturation level to the other whenever vin @ Vref, as shown in Fig. 3.17(b). The comparator is a kind of analog-to-digital converter. This comparator circuit is sometimes called the limit detector (voltage level detector) because a positive output indicates that the input voltage exceeds a specific limit. The bypass capacitor CBY reduces the amount of power supply ripple and noise appearing at the inverting input. 

				[image: Fig-3-17ab.eps]

				Fig. 3.17(a) and (b)	(a) Noninverting comparator with positive reference voltage, Vref and (b) input and output waveforms of a non-inverting comparator.

					Figures 3.17(c) and (d) show a non-inverting comparator with negative reference voltage and its waveforms, respectively. In Figs. 3.17(a) and 3.17(c), diodes D1 and D2 protect the op-amp from damage from excessive input voltage vin. There are some op-amps with built-in input protection; in such op-amps, the input diodes D1 and D2 are not needed.

				[image: Fig-3-17cd.eps]

				Fig. 3.17(c) and (d)	(c) Noninverting comparator with negative reference voltage, – Vref and (d) input and output waveforms of a non-inverting comparator.

				3.9.5 Inverting Comparator

				Figure 3.18(a) shows an inverting comparator in which the reference voltage (–Vref) is applied to the non-inverting input and vin to the inverting input. The reference voltage is given by

					[image: Biswanath__Eq-3-114.wmf]………(3.86)

				When vin is less than –Vref, the output voltage vout is at + Vsat which is nearly equal to + VCC because the voltage at the inverting input is lower than that at the non-inverting input. On the other hand, when vin is greater than – Vref, the non-inverting input becomes negative with respect to the inverting input and vout goes to – Vsat which is nearly equal to –VEE. Thus 
vout changes from one saturation level to another whenever vin @ – Vref, as shown in 
Fig. 3.18(b). Figures 3.18(c) and 3.18(d) show an inverting comparator with positive reference voltage and waveforms, respectively.

				[image: Fig-3-18.eps]

				Fig. 3.18	(a) Inverting comparator with negative reference voltage, –Vref, (b) input and output waveforms of an inverting comparator, (c) inverting comparator with positive reference voltage, Vref, and (d)input and output waveforms of an inverting comparator.

				3.9.6 Zero-crossing Detector

				An immediate application of the comparator is the zero-crossing detector or the sine wave-to-square wave converter. The basic comparator of Fig. 3.17(a) or Fig. 3.18(a) can be used as the zero-crossing detector provided that Vref is set to zero. This will change the duty cycle of the output waveform to 50%. By making the reference voltage adjustable, the circuit can be used to produce a rectangular output with varying duty cycle. Figure 3.19(a) shows the non-inverting comparator used as a zero-crossing detector. The input voltage vin in 
Fig. 3.19(b) shows as to when and in what direction the output voltage crosses the zero volts. That is, the output vout is driven into positive saturation when the input signal vin passes through zero in the positive direction. Conversely, when vin passes through zero in the negative direction, the output vout switches and saturates negatively. If the input contains a noise voltage with a peak of 1 mV or more, the comparator will detect the zero-crossing produced by the noise, i.e. the output voltage vout will fluctuate between two saturation voltages, +vsat and –Vsat.

				[image: Fig-3-19ab.eps]

				Fig. 3.19	(a) Comparator as a zero-crossing detector and (b) input and output waveforms of a zero-crossing detector.

				3.9.7 Schmitt Trigger

				Figure 3.20(a) shows an inverting comparator with positive feedback. This circuit converts an irregular-shaped waveform to a square wave or pulse. The circuit is referred to as the Schmitt trigger or squaring circuit. The input voltage vin triggers (changes the state of) the output vout every time it exceeds certain voltage levels called the upper threshold voltage Vut and lower threshold voltage VLT as shown in Fig. 3.20(b). This circuit is used as a sine wave-to-rectangular pulse converter. In Fig. 3.20(a), threshold voltages are obtained by using the potential divider R1–R2 where the voltage across R2 is fed back to the non-inverting input. The voltage across R2 is a variable reference threshold voltage that depends on the value and polarity of the output voltage vout.

					If vout = + Vsat, the voltage across R2 is called the upper threshold voltage and is given by

					[image: Biswanath__Eq-3-115.wmf]………(3.87)

				The input voltage vin must be slightly more positive than Vut in order to cause the output vout to switch from +Vsat to –Vsat. As long as vin < Vut, vout is at +Vsat. On the other 
hand, when vout = –Vsat, the voltage across R2 is referred to as lower threshold voltage and is given by

					[image: Biswanath__Eq-3-116.wmf]………(3.88)

				[image: Fig-3-20ab.eps]

				Fig. 3.20(a) and (b) (a) Op-amp as a Schmitt trigger and (b) input and output waveforms of a Schmitt trigger.

				The input voltage vin must be slightly more negative than Vlt in order to cause vout to switch from – Vsat to + Vsat, as shown in Fig. 3.20(b). As long as vin > Vlt, vout is at –Vsat. The comparator with positive feedback is said to exhibit hysteresis which is known as a deadband condition. The hysteresis voltage is equal to the difference between Vut and Vlt as shown in Fig. 3.20(c). Therefore, the hysteresis voltage is given by

				Vhy = Vut – Vlt

				[image: Biswanath__Eq-3-117.wmf]………(3.89)

				[image: Fig-3-20c.eps]

				Fig. 3.20(c)  vout vs vin plot of the hysteresis voltage.

				Necessity of hysteresis

				Hysteresis is desirable when signals are noisy. In other words, hysteresis is desirable because it prevents false triggering. Figures 3.21(a) and (b) show the noisy signal performance of a comparator circuit and for a Schmitt trigger, respectively. The output waveform in Fig. 3.21(a) has extra transitions. They are caused by noise when the average value of the input signal is near the reference voltage. The noise adds and subtracts from the input signal, and the instantaneous value swings above and below the reference value several times. 

				[image: Fig-3-21.eps]

				Fig. 3.21 Noisy signal performance: (a) comparator and (b) Schmitt trigger.

				The output frequency is higher than the input frequency. The Schmitt trigger waveform in Fig. 3.21(b) shows no frequency distortion. As long as the hysteresis is greater than the peak-to-peak noise amplitude, extra transitions are eliminated. The hysteresis, however,  must be less than the peak-to-peak signal, otherwise the output will not switch at all.

				EXAMPLE 3.11

				If the saturation voltage of a Schmitt trigger as shown in Fig. 3.20(a) is 12.5 V. Calculate the (i) upper threshold voltage, (ii) lower threshold voltage, and (iii) hysteresis. It is given that R1 = 47 kΩ, and R2 = 1.2 kΩ, VCC = 15 V, and –VEE = –15 V.

				

				Solution. 	(i) The upper threshold voltage VUT of a Schmitt trigger is given by

					[image: Biswanath__Eq-3-118.wmf]

					(ii)	The lower threshold voltage VLT of a Schmitt trigger is given by

					[image: Biswanath__Eq-3-119.wmf]

					(iii)	The hysteresis voltage VLT of a Schmitt trigger is given by

					[image: Biswanath__Eq-3-120.wmf]

				3.9.8 Relaxation Oscillator

				Figure 3.22(a) is an example of a relaxation oscillator, a circuit whose output frequency depends on the charging and discharging of a capacitor. In the relaxation oscillator circuit, there is no input signal. Nevertheless, the circuit generates an output rectangular wave. 

					Assume that the output vout is in positive saturation +Vsat. The voltage at the non-inverting input becomes Vut. The capacitor will charge exponentially towards + Vsat. It never reaches +Vsat. As soon as the capacitor voltage reaches just above the threshold voltage Vut, then the output switches to –Vsat. Now a negative voltage Vlt is fed back to the non-inverting input through the potential divider circuit. So the capacitor CT discharges from Vut to 0 V completely and recharges towards –Vsat in the reverse direction, as shown in Fig. 3.22(b). When the capacitor voltage reaches just below the lower threshold voltage Vlt, then the output switches back to +Vsat. Because of the continuous charging and discharging of the capacitor, the output is a rectangular wave with a duty cycle of 50%.

				The time period of the rectangular output wave is given by 

					T = 2RT CT ln {(1 + k)/(1 – k)} ………(3.90) 

				where k = R2/(R2 + R1) = feedback fraction.

				The frequency of the output rectangular wave is given by

					f = 1/T ………(3.91)

				[image: Fig-3-22a.eps]

				Fig. 3.22(a) Op-amp as a relaxation oscillator.

				[image: Fig-3-22b.eps]

				Fig. 3.22(b) Capacitor voltage vC and output voltage vout waveforms of a relaxation oscillator.

				If the value of the time constant RT CT is increased, it takes longer for the capacitor voltage to reach Vut or Vlt. The frequency of the oscillations is, therefore, lower.

				3.9.9 Window Comparator

				The circuit shown in Fig. 3.23(a) is used to determine whether a voltage or signal is within or out of a given range called the window. A window comparator is also called a double-ended limit detector as it detects when the input voltage is between two limits. It uses two op-amps as comparators and two reference voltages. The waveforms in Fig. 3.23(b) show that the output signal will be zero as long as the input is between 6.0 V and 4.0 V. If the signal is outside this window, the output is at a positive saturation. 

				[image: Fig-3-23.eps]

				Fig. 3.23 (a) Window comparator and (b) input and output waveforms of a window comparator.

					If the signal is in the window, the upper comparator will be at negative saturation since its non-inverting input is negative (less than 6.0 V). The lower comparator will also be at negative saturation because its inverting input is positive (more than 4.0 V). Both diodes D1 and D2 are reverse biased and the voltage across load RL is zero. If the input becomes more positive than 6.0 V, the upper comparator goes to a positive saturation, D1 is forward biased, diode D2 is still off, and the combined output across RL goes to a positive saturation. If the input turns below 4.0 V, the lower comparator goes to the positive saturation as its inverting input will be negative with respect to its non-inverting input. This will forward bias D2, and the combined output across RL will be at a positive saturation.

				Window comparators can be used to monitor a critical voltage such as a power supply to determine whether it is within tolerance.

				3.9.10 Op-comp as Rectangular-to-Triangular Pulse Converter

				A rectangular wave is applied to the inverting input of the op-amp through R1 as shown in Fig. 3.24(a). During high pulse of the rectangular wave, the ramp (output) decreases as shown in Fig. 3.24(b) (integrator output) and vice versa. Therefore, the output is a triangular wave of the same frequency as that of the rectangular wave. A mathematical analysis shows that the peak-to-peak output voltage is given by

					Vout(pp) = Vin(pp)/4fR1………(3.92) 

				Because a capacitor appears open at zero frequency, the input offset may saturate the op-amp (without R2). To avoid this, R2, which is more than 10R1 is usually shunted across the capacitor. The shunt resistance R2 has virtually no effect on the output, provided the input frequency is much greater than f = 1/2pR2C.

				[image: Fig-3-24ab.eps]

				Fig. 3.24(a) and (b)	(a) Op-amp as a rectangular-to-triangular pulse converter and (b) input and output waveforms of a rectangular-to-triangular pulse converter.

				3.9.11 Op-comp as Triangular-to-Rectangular Pulse Converter

				In Fig. 3.24(c), a variable reference voltage Vref is maintained to the inverting input of the op-comp. The triangular wave is applied to the non-inverting input. If the triangular input is more than Vref, the output will switch over to the positive saturation +Vsat as shown in Fig. 3.24(d). By varying R2, the width of the output pulse and duty cycle, D = (W/T)100%, can be changed.

				3.10 WIEN BRIDGE OSCILLATOR USING OP-AMP

				Wien bridge oscillators are commonly used as audio frequency oscillators between 5 Hz and 1 MHz (i.e. low to moderate frequencies), as it is the most simple and stable bridge of its kind. The Wien bridge oscillator circuit uses a positive circuit, called lead-lag circuit as shown in Fig. 3.25(a). 

				[image: Fig-3-24cd.eps]

				Fig. 3.24(c) and (d)	(c) Op-amp as a triangular-to-rectangular pulse converter and (d) input and output waveforms of a triangular-to-rectangular pulse converter.

				[image: Fig-3-25a.eps]

				Fig. 3.25(a) Lead-lag network.

				In the lag circuit, the output voltage across the capacitor C lags behind the input voltage by an angle between 0° and – 90°. In the lead circuit, the output voltage across the resistor R leads the input voltage by an angle between 0° and 90°. At very low frequencies, the series capacitor behaves as an open-circuited path to the input signal, and there is no output. At very high frequencies, the parallel capacitor behaves as a short-circuited path to the input signal, and there is no output. The output voltage reaches a maximum value in between these two extremes as shown in Fig. 3.25(b). The frequency where the output is maximum is called the resonant frequency fr. At this frequency, the feedback fraction k reaches a maximum value of 1/3. The phase angle j of the lead-lag circuit may vary from 90° to – 90° as shown in Fig. 3.25(c). 

				[image: Fig-3-25b.eps]  
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				Fig. 3.25(b) and (c)	Lead-lag network: (b) feedback fraction vs frequency curve and (c) phase angle vs frequency curve.

				The feedback will be maximum when XC = R, i.e. 1/2pfrC = R. Therefore, the resonant frequency is given by

					[image: Biswanath__Eq-3-121.wmf]………(3.93)

				The Wien bridge oscillator circuit uses positive as well as negative feedback because there are two paths for feedback as shown in Fig. 3.25(d). There is a path for the positive feedback from the output through the lead-lag network to the non-inverting input. There is also a path for negative feedback through the voltage divider to the inverting input.

				Initially, there is more positive feedback than the negative feedback. This helps oscillations to build up when the power is turned on. After the output signal reaches the desired level, the negative feedback reduces the loop gain to 1. At power-up, the tungsten lamp (R4W) has low resistance, and the negative feedback is small. For this reason, the loop gain is greater than 1, and the oscillations build up at the resonant frequency. As the oscillations build up, the tungsten lamp (R4W) heats slightly and its resistance increases to a somewhat higher output level. The tungsten lamp at this point has a resistance of exactly R3W/2. At this point, the closed-loop voltage gain from the inverting input to the output decreases to

					[image: Biswanath__Eq-3-122.wmf]………(3.94)

				Since the lead-lag circuit has a k = 1/3, the loop gain is kAv = (1/3)  3 = 1.

				The closed-loop voltage gain from the non-inverting input to the output is greater than 3 when the power is first turned on. Because of this, the loop gain is greater than 1 initially. 

				[image: Fig-3-25d.eps]

				Fig. 3.25(d) Wien bridge oscillator circuit.

				As the oscillations build up, the peak-to-peak output becomes large enough to increase the resistance of the tungsten lamp. When its resistance equals R3W/2, the loop gain is exactly equal to 1. At this point, the oscillations becomes stable, and the output voltage has a constant peak-to-peak value.

				3.11 FUNCTION GENERATOR USING 741 OP-AMP

				A function generator is a versatile instrument that delivers a choice of different waveforms whose frequencies are adjustable over a wide range. The most common outputs are the sine, triangular, square and sawtooth waveforms. The frequencies of these waveforms may be adjusted from a fraction of Hz to several hundred kHz. Figure 3.26 shows the circuit of a basic function generator that consists of three blocks: (1) Wien bridge sine wave oscillator, (2) Schmitt trigger, and (3) Integrator.
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				Fig. 3.26 Circuit diagram of a basic function generator.

				Here, Wien bridge network is constructed from R1W–C1W and R2W–C2W. Normally, this network is symmetrical, so that C1W = C2W = C and R1W = R2W = R. The phase angle of the lead-lag network leads for low frequencies and lags for high frequencies. A mathematical analysis using complex numbers indicates the voltage gain of the circuit and reaches a maximum of one-third as shown in Fig. 3.25(b). The main feature of the Wien network is that the phase relationship of its output and input signals varies from – 90° to + 90° and is precisely 0° at the centre frequency, fr = 1/2pRC, as shown in Fig. 3.25(c). The frequency of this oscillator circuit ranges from 5 Hz to about 1 MHz.

					The circuit of block 1 as shown in Fig. 3.26 uses positive as well as negative feedback. The positive feedback is through the lead-lag network to the non-inverting input. The negative feedback is through the voltage divider to the inverting input. In the divider network, R4W is usually a miniature tungsten lamp.

					When power is applied, the tungsten lamp has low resistance and the voltage gain of the divider is less than one-third. Because the lead-lag network has a voltage gain of one-third and a phase shift of 0° at fr, the input offset voltage is large and oscillations begin. As the oscillations build up at frequency fr, the tungsten lamp heats up, and this increases its resistance. When the lamp resistance approaches R3W/2, the voltage divider has a gain of nearly one-third. At this point, the input offset voltage approaches 0 and the oscillation levels are off. In practice, however, the ratio of R3W to R4W must be carefully adjusted to give the overall voltage gain of precisely unity, which is necessary for low distortion sine wave generation. The frequency of the Wien bridge can be controlled by the RC time constant. 

					The output vout1 of the sine-wave oscillator is the input to the Schmitt trigger. Schmitt trigger produces the square wave output, vout2. The operation of the Schmitt trigger has been explained earlier. The output vout2 of the Schmitt trigger is the input to the integrator circuit which produces the triangular output vout3. The frequency of the integrator circuit (fr = 1/2pR2ICI) is controlled by changing the value of R2I or CI, or both.	

				3.12 FREQUENCY RESPONSE OF AN OP-AMP

				Variations in the operating frequency will cause a change in the gain magnitude and its phase angle. The manner in which the gain of the op-amp responds to different frequencies is called frequency response. A graph of the magnitude of the gain versus frequency is called the frequency response plot. Although gain magnitude may be expressed either in decibels (dB) or as a numerical value, the frequency is always plotted on a logarithmic scale to accommodate a large frequency range. The gain magnitude is assigned a linear scale and is expressed in decibels to accommodate very high values of gain, of the order of 105 or higher. A different method used in the ac analysis of networks is the Bode plot, composed of plots of magnitude versus frequency and phase angle versus frequency. The magnitude is always given in dB for the magnitude versus frequency plots.

				Op-amps requiring external compensating components are called uncompensated op-amps. They are sometimes called tailored frequency response op-amps because the user has to provide the compensation if there is a need to tailor the response. In compensated op-amps, the compensating network is built into the design of the op-amp itself.

				In Fig. 3.27(a), frequency f1 = 100 Hz is called the break frequency, where the gain is actually 3 dB less than that at lower frequencies. For frequencies between f1 and f2, 
the gain decreases, or rolls off, – 20 dB for a decade of frequency. This means that for a 10-to-1 increase in frequency, the voltage gain falls by 20 dB. An equivalent expression, 
– 6 dB/octave, means that as the frequency is doubled, the gain decreases by 6 dB. 
At frequency f2 the gain begins to roll off at – 40 dB/decade (or – 12 dB/octave), and at f3 it rolls off at – 60 dB/decade (or – 18 dB/octave). Frequency f4, which intersects the frequency axis at unity voltage gain (0 dB), is the crossover frequency.

				[image: Fig-3-27a.eps]

				Fig. 3.27(a) Bode response plots of an uncompensated and a compensated op-amp.

				An amplifier that exhibits an open-loop response of – 60 dB/decade (or –18 dB/octave) at the crossover frequency is unstable. It can break into oscillations and generate 
sine waves. The proper selection of a compensating network makes the amplifier stable. 
For this condition, indicated by the dotted line in Fig. 3.27(a), the slope is –40 dB/decade (or –12 dB/octave) at the crossover frequency.

					The op-amp does not have a lower cut-off frequency because it is direct coupled, but it does have an open-loop upper cut-off frequency fOL. The upper cut-off frequency fCL of the overall amplifier (i.e. the frequency at closed-loop) is greater than fOL because of the negative feedback. 

				The open-loop voltage gain for a typical op-amp has a maximum value of 100,000 (100dB). When the operating frequency increases to 10 Hz, the open-loop gain decreases to 0.707 of its maximum value as shown in Fig. 3.27(b). With increasing frequency, the gain 
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				Fig. 3.27(b) Open-loop and closed-loop voltage gains of an op-amp.

				keeps on decreasing. Above fOL, the gain decreases by a factor of 10 for each decade increase in frequency (alternatively, 20 dB/decade). The unity gain frequency is the frequency where the open-loop gain has decreased to unity. In Fig. 3.27(b), funity equals 1 MHz. Since the voltage gain is 1 for a signal frequency of funity, the open-loop gain-bandwidth product of an 
op-amp equals funity. Therefore, the closed-loop gain-bandwidth product is Avf fCL = funity.

					In Fig. 3.27(b), the product of the open-loop voltage gain Av and the open-loop upper cut-off frequency fOL is, Av fOL = 100,000  10 Hz = 1 MHz and Avf fCL = 100  10 kHz = 1MHz, respectively, regardless of the values of R1 and R2 in Fig. 3.9(a). Hence, the closed-loop gain-bandwidth product equals the open-loop gain-bandwidth product.

				3.13 The LM725 (INSTRUMENTATION) OP-AMP

				The LM725 is an operational amplifier featuring superior performance in applications where low noise, low drift, and accurate closed-loop gains are required. With high common mode rejection and offset null capability, it is especially suited for low level instrumentation applications over a wide supply voltage range. 

				The important features of the LM725 IC op-amp are:

				
						High open-loop voltage gain (3,000,000)

						Low input voltage drift (0.6 mV/°C)

						High common mode rejection (120 dB)

						Low input noise current (0.15 pA)

						Low input offset current (2 nA)

						High input voltage range (± 14 V)

						Wide power supply range (± 3 V to ± 22 V)

				

				Typical parameters of the LM725

				Electrical characteristic: VS = ± 22 V, TA(min) = – 55°C, TA(max) = 125°C, unless otherwise specified. 

				 	    

				
					
						
								
								Parameter 

							
								
								 Value

							
						

						
								
								Open-loop voltage gain 

							
								
								3,000,000

							
						

						
								
								Input offset voltage 

							
								
								0.5 mV

							
						

						
								
								Input offset current 

							
								
								2 nA

							
						

						
								
								Input bias current 

							
								
								42 nA

							
						

						
								
								Input resistance 

							
								
								1.5 MW

							
						

						
								
								Input voltage range

							
								
								±14 V

							
						

						
								
								Common mode rejection ratio 

							
								
								120 dB

							
						

						
								
								Supply voltage rejection ratio 

							
								
								2 mV/V

							
						

						
								
								Large signal voltage gain 

							
								
								1,000,000

							
						

						
								
								Output voltage swing 

							
								
								± 13.5 V

							
						

						
								
								Output short-circuit current

							
								
								25 mA

							
						

						
								
								Power consumption 

							
								
								80 mW

							
						

					
				

				Pin functions of the LM725

				The pinout diagram of the LM725 op-amp is shown in Fig. 3.28(a). The functions of the pins are labelled on the diagram. The frequency compensation circuit of the LM725 is shown in Fig. 3.28(b).

				[image: Fig-3-28a.eps]  
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				Fig. 3.28 LM725 op-amp: (a) pinout diagram and (b) frequency compensation circuit.

				3.14 The LM709 OP-AMP

				The LM709 is a monolithic operational amplifier intended for general purpose applications. Its operation is completely specified over the range of voltages commonly used for such devices. The design, in addition to providing high gain, minimises both offset voltage and bias currents. Further, the class-B output stage provides a large output with minimum power drain. 

					External components are used to frequency compensate the amplifier. Although the unity gain compensation network specified will make the amplifier unconditionally stable in all feedback configurations, compensation can be tailored to optimise the high frequency performance for any gain setting. The amplifier provides low offset and low temperature drift. It also ensures negligible drift on account of temperature gradients in the vicinity of the amplifier. The LM709C is a commercial–industrial version of LM709.

				Typical parameters of the LM709

				Electrical characteristic: VS = ± 18 V; TA(min) = – 55°C, TA(max) = 125°C, unless otherwise specified.

				
					
						
								
								  Parameter 

							
								
								 Value

							
						

						
								
								Input offset voltage

							
								
								1.0 mV

							
						

						
								
								Input offset current

							
								
								50 nA

							
						

						
								
								Input bias current 

							
								
								200 nA

							
						

						
								
								Input resistance

							
								
								400 kW

							
						

						
								
								Output resistance

							
								
								150 W

							
						

						
								
								Supply current 

							
								
								2.6 mA

							
						

						
								
								Slew rate 

							
								
								0.25 V/ms

							
						

						
								
								Input voltage range

							
								
								± 10 V

							
						

						
								
								Common mode rejection ratio 

							
								
								90 dB

							
						

						
								
								Supply voltage rejection ratio 

							
								
								25 mV/V

							
						

						
								
								Large signal voltage gain 

							
								
								45 V/mV

							
						

						
								
								Output voltage swing

							
								
								± 14 V

							
						

						
								
								Power consumption 

							
								
								300 mW

							
						

					
				

				Pin functions of the LM709

				The functions of the pins are labelled on Fig. 3.29(a). The frequency compensation circuit is shown in Fig. 3.29(b).
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				Fig. 3.29(a) Pinout diagram of the LM709 op-amp (8 pin mini DIP).

				[image: Fig-3-29b.eps]

				Fig. 3.29(b) Frequency compensation circuit of the LM709.

				3.15 BLOCK REPRESENTATION OF A TYPICAL OP-AMP

				Figure 3.30(a) shows the block diagram of a typical op-amp. The input stage is the dual input, balanced output differential amplifier. This stage generally provides most of the voltage gain of the amplifier and also establishes the input resistance of the op-amp. The 

				[image: Fig-3-30a.eps]

				Fig. 3.30(a) Block diagram of a typical op-amp.

				intermediate stage is usually another differential amplifier, which is driven by the output of the first stage. Because direct coupling is used, the dc voltage at the output of the intermediate stage is well above ground potential. Therefore, generally, the level translator (shifting) circuit is used after the intermediate stage to shift the dc level at the output of the intermediate stage downwards to zero volts with respect to ground. The final stage is usually a push-pull complementary amplifier output stage which increases the output voltage swing and raises the current supplying capability of the op-amp.

				3.15.1 Simplified Circuit Diagram of the 741 IC Op-amp

				Figure 3.30(b) shows a simplified circuit diagram of the 741 IC op-amp. It has the following stages: 

				[image: Fig-3-30b.eps]

				Fig. 3.30(b) Simplified circuit diagram of the 741 IC op-amp.

				Input stage. The input stage is a differential amplifier (with constant current source) using P-N-P transistors Q1 and Q2. Transistor Q4 is a constant current source used instead of the emitter resistor. R2 and D2 control the bias on Q4, which maintains the tail current of the differential amplifier. Instead of using a passive element (resistor) as the collector load of the differential amplifier, the 741 uses an active load resistor Q3 that gives extremely high impedance. Because of this, the voltage gain of the differential amplifier is much higher now.

				Level shifting stage. The amplified signal vout(diff) drives the input of the emitter follower circuit Q5 (constant current source) which steps up the input impedance to avoid loading down the differential amplifier. Generally, the level translator (shifting) circuit is used to shift the dc level at the output to zero volts with respect to ground when the two input terminals are grounded. 

				High gain amplifier. The signal out of Q5 goes to Q6 which acts as a driver for the output stage. Diodes D4 and D5 are part of the biasing for the output stage. Q7 behaves as an active load resistor for Q6. Therefore, Q6 and Q7 are like a CE stage with very high voltage gain.

				Output stage. The final stage (consisting of Q8 and Q9) is a complementary symmetry push-pull amplifier (class-B push-pull emitter follower). The output stage increases the output voltage swing and raises the current supplying capability of the op-amp. Diodes D4 and D5 compensate for changes in temperature caused by Q8 and Q9. The idling currents of Q8 and Q9 would increase drastically but for the diodes D4 and D5. A compensating capacitor CC of 30 pF is used to prevent oscillations (unwanted signals produced by the amplifier).

				3.16 POWER SUPPLIES FOR INTEGRATED CIRCUITS

				Most linear ICs (particularly op-amps) use one or more differential amplifier stages, and the differential amplifier in turn requires both a positive and negative power supply for proper operation of the circuit. When a single supply is used, it is normally necessary to connect an extra circuit to the IC as shown in Fig. 3.31. Some of the dual supply op-amp ICs can also be operated from a single supply voltage, provided that a special external circuit is used with it. Digital ICs, on the other hand, generally require only one positive supply voltage. 

				[image: Fig-3-31.eps]

				Fig. 3.31 A circuit to provide positive and negative voltages from a single supply.

				3.17 FILTERS

				Filters are circuits used to remove unwanted frequency components from a signal. They are useful for improving signal-to-noise ratio and for rejecting undesired signals. Practical filters can be built by using only passive devices such as resistors, capacitors, and inductors. Inductors are expensive components and are often physically large for low frequency designs. It is possible to eliminate the need for inductors by using active devices such as op-amps. Filters designed like this are known as active filters. They can save space and weight and usually cost much less than passive designs. They also eliminate filter loss and are easier to apply since they have high input impedance and low output impedance. Active filters can also have variable voltage gain, and allow easy tuning of the cut-off frequency.

				3.17.1 Active Low-pass Filter Using Op-amp

				In a low-pass filter, the low frequencies are transmitted and the high frequencies are blocked. Figure 3.32(a) shows a second-order low-pass active filter. In a first-order low-pass filter, the gain decreases 6 dB/octave beyond the cut-off frequency fc, but in the case of a second-order low-pass filter, the gain decreases 12 dB/octave beyond the cut-off frequency.

				At low frequencies both capacitors appear open, and the circuit becomes a non-inverting amplifier. As the frequency increases, the gain eventually starts to decrease until it is –3 dB at the cut-off frequency. Because of the two capacitors, the rate of decrease in gain becomes twofold. As a result, the gain drops off at a rate of 12 dB/octave or 40 dB/decade.

					In Fig. 3.32(b), the gain is –3 dB at the cut-off frequency; it means that the ordinary voltage gain equals 0.707 times the low frequency value. The gain rolls off (decreases) at a rate of 12 dB/octave. Assuming that the cut-off frequency is 1 kHz, the gain ideally decreases by 12 dB when the frequency changes from 2 to 4 kHz, it decreases by another 12 dB when the frequency changes from 4 to 8 kHz, or 40 dB when the frequency changes from 20 to 200 kHz, and so on. Figure 3.32(a) is also called 2-pole butterworth filter as it has two bypass capacitors. The cut-off frequency is given by, fc = 1/2pRC.
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				Fig. 3.32 Second-order, low-pass active filter: (a) circuit diagram and (b) frequency response.

				3.17.2 Active High-pass Filter Using Op-amp

				A high-pass filter blocks the low frequencies and passes the high frequencies. Figure 3.33(a) is a second-order high-pass active filter. At low frequencies, capacitors are open, and the voltage gain approaches zero. At high frequencies, capacitors appear shorted and the circuit becomes a non-inverting amplifier. The voltage gain is –3 dB at the cut-off frequency. Below the cut-off frequency the voltage gain rolls off (decreases) at a rate of 12 dB/octave, that is, 40 dB/decade. This filter is useful for eliminating low frequency noise in a signal. 
Figure 3.33(b) represents the frequency response curve. The cut-off frequency is given by, 
fc = 1/2pRC.
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				Fig. 3.33 Second-order, high-pass active filter: (a) circuit diagram and (b) frequency response.

				3.18 AUDIO AMPLIFIER

				The LM378 is a monolithic dual channel audio amplifier shown in Fig. 3.34. It offers high quality performance for a variety of systems. The LM378 can deliver 4 W per channel into 8 or 16 ohms loads. The amplifier is designed to operate with a minimum number of external components and contains an internal bias regulator to bias each amplifier. The overload protection of the device consists of both internal current limit as well as thermal shutdown. 

				[image: Fig-3-34.eps]

				Fig. 3.34 LM380 audio amplifier.

				The open-loop voltage gain Av is a typical 90 dB. The device has a ripple rejection of 
70 dB. There is a channel separation of 75 dB with internal stabilisation. The input impedance of this amplifier is 3 MW.

					These amplifiers have multi-channel audio systems and are used in tape recorders and players. Apart from their use in movie projectors, they find wide applications in automotive systems. Stereo phonograph is one of the important recent applications, where this amplifier is used in the bridge output stages. AM-FM radio receivers, intercoms and servo amplifiers are some of its common applications. Last but not the least, this audio amplifier is used in a wide variety of musical instruments.

				3.19 CLASSIFICATION OF INTEGRATED CIRCUITS 

				Integrated circuits (ICs) classified according to their mode of operation are of two basic types: digital and linear. Digital ICs are complete functioning logic networks that are equivalents of their basic transistor logic circuits. They are used to form such circuits as gates, counters, multiplexers, demultiplexers, shift registers, etc. Since a digital IC is a complete predesigned package, it usually requires nothing more than a power supply, input, and output. Digital circuits are primarily concerned with only two levels of voltage (or current)—high and low. Therefore, accurate control of operating-region characteristics is not required in digital circuits, unlike that in linear circuits. For this reason, digital circuits are easy to design and are produced in large quantities as low-cost devices.

				Linear ICs are equivalents of discrete transistor networks, such as amplifiers, filters, frequency multipliers, and modulators, that often require additional external components for satisfactory operation. For example, external resistors are necessary to control the voltage gain and frequency response of an op-amp. In linear circuits, the output electrical signals vary in proportion to the input signals applied or the physical quantities (parameters) they represent. Since the electrical signals are analogous to the physical quantities, linear circuits are also referred to as analog circuits.

					Of all the presently available linear ICs, the majority are operational amplifiers. With suitable external components, the op-amp is used in amplifiers, active filters, integrators, differentiators, and in countless other applications. A wide variety of special-purpose linear ICs is available for use in comparators, voltage regulators, digital-interface circuits, and in radio-frequency and power amplifiers.

				3.19.1 Types of Integrated Circuits

				Integrated circuits may be classified as either monolithic or hybrid. Most linear ICs are produced by the monolithic process. Here all transistors and passive elements (resistors and capacitors) are fabricated on a single piece of semiconductor material, usually silicon. Monolithic is a Greek-based word meaning ‘one stone’. 

					In monolithic ICs all components (active and passive) are formed simultaneously by a diffusion process. Then a metallisation process is used in interconnecting these components to form the desired circuit. Electrical isolation between the components in monolithic ICs can be achieved by any one of the three isolation techniques: dielectric, beam-lead, or 
P-N junction. However, the P-N junction isolation is most economical and is, therefore, commonly used. The monolithic process makes low-cost mass production of ICs possible. Also, monolithic ICs exhibit good thermal stability because all the components are integrated on the same chip very close to each other. However, the large values of resistance and capacitance that are required in some linear circuits cannot be formed using the monolithic process. Moreover, there is no method available to fabricate transformers or to form large values of inductors in integrated-circuit form. However, if these components are required in a given application, external discrete components can be used with the IC.

				In hybrid ICs, passive components (such as resistors and capacitors) and the interconnections between them are formed on an insulating substrate. The substrate is used as a chassis for the integrated components. Active components such as transistors and diodes, as well as monolithic integrated circuits, are then connected to form a complete circuit. For this reason, low-volume production methods are best suited for the hybrid IC technology.

				MULTIPLE CHOICE QUESTIONS

					1.	An op-amp can be used in 

						(a)	linear applications only.

						(b)	non-linear applications only.

						(c)	linear as well as non-linear applications.

						(d)	none of the above.	

					2.	Op-amps have become very popular in industry mainly because

						(a)	they are cheaper.

						(b)	of their extremely small size.

						(c)	they are available in different packages. 	

						(d)	their external characteristics can be changed to suit any application.

					3.	The response time of an op-comp is 

						(a)	5 ns.	

				(b)	5 ms.

						(c)	5 ms.	

				(d)	none of the above. 

					4.	The isolation impedance of an isolation op-amp is of the order of 

						(a)	1000 W.	

				(b)	1012 W.

						(c)	1 W.	

				(d)	0.1 W. 

					5.	The number of pins of the mA741 op-amp is 

						(a)	14.	

				(b)	16.

						(c)	8.	

				(d)	none of the above. 

					6.	An ideal operational amplifier has input resistance which is

						(a)	zero.	

				(b)	infinity.

						(c)	10 W.	

				(d)	1 kW.

					7.	An ideal op-amp has

						(a)	infinite voltage gain.	

				(b)	infinite input resistance.

						(c)	zero output resistance.	

				(d)	all of the above.

					8.	The output impedance of an ideal operational amplifier is

						(a)	zero.	

				(b)	infinite.

						(c)	100 kW. 	

				(d)	10 kW. 

					9.	The bandwidth of an ideal op-amp is

						(a)	infinite.

					(b)	large.

						(c)	zero.	

				(d)	small.

					10.	An op-amp should have 

						(a)	high output impedance.	

				(b)	low output impedance.

						(c)	high input impedance.	

				(d)	low input impedance.

					11.	While making measurements with an op-amp, it was observed that currents flowing towards the inverting and non-inverting inputs were 4 mA and 2 mA, respectively. The input bias current in this case would be 

						(a)	4 mA.	

				(b)	2 mA.

						(c)	3 mA.	

				(d)	2.5 mA. 

					12.		While making measurements with an op-amp, it was observed that currents flowing towards the inverting and non-inverting inputs were 4 mA and 2 mA, respectively. The input offset current in this case would be 

						(a)	4 mA.	

				(b)	2 mA.

						(c)	3 mA.	

				(d)	6 mA. 

					13.	Indicate the false statement (with reference to op-amps):

						(a)	Closed-loop bandwidth of an op-amp is always greater than its open-loop bandwidth.

						(b)	Closed-loop gain is always less than the open-loop gain.

						(c)	Input impedance is always greater than the output impedance.

						(d)	None of the above.

					14.	The short-circuit output current of a mA741 is 

						(a)	25 mA.	

				(b)	25 A.

						(c)	25 mA.	

				(d)	none of the above.

					15.	The application of an op-amp in open-loop configuration is 

						(a)	an integrator.	

				(b)	a differentiator.

						(c)	an inverting amplifier.	

				(d)	an adder. 

					16.	The open-loop voltage gain of a mA741 is 

						(a)	(1 – kAv).	

				(b)	– kAv.

						(c)	(1 + kAv).	

				(d)	none of the above.

					17.	The desensitivity of a feedback amplifier using op-amp is 

						(a)	1000.	

				(b)	100,000.

						(c)	250.	

				(d)	none of the above. 

					18.	In an op-amp, virtual ground means that

						(a)	one input terminal is grounded.

						(b)	the output terminal is grounded.	

						(c)	the input current is high.

						(d)	the difference input voltage is negligibly small and input current is nearly zero. 

					19.		If an op-amp is to be used for large signal amplification of high frequency signals, one specification that has to be sought first is concerned with

						(a)	CMRR.	

				(b)	offset voltages.

						(c)	slew rate.	

				(d)	PSRR.

					20.	The unit of measurement for slew rate of an op-amp is 

						(a)	V/ms.	

				(b)	nA. 

						(c)	dB.	

				(d)	dimensionless. 

					21.		The slew rate distortion makes the output voltage of an op-amp look more triangular than sinusoidal if the initial slope of the sine wave is 

						(a)	more than the slew rate.

						(b)	less than the slew rate. 	

						(c)	less than or equal to the slew rate.

						(d)	all of the above.

					22.	The full power bandwidth of an op-amp

						(a)	is always greater than unity gain crossover frequency of the op-amp.

						(b)	is the maximum frequency up to which full output voltage swing can be obtained. 

						(c)	is always zero.

						(d)	has nothing to do with the slew rate of the op-amp.

					23.	A differential amplifier is used in an op-amp because of its

						(a)	low CMRR.	

				(b)	high CMRR.

						(c)	high input impedance.	

				(d)	low output impedance. 

					24.	For an ideal differential amplifier, CMRR should be

						(a)	as high as possible.

					(b)	as low as possible.

						(c)	constant.	

				(d)	none of the above. 

					25.	The value of CMRR can be expressed as

						(a)	Ad/2Ac.	

				(b)	2Ad/Ac.

						(c)	20 log10 Ad/Ac.	

				(d)	none of the above.

					26.		If the difference mode gain and common mode gain of an op-amp are 3500 and 0.35, respectively, the CMRR will be

						(a)	1000.	

				(b)	10,000.

						(c)	80 dB. 	

				(d)	b and c.

					27.	The common mode rejection ratio of an op-amp is 

						(a)	common mode gain/differential gain.

						(b)	common mode gain/inverting mode gain.

						(c)	differential gain/common mode gain.

						(d)	none of the above.

					28.	The differential mode gain is 

						(a)	very high.	

				(b)	very low.

						(c)	always unity.	

				(d)	unpredictable.

					29.		An op-amp having an open-loop differential gain of 100 dB and a CMRR rating of 100 dB will have an open-loop common mode gain of 

						(a)	100 dB.	

				(b)	110 dB.

						(c)	10 dB.	

				(d)	zero.

					30.	Loop gain (dB) of an op-amp is defined as

						(a)	open-loop gain – closed-loop gain.

						(b)	open-loop gain (dB) – closed-loop gain (dB).

						(c)	open-loop gain + closed-loop gain.

						(d)	none of the above.

					31.	If an inverting op-amp has R2 = 2 MW and R1 = 2 kW, its scale factor is 

						(a)	1000.	

				(b)	–1000.

						(c)	10–3.	

				(d)	–10–3. 

					32.	One way of increasing the input impedance of an op-amp is

						(a)	to use the inverting connection of the amplifier.	

						(b)	to use the non-inverting connection of the amplifier.

						(c)	to use the integrating connection of the amplifier.

						(d)	none of the above.

					33.	When input voltage of 1 V is applied to an op-amp having Av = 106 and bias supply of ± 15 V, the output voltage is 

						(a)	15  106 V.	

				(b)	106 V.

						(c)	15 mV.	

				(d)	15 V.

					34.		When both R1 and R2 are reduced to zero in a negative scaler, the circuit functions as 

						(a)	an adder.	

				(b)	a unity gain voltage follower.

						(c)	an integrator.	

				(d)	a differentiator.

					35.		One of the following statements with reference to the voltage follower configuration using an op-amp is incorrect. 

						(a)	It has extremely high input impedance, much higher than even its open-loop input impedance.

						(b)	Its input impedance is very high, almost approaching the magnitude of its open-loop input impedance.

						(c)	The voltage gain is unity.

						(d)	The input is applied at the non-inverting input.

					36.	One of the following configurations is that of a true voltage follower. Can you recognise which one is that?

						(a)	Figure 3.35(d). 	

				(b)	Figure 3.35(a).

						(c)	Figure 3.35(c).	

				(d)	Figures 3.35(a) and (b).

				[image: 3-1.eps]

				[image: 3-2.eps]

					37.	An op-amp having slew rate specification of 1 V/ms has been connected in the voltage follower configuration. The input is unit step of voltage applied at the instant t =0. What will be the output at t = 500 ns?

						(a)	1 V.

						(b)	0.5 V.

						(c)	0 V.

						(d)	The output cannot be determined from the available information. 

					38.		A differential amplifier having an open-loop gain of 80 dB was fed with 2 mV dc at the non-inverting input and 1.9 mV dc at the inverting input. The output will be 

						(a)	1 V dc.

						(b)	–1 V dc.

						(c)	zero as the op-amp does not amplify dc.

						(d)	none of the above.

					39.		Will it be right to say that the input impedance of an op-amp voltage follower would always decrease with increase in frequency? 

						(a)	Yes, it is true.

						(b)	No, it is not true. The input impedance, in fact, increases with a rise in frequency.

						(c)	The input impedance of a voltage follower is independent of frequency.

						(d)	None of the above.

					40.	The output signal obtained from transducers is amplified by 

						(a)	an adder.	

				(b)	a unity gain voltage follower.

						(c)	an integrator.	

				(d)	a subtractor.

					41.	What will be the output vout for the op-amp circuit of Fig. 3.15(a)?

						(a)	[image: Biswanath__Eq-3-123.wmf].	

				(b)	[image: Biswanath__Eq-3-124.wmf].

						(c)	[image: Biswanath__Eq-3-125.wmf].	

				(d)	[image: Biswanath__Eq-3-126.wmf].

					42.	The feedback element in a differentiator is 

						(a)	a capacitor.	

				(b)	an inductor.

						(c)	a zener diode.	

				(d)	a resistance.

					43.	A differentiator converts a linear ramp into a

						(a)	constant dc output.	

				(b)	saw-tooth output.

						(c)	square output.	

				(d)	triangular output.

					44.	The output of a differentiator is proportional to the

						(a)	input amplitude.	

				(b)	RC time constant.

						(c)	input frequency.	

				(d)	input phase.

					45.		What will be the output in the case of the integrator shown in Fig. 3.16(a)? 

						(a)	[image: Biswanath__Eq-3-127.wmf].	

				(b)	[image: Biswanath__Eq-3-128.wmf].

						(c)	[image: Biswanath__Eq-3-129.wmf].	

				(d)	[image: Biswanath__Eq-3-130.wmf]. 

					46.	In an integrator, the feedback element is 

						(a)	a resistor.	

				(b)	a capacitor.

						(c)	a diode.	

				(d)	an inductor.

					47.	An integrator converts a dc level into a 

						(a)	linearly increasing ramp output.	

				(b)	saw-tooth output.

						(c)	square output.	

				(d)	triangular output.

					48.	The integrator of Fig. 3.16(a) will have a dc gain equal to

						(a)	the open-loop gain of op-amp.	

				(b)	.

						(c)	0.	

				(d)	– 1/(wRC).

					49.	A general-purpose op-amp has a PSRR rating of 100 dB. This implies that a 1 volt change in power supply will produce an input offset voltage change of 

						(a)	100 mV.	

				(b)	1 mV.

						(c)	10 mV.	

				(d)	1 mV. 

					50.	The op-comp can be used as

						(a)	an analog to digital converter.	

				(b)	a limit detector.

						(c)	a voltage level detector.	

				(d)	all of the above. 

					51.	Hysteresis in a Schmitt trigger is desirable when signals are 

						(a)	noisy.	

				(b)	smooth.	

						(c)	either noisy or smooth.	

				(d)	none of the above.

					52.	The duty cycle of a relaxation oscillator using an op-amp is 

						(a)	25%.	

				(b)	50%.

						(c)	75%.	

				(d)	none of the above. 

					53.	The Wien bridge oscillator in a function generator consists of

						(a)	a lag network.	

				(b)	a lead network.

						(c)	a lead-lag network.

					(d)	none of the above.

					54.		The open-loop gain of an op-amp which is 90 dB falls to zero decibel at 10 MHz. What is its unity gain crossover frequency? 

						(a)	1 MHz.	

				(b)	10 MHz.

						(c)	5 MHz.	

				(d)	none of the above.

					55.	In an op-amp, the transistors are

						(a)	matched.	

				(b)	unmatched.

						(c)	of different character.	

				(d)	none of the above.

					56.	An op-amp is an IC of the type known as

						(a)	analog IC.	

				(b)	digital IC.

						(c)	hybrid IC.	

				(d)	none of the above. 

				TRUE OR FALSE STATEMENTS

				State whether the following statements are true or false:

					1.	An op-amp is a direct-coupled amplifier with high voltage gain.

					2.		The block representation of an op-amp consists of a differential amplifier stage along with a level-shifting stage only.

					3.		Since the op-amp was originally designed for mathematical computations, its name op-amp has been derived from this usage.

					4.		Op-amps can be used for ac and dc signal amplification only and not for any other use. 

					5.		General-purpose op-amps have a JFET based input differential amplifier stage that offers a relatively large input impedance. 

					6.		High-speed, wide-bandwidth op-amps have low slew rates and wide bandwidth specifications. 

					7.		Op-amp comparators are especially designed for computer applications and have a much faster response time than that provided by general-purpose op-amps. 

					8.		Current differencing op-amps are completely different from Norton op-amps. They are totally different kinds of op-amps.

					9.		Instrumentation op-amps have extremely low values of offsets and drifts, and very high input impedance. 

					10.	The output of the isolation amplifier is electrically isolated from the input. 

					11.		The mA741 op-amp series requires frequency compensation and consumes large power. 

					12.		One property of the op-amp is that its input resistance appears short circuited. 

					13.	The input offset voltage and current in an op-amp are not equal to zero. 

					14.	An ideal op-amp has infinite bandwidth. 

					15.		The input common mode range is the range of common mode voltages over which an op-amp remains linear. 

					16.		The output voltage range of an op-amp is the minimum swing that can be obtained without significant distortion. 

					17.		The ac output compliance indicates the values of positive and negative saturation voltages of the op-amp.		 

					18.		The power supply rejection ratio (PSRR) and the supply voltage rejection ratio (SVRR) are not the same things.

					19.	A closed-loop amplifier is essentially not a feedback amplifier. 

					20.		The desensitivity of a closed-loop amplifier indicates how much the voltage gain is increased by the negative feedback. 

					21.	A virtual ground has zero voltage and can sink infinite current. 	

					22.	A frequency related parameter of an op-amp is called the slew rate. 

					23.	The slew rate of an op-amp is a variable quantity. 

					24.		A negative scale changer and an inverting amplifier are different from each other. 

					25.		A non-inverting amplifier and a positive scale changer are one and the same. 

					26.	A unity gain buffer cannot be used as an isolation amplifier. 

					27.		The voltage follower has infinite output resistance and zero input resistance. 

					28.		The scaling amplifier has the output voltage equal to the difference between the two input signals. 		

					29.	Current-to-voltage followers find their application in sensing the current in photodetectors and digital-to-analog conversions. 

					30.		Voltage-to-current followers can be used in high voltage dc and ac voltmeters. 

					31.		The logarithmic amplifier provides an output voltage that is proportional to the logarithm of the input voltage. 

					32.		In a differentiator, the input voltage is proportional to the time derivative of the output signal. 

					33.	A differentiator circuit is always used at high frequencies.

					34.		Op-comparators are used in circuits such as digital interfaces, Schmitt triggers, discriminators, voltage-level detectors and oscillators. 

					35.	The comparator is a digital-to-analog converter. 

					36.		The comparator is also known as the limit detector or voltage-level detector. 

					37.	Noninverting comparators are used as zero-crossing detectors. 

					38.		A Schmitt trigger is an inverting comparator with negative feedback and used as a rectangular pulse-to-sine wave converter. 

					39.	Hysteresis is desirable because it prevents false triggering. 

					40.		Wien bridge oscillators cannot be designed using op-amps because the Wien bridge is the most unstable bridge. 

					41.		A function generator uses a 741 op-amp and consists of a Wien-bridge sine-wave oscillator, a Schmitt trigger and an integrator. 

					42.		The manner in which the gain of the op-amp responds to different frequencies is called the frequency response. 

					43.	Active filters in power supplies use inductors instead of op-amps. 

					44.	The greatest drawback of a monolithic is its insufficient thermal stability. 

				REVIEW QUESTIONS

					1.	(a)	What is an operational amplifier?

						(b)	What are the characteristics of an ideal op-amp? What are the properties of real op-amp?

						(c)	What is the meaning of the terms ‘inverting’ and ‘non-inverting’ inputs of an op-amp?

						(d)	Explain the following terms in connection with operational amplifiers. (i) virtual ground, (ii) slew rate, and (iii) CMRR.

					2.	(a)	With the help of a neat sketch of a typical operational amplifier, explain the function and purpose of each of its terminals. Why is this amplifier called operational amplifier?

						(b)	Explain with a neat sketch how an op-amp may be used for subtraction of two numbers. State an application of the subtractor.

						(c)	Define the following terms in relation to an op-amp.

							(i) input offset voltage and (ii) input offset current. 

					3.	(a)	Explain with the help of a schematic diagram and the mathematical derivation, how an operational amplifier may be used for differentiation and integration of a time variant output signal.

						(b)	What is the significance of virtual ground in an inverting op-amp?

						(c)	How are op-amps specified?

					4.	(a)	Explain how the op-amp may be used as 

							(i) an adder, (ii) an inverting amplifier, (iii) a non-inverting amplifier, 
(iv) a scale changer, (v) a summing amplifier (non-inverting mode), and (vi) an Adder-subtractor 

						(b)	How can a non-inverting amplifier be converted into a unity gain buffer?

						(c)	Explain the operation of the op-amp (i) as an oscillator and (ii) as a comparator. 

					5.	(a)	What do you understand by closed-loop and open-loop of an op-amp? Assuming the op-amp to be ideal, calculate the voltage gain of the inverting amplifier.

						(b)	Define common mode input and differential mode input signals.

						(c)	Derive the input impedance and output impedance of the non-inverting amplifier. What are the ideal values of input and output impedances?

						(d)	What is instrumentation amplifier? State the salient features of instrumentation amplifier. Explain its working principle with a neat diagram. Discuss how instrumentation on amplifier can be used for the measurement of a physical quantity.

						(e)	What is precision rectifier? Explain its working principle with a circuit diagram.

					6.	(a)	Explain with the help of a neat diagram the working of Schmitt trigger circuit. What is the significance of hysteresis?

						(b)	How can the op-amp be used as a relaxation oscillator?

						(c)	In what way can an inverting comparator be converted to a zero-crossing detector?

						(d)	Explain with the help of a neat circuit diagram the working principle of a square-wave generator.

				7.	(a) Draw a simplified circuit diagram of an op-amp and briefly explain its operating principle.

				(b) State parameter values of the 741 IC op-amp.

				(c) What are the different categories of op-amps? Mention the features of the 741 op-amp.

				8.	(a)	Draw the circuit diagram of a function generator using a 742 IC op-amp and explain how it works. 

					(b)	What are the important features of the LM725 op-amp? Explain the function of each of its pins.

					9.	(a)	With the help of a circuit diagram show how an op-amp can be used as a Wien bridge oscillator.

						(b)	What is the function of the LM709 op-amp? Mention the typical parameters of a monolithic LM709 op-amp.

					10.	(a)	Why is dual power supply used in an op-amp?

						(b)	What are the differences between digital and linear ICs?

				PROBLEMS

					3.1	The summing amplifier as shown in Fig. 3.10 has Rf = 10 kW, R1 = 22 kW, 
R2 = 22 kW, vin1 = + 0.5 V, and vin2 = +1 V. Determine the output voltage vout of the adder.

					3.2	A 2 mV (peak), 1 kHz sinusoidal signal is applied to the input of an op-amp integrator of Fig. 3.16(a) for which R = 100 kW and C = 1 mF. Find the output voltage.

					3.3	The input to the differentiator circuit of Fig. 3.15(a) is a sinusoidal voltage of peak value 4 mV and frequency 1 kHz. Find the output voltage, if R = 50 kW and 
C = 1 mF.

					3.4	An op-amp has a slew rate of 10 V/s as given in manufacturer’s catalogue. If the input frequency signal is 500 kHz, find the maximum undistorted output from this stage.

			

		

	
		
			
				Chapter 4

				MULTIVIBRATORS, SWITCHING TRANSISTORS, AND TIMERS

				4.1 INTRODUCTION

				This chapter deals with two-stage regenerative amplifiers. Two amplifier stages may be interconnected in such a fashion so as to process either two quasi-stable states, or one stable state and one quasi-stable state, or two stable states. Such circuits are called multivibrators. They find extensive applications in pulse circuitry.

				A multivibrator is a pulse generator circuit which produces a rectangular wave output. It is basically a type of relaxation oscillator consisting of two stages of resistance-coupled CE amplifiers, with the output of one fed back to the input of the other. It generates 
square waves or other non-sinusoidal waveforms such as rectangular and saw-tooth. Multivibrators are classified as Astable or free-running, Monostable or one-shot, and Bistable or flip-flop.

				4.2 The ASTABLE MULTIVIBRATOR

				The astable or free-running multivibrator as shown in Fig. 4.1 has two outputs Q and [image: Biswanath__Eq-4-1.wmf]and no input terminal. Both of its outputs are quasi-stable (i.e. half-stable). Without the aid of any external triggering signal, the astable configuration makes successive transitions from one quasi-stable state to the other. Though the circuit requires no external pulse for its operation, it does require a dc supply-voltage input. The astable multivibrator by continuously oscillating between its two astable states, thus, generates a square wave on its own without any input signal. It is, therefore, often referred to as a free-running multivibrator. 

				[image: Fig-4-1.eps]

				Fig. 4.1 Block representation of the astable multivibrator.

				Constructional features

				A typical astable multivibrator circuit using two similar transistors Q1 and Q2, with capacitive coupling between them, is shown in Fig. 4.2(a). The output of one stage forms the input of the other. There is no external trigger from any external source. Each stage has two resistors and one capacitor. 

				For a symmetrical astable multivibrator: RB1 = RB2, RL1 = RL2, and C1 = C2.

				[image: Fig-4-2a.eps]

				Fig. 4.2(a) Circuit diagram of a collector-coupled astable multivibrator.

				Working principle

				When the power supply voltage + VCC is applied, one transistor conducts more than the other because of transistor mismatch (i.e. b, VBE). Assume that the collector current of Q1 increases more rapidly than that of Q2. From the relation VCE = VCC – ICRL, the output voltage of Q1 (i.e. vC1) will, therefore, go more negative than the output voltage of Q2 (i.e. vC2). This negative voltage change in vC1 is felt at the base of Q2 through the coupling capacitor C2, thus reducing the forward bias on Q2. So the collector current of Q2 decreases and its output voltage vC2 goes more positive. This positive voltage change in vC2 is felt at the base of Q1 through the coupling capacitor C1, thus increasing Q1 base current and hence its collector current. This regenerative feedback action saturates transistor Q1 and cuts off Q2 instantaneously.

					Thus vC1, the output of Q1 is approximately 0 V and vC2 @ + VCC. The capacitor C1 charges through RL2 and the base-emitter junction of Q1 (since it is ON) to approximately  + VCC as shown in Fig. 4.2(b). But when Q1 conducts, a path is also provided for C2 to discharge (which had previously charged up to + VCC when Q2 was conducting) through Q1 and RB2 as shown in Fig. 4.2(c). Since the emitter to collector resistance of Q1 (saturated) is very low, the effective discharge time constant for C2 is RB2C2. The initial pulse of discharge current from C2 through RB2 makes the base of Q2 suddenly –VCC which causes Q2 to be cut-off. 

				[image: Fig-4-2c.eps]

				Fig. 4.2(b) Charging path of capacitor C1 of Fig. 4.2(a).

				[image: Fig-4-2b.eps]

				Fig. 4.2(c) Discharging path of capacitor C2 of Fig. 4.2(a).

					When the base voltage vB2 of Q2 has increased from –VCC to 0 V to a low value of positive voltage, Q2 is brought out of cut-off to conduction. So, the output voltage vC2 of Q2 falls and this negative voltage change is felt at the base of Q1 through C1, thus reducing the forward bias on Q1. Therefore, the collector current of Q1 will decrease and the output voltage vC1 will be more positive. This positive voltage change in vC1 is felt at the base of Q2 through C2, thus increasing Q2 base current and hence its collector current. This regenerative feedback turns Q2 ON and Q1 OFF. The process is repetitive and instantaneous. Hence, the square wave output is taken from either Q1 or Q2. The different waveforms are shown in 
Fig. 4.2(d).

				[image: Fig-4-2d.eps]

				Fig. 4.2(d) Waveforms of a collector-coupled astable multivibrator.

				Rounded leading edges in the collector outputs

				The base voltage vB2 of Q2 is driven to –VCC during the interval T0 as shown in 
Fig. 4.2(d), and the collector voltage vC2 cannot rise to +VCC, the moment Q2 switches off. Since capacitor C1 cannot charge up instantaneously to +VCC, the voltage vC2 rises to +VCC at the rate determined by the charging period of C1 through RL2 in series with the base to emitter resistance of Q1 as shown in Fig. 4.2(b). The sudden increase in vC2 causes an overshoot of E' in vB1 because of capacitive coupling through C1. This time constant represents the exponential rise in voltage of vC2. The time constant here is of a relatively small value. Hence, the rising edge of the collector voltage (vC1 or vC2) is rounded.

				Applications

				As an astable multivibrator generates periodic square waveforms, it is used as a clock in digital computers to synchronise all the operations in the system. 

				Switching time and frequency of oscillation

				The period T of a complete cycle of the square wave is represented by T = T1 + T2 in 
Fig. 4.2(d).

				The base-emitter voltage of Q2 during the discharge of C2 is given by 

					vB2 = VCC – ID2 RB2 

				where ID2 is the discharging current for C2. 

					As the capacitor C2 is charged approximately to +VCC, the initial discharge value of the capacitor current is given by

					ID2 = (VCC + VCC)/RB2 

				This current ID2 decays exponentially with a time constant of RB2C2. 

				Now,

					[image: Biswanath__Eq-4-2.wmf]

				where t = T2.

				Assuming that transistor Q2 will switch off when vB2 = 0, therefore,

					0 = VCC – 2VCC[image: Biswanath__Eq-4-3.wmf]

				or

					1 = 2[image: Biswanath__Eq-4-4.wmf]

				or

					[image: Biswanath__Eq-4-5.wmf]

				or

					[image: Biswanath__Eq-4-6.wmf]	

				or

					t/RB2C2 = ln 2	

				The OFF time for Q2 is

					t = T2 = RB2C2 ln 2 = 0.69 RB2C2

				Similarly, the OFF time for Q1 is

					t = T1 = RB1C1 ln 2 = 0.69 RB1C1 

				Therefore, the total time period of the square wave is given by 

					T = T1 + T2 = 0.69(RB1C1 + RB2C2) 

				Hence, the frequency of a collector-coupled multivibrator (asymmetrical) is given by 

					[image: Biswanath__Eq-4-7.wmf]………(4.1)

				For a symmetric circuit: RB1 = RB2 = R  and  C1 = C2 = C.

				Therefore, the time period and the frequency of oscillation are given, respectively, by

					T = 1.38RC s………(4.2)

				and

					f = 1/T = 1/(1.38RC) ………(4.3)

				According to Eq. (4.1), the frequency may be varied by changing either the product RB1C1 or the product RB2C2. By increasing the product, the frequency of oscillation is decreased and vice versa. Hence the frequency of oscillation may be changed by varying either the value of R or the value of C or both [according to Eq. (4.2)]. 

				Example 4.1 

				A symmetrical astable multivibrator using bipolar junction transistors as shown in 
Fig. 4.2(a) has a time period of 5 ms, collector current of 5 mA, power supply voltage, +VCC of 15 V, and b is equal to  50. Considering that transistors are ideal and just saturate in the ON state, determine RL (RL1 = RL2 = RL), RB (RB1 = RB2 = RB) and C (C1 = C2 = C).

				Solution According to the problem:

						Power supply voltage, VCC = 15 V	

						Collector saturation current, IC, sat = IC, on = 5 mA = IC

				For a symmetrical astable multivibrator: RL1 = RL2 = RL,  RB1 = RB2 = RB,  C1 = C2 = C

				Hence, the collector load is given by

					RL = VCC/IC = 15/(5  10–3) = 3  103 W = [image: Biswanath__Eq-4-8.wmf] 

				Base saturation current is

					IB, sat = IB, on = IC, on/b

					= (5  10–3)/50 = 0.1  10–3 A = 0.1 mA 

				RB should be such so as to provide this current. Now,

					IB, on = VCC/RB

				or

					RB =	VCC/IB, on 

					=	15/(0.1  10–3) = 150  103 W = [image: Biswanath__Eq-4-9.wmf]

				Time period is

					T = 1.38RBC 

				Hence, capacitance of the capacitor is

					C =	T/1.38RB 

					 =	(5  10–6)/(1.38  150  103) = 24  10–12 = [image: Biswanath__Eq-4-10.wmf]

				4.3 MONOSTABLE MULTIVIBRATOR

				A monostable multivibrator has one stable state and the other state is quasi-stable. A triggering signal is required to induce transition from the stable state to the quasi-stable state. But the circuit automatically returns to its stable state after a fixed time delay which is adjustable. It has one input and two complementary outputs as shown in Fig. 4.3. If it is assumed that no trigger is applied, the output voltage remains at approximately 0 V 

				[image: Fig-4-3.eps]

				Fig. 4.3 Block representation of the monostable multivibrator.

				(i.e. Q = 0). It remains in this stable state until a triggering pulse is applied to the input terminal. When triggered, the circuit returns to its original state on its own. It is for this reason that a monostable multivibrator is also known as a one-shot or a univibrator.

				Constructional features

				The circuit shown in Fig. 4.4(a) has two similar transistors Q1 and Q2. The collector of Q1 is coupled to the base of Q2 through the coupling capacitor C. On the other hand, the output of transistor Q2 is coupled to the input of transistor Q1 through a potential-divider network (R1–R2) in which C1 is a small speed-up capacitor. The speed-up capacitor C1 serves to speed up the transition of the transistor. The resistor R forward biases the input of transistor Q2.

				[image: Fig-4-4a.eps]

				Fig. 4.4(a) Circuit diagram of a collector-coupled monostable multivibrator.

				Working principle

				The negative supply –VBB in conjunction with resistors R1 and R2 reverse biases Q1 and keeps it at cut-off. The transistor Q2 gets forward biased by +Vcc and R and this leads it to saturation. This constitutes the stable state of the multivibrator until a trigger pulse is applied. The base-emitter voltage of Q2 (vB2) is approximately 0.7 V. Assuming that 
Vsat @ 0 V, the collector-emitter voltage of Q2 is, therefore, vC2 @ 0 V. Because Q1 is OFF, its base-emitter voltage is negative (– vB1) and its collector-emitter voltage, vC2 @ VCC. The coupling capacitor C is charged through RL1, base-emitter junction of Q2 (as it is ON) and +VCC as shown in Fig. 4.4(b).

				[image: Fig-4-4b.eps]

				Fig. 4.4(b) Charging path of capacitor C for a collector-coupled monostable multivibrator.

					A negative triggering pulse of sufficient magnitude (through the triggering circuit) applied to the base of transistor Q2, tends to turn Q2 off and makes the collector-emitter voltage of Q2 rise to +VCC from Vsat. The rising output voltage of Q2, reflected to the base of Q1, turns Q1 ON and capacitor C discharges through R, collector-emitter junction of Q1 and +VCC as in Fig. 4.4(c). At the moment of discharging, –VCC is felt at the input of Q2. Until the capacitor C is completely discharged, the transistor Q2 will, therefore, remain in the cut-off state. This is the quasi-stable state of the multivibrator.

					As soon as capacitor C is completely discharged, the power supply voltage +VCC through R forward biases Q2 and keeps it at saturation which was the previous state. This is the monostable state of the multivibrator.

				The time duration of the quasi-stable state is

					T = 0.69RC ………(4.4)

				The leading edge in the output waveform of transistor Q1 is rounded as the output of this transistor is coupled to the input of transistor Q2 through capacitor C. But the output of transistor Q2 is connected to the input of transistor Q1 through a resistive attenuator 
R1–R2. So the leading edge of the output waveform in transistor Q2 is sharp. Figure 4.4(d) shows the different waveforms.

				Applications

				Monostable multivibrators are used in the (i) generation of pulse and extended waveforms, and (ii) as a no-bounce switch to enter a binary 1 into the adder.

				[image: Fig-4-4c.eps]

				Fig. 4.4(c) Discharging path of capacitor C for a collector-coupled monostable multivibrator.

				[image: Fig-4-4d.eps]

				Fig. 4.4(d) Waveforms of a collector-coupled monostable multivibrator.

				Example 4.2

				In Fig. 4.4(a), RL1 = RL2 = RL = 1 kW, R1 = R2 = 20 kW, R = 60 kW, C = 100 pF, VCC = VBB = 5 V, b = 60. Determine the magnitudes of IC2, IB2, IB1, vB1 when Q1 is OFF, and the duration of the current pulse in RL.

				Solution 	According to the problem:

				Collector power supply, VCC = 5 V 

				Base power supply, VBB = 5 V

				Collector load, RL1 = RL2 = RL = 1 kW

				Resistance of the potential divider circuit, R1 = R2 = 20 kW

				Base bias resistance of transistor Q2, R = 60 kW 

				Capacitance of capacitor, C = 100 pF

				Current gain of the transistors, b = 60 

				Assuming (R1 + R2) does not shunt the load RL2, 

				Collector current of transistor Q2 is given by

					IC2 = VCC/RL = 5/(1  103) = [image: Biswanath__Eq-4-11.wmf]

				Base bias current of transistor Q2 is obtained from VCC,

					IB2 = VCC /R = 5/(60  103) = [image: Biswanath__Eq-4-12.wmf]

				Base bias saturation current is given by, 

					IB, sat = IC/b = 5/60 = 0.083 mA = IB2

				Hence, the values of RL and R are satisfactory.

				As vC2 = 0 (approximately), the base-emitter voltage of transistor Q1, vB1 = –VBB {R1/(R1 + R2)}, turns Q1 OFF, so that vC1 = VCC as no current flows through RL1 of Q1.

				Now,

					[image: Biswanath__Eq-4-13.wmf]

				Thus Q1 is OFF.

				Q1 is ON with vB1 = 0, i.e. when the triggering pulse is applied. Thus,

					[image: Biswanath__Eq-4-14.wmf]	

				The time duration of the current pulse in RL,

					T2 = 0.69RC = 0.69(60  103) (100  10–12) = [image: Biswanath__Eq-4-15.wmf]

				Example 4.3

				The monostable multivibrator as shown in Fig. 4.4(a) is to have an output pulse of 1 ms duration and 10 mA magnitude. Given b = 20, reverse bias of 2 V for the OFF transistor, and when ON the transistors barely saturate. Determine the elements RL (RL1 = RL2 = RL), R1, R2, R and C. Assume VCC = VBB = 6 V. 

				Solution	According to the problem:

						For the ON transistor, VCC = 6 V and IC = 10 mA

				Collector load is given by

					RL = VCC/IC = 6/(10  10–3) = 600 W = [image: Biswanath__Eq-4-16.wmf]

				Since IC = 10 mA and b = 20, the base saturation current is given by

					IB, sat = IC/b = (10  10–3)/20 = 0.5  10–3 = 0.5 mA

				Base current IB is derived from VCC and R. Therefore,

					IB = VCC/R

				or

					0.5  10–3 = 6/R  or R = [image: Biswanath__Eq-4-17.wmf]

				During trigger to keep Q1 ON,

					[image: Biswanath__Eq-4-18.wmf]

				or	

					[image: Biswanath__Eq-4-19.wmf]

				As given in the problem,

					| vB1 | = 2 V  and  | VBB  | = 6 V

				For the normally OFF transistor Q1

					[image: Biswanath__Eq-4-20.wmf]	

				or	

					(R1 + R2)/R1 = – VBB/vB1

				or 	

					1 + R2/R1 = 6/2  or  1 + R2/11.4 = 6/2

				Therefore,

					R2 = [image: Biswanath__Eq-4-21.wmf]

				The duration of the output pulse is 

					T2 = 0.69RC

				or

					10–6 = 0.69(12  103)C  or  C = 120 pF

				4.4 BISTABLE MULTIVIBRATOR

				A bistable circuit is one which can exist indefinitely in either of the two stable states, and which can be induced to make an abrupt transition from one state to the other by means of an external excitation. A block diagram of the bistable multivibrator is shown in 
Fig. 4.5. The bistable multivibrator is also referred to as flip-flop, binary, and Eccles-Jordan’s circuit. It has two inputs, labelled S and R and two outputs labelled Q and [image: Biswanath__Eq-4-22.wmf].

				[image: Fig-4-5.eps]

				Fig. 4.5 Block representation of the bistable multivibrator.

					Assuming that Q is LOW (= 0), the bistable multivibrator remains in this state until a triggering pulse is applied to input S, to make Q High (= 1). The output Q = 1 will remain in this state until a trigger input is applied to terminal R to make Q = 0 once again. Thus the bistable multivibrator exhibits two stable dc states, i.e. Q = 1 and Q = 0. It remains in one of these two states until a trigger pulse is applied to either terminal S or terminal R to initiate the change from one state to the other.

					The name flip-flop conveys the idea of switching the states one way and then the opposite way. The bistable multivibrator, therefore, does not oscillate without the trigger pulse. On the other hand, it exhibits memory. Its output depends not only on the present input, but also on the input terminal to which the previous triggering pulse was applied. Such a circuit is referred to as a sequential circuit.

				Constructional features

				A collector-coupled bistable multivibrator as shown in Fig. 4.6(a), basically, has two identical CE amplifier stages. The output of each amplifier is direct coupled through RB1, RB2 (shunted by speed-up capacitors C and C, respectively) to the input of the other amplifier. 

				For a symmetrical bistable multivibrator: RL1 = RL2, RB1 = RB2, and C = C.

				[image: Fig-4-6a.eps]

				Fig. 4.6(a) Circuit diagram of a collector-coupled bistable multivibrator.

				Working principle

				On application of power supply +VCC, because of mismatch of two transistors Q1 and Q2, if IC2 increases, the voltage at the output vC2 of Q2 will decrease. This in turn decreases the voltage at the input B1 of transistor Q1. This change in voltage at the input of Q1 is amplified and inverted by Q1, resulting in the output voltage vC1 to increase. Hence the voltage at the input B2 of Q2 becomes more positive, and as a consequence the current IC2 is increased still further. These events are repeated cyclically. The current IC2 continues to increase and the current IC1 continues to decrease, the circuit moving progressively further away from its initial condition. This action takes place because of the regenerative feedback incorporated into the circuit, and will occur only if the loop gain of the circuit is larger than unity. This phenomenon drives transistor Q2 to saturation and Q1 to cut-off. In general, the base-emitter voltage of a transistor is approximately 0.7 V. Here, the base emitter voltage of Q1 is negative ensuring that it is cut-off as is shown in Fig. 4.6(b). 

				[image: Fig-4-6b.eps]

				Fig. 4.6(b) Waveforms of the collector-coupled bistable multivibrator.

				A bistable multivibrator remains in one of its stable states indefinitely until it is induced to make a transition as a result of the triggering signal, such as a pulse, applied from some external source. To change the state of the flip-flop, a negative pulse to the set input S is applied through diode D to the base of the ON state transistor Q2. Transistor Q2 is now turned OFF because of the negative trigger pulse and its collector voltage vC2 rises towards + VCC. The increase in collector voltage is coupled through resistor RB1 to the base of Q1. Its base-emitter voltage now becomes less negative and finally equals 0.7V. Transistor Q1 is, therefore, ON, and Q2 is cut-off. This is the other stable state of the multivibrator. To make Q2 ON and Q1 OFF, a negative trigger pulse to the reset input R through the triggering circuit is applied to the input of transistor Q1 which was the previous assumed condition.

				Function of capacitors C and C 

				The transition time is defined as the interval during which conduction transfers from one transistor to the other. The transition time may be reduced by introducing small capacitances in shunt with the coupling resistors RB1, RB2 of the bistable multivibrator. These capacitors assist the flip-flop in making abrupt transitions between states, hence they are known as commutating, transpose, or speed-up capacitors.

				Applications

				The bistable multivibrator is used in shift registers and counters. These are two important devices employed in digital computers and systems. Shift registers are used to store information such as data or an instruction. The counter, as its name implies, counts pulses.

				4.4.1 Types of Triggering Signals

				The triggering signal which is usually employed to induce a transition from one state to the other is either a pulse of short duration or a step voltage. This pulse or step may be introduced in such a fashion so as to produce either symmetrical or asymmetrical triggering. In asymmetrical triggering, the triggering signal is effective in inducing a transition in only one direction. Asymmetrical triggering, using two triggering sources is found frequently where the binary (flip-flop) is to be used as a generator of a gate whose width equals the interval between the triggers. Asymmetrical triggering finds extensive applications in logic circuitry, for example, registers and coding circuits. In symmetrical triggering, each successive triggering signal induces a transition, regardless of the state in which the binary happens to be. Symmetrical triggering is used in binary counting circuits. 

				4.4.2 Comparison of Multivibrators

				
					
						
								
								 

							
								
								Astable multivibrator

							
								
								Monostable multivibrator

							
								
								Bistable multivibrator
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								It has two outputs and no  input terminal. 

							
								
								It has two outputs and  one input terminal. 

							
								
								It has two outputs and two input terminals.
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								It has two quasi-stable states.

							
								
								It has one quasi-stable  state and one stable state. 

							
								
								It has two stable states.
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								No external pulse is required  to complete a cycle. 

							
								
								An external pulse is requi- red to complete a cycle. 

							
								
								Two external pulses are required to complete a cycle.
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								It is used as a clock in digital computers. 

							
								
								It is used as a no-bounce  switch

							
								
								It is used as a memory element.

							
						

					
				

				Example 4.4

				Figure 4.6(a) has VCC = VBB = 5 V, IC, sat = IC, on = 10 mA, b = 20 and VBE, off = – 1 V. Calculate RL (RL1 = RL2 = RL), R (RB1 = RB2 = R), and RB.

				Solution 	According to the given problem:

						Collector bias supply, VCC = 5 V 

						Base bias supply, VBB = 5 V

						Collector saturation current, IC, sat = IC, on = 10 mA

						Current gain, b = 20 

				Assuming Vsat = 0 and (R + RB) >> RL, collector load is given by

					RL = VCC/IC, on = 5/(10  10–3) = [image: Biswanath__Eq-4-23.wmf]

				Base saturation current is given by

					IB, sat = IB, on = IC, on/b = (10  10–3)/20 = 0.5 mA 

				From the circuit diagram of Fig. 4.6(a) 

					[image: Biswanath__Eq-4-24.wmf]

				Approximately,

					IB1 = (VCC/RB1) – (VBB/RB)  (∵ vB1 << VCC)

				So, base saturation current is given by 

					IB, on = (VCC/R) – (VBB/RB) 

				or

					0.5  10–3 = (5/R) – (5/RB) 

				or 	

					0.0001 = (1/R) – (1/RB) ………(4.5)

				For OFF transistor Q2,

					[image: Biswanath__Eq-4-25.wmf]

				or 	

					–1 = –5R/(R + RB)

				or	

					R/(R + RB) = 1/5 ………(4.6)

				Solving Eqs. (4.5) and (4.6), 

					[image: Biswanath__Eq-4-26.wmf]

				Thus, R + RB = 7.5 + 30 = 37.5 kW which is 75 times RL. It satisfies the condition, 
(R + RB) >> RL.

				Example 4.5 

				In Fig. 4.6(a), VCC = VBB = 5 volts, b = 20, RL = 0.47 kW, R = 6 kW (RB1 = RB2 = R), 
RB =18 kW. Determine (a) the approximate value of the collector and base currents for the ON transistor and the base voltage of the OFF transistor and (b) the exact values of these currents and voltages, using VCE, sat = 0.3 V, VBE = 0.6 V. 

				 

				Solution	According to the given problem:

						Collector bias supply, VCC = 5 V 

						Base bias supply, VBB = 5 V

						Load resistance, RL = 0.47 kW

						Base bias resistance, R = 6 kW

						Current gain, b = 20 

				The approximate value of collector saturation current is given by

					IC, on = VCC/RL = 5/(0.47  103) = [image: Biswanath__Eq-4-27.wmf]

				The exact value of collector saturation current in RL is given by

					IC, sat =	(VCC – Vsat)/RL

					=	(5 – 0.3)/(0.47  103) = 10  10–3 = [image: Biswanath__Eq-4-28.wmf]

				From the circuit diagram of Fig. 4.6(a), the current through R and RB is given by 

					I =	(VBB + VCE, sat)/(R + RB) 

					=	(5 + 0.3)/{(6 + 18)  103} = 0.22 mA

				where VCE, sat = Vsat. 

				Hence, the exact value of  collector current for the ON transistor is given by

					IC, on = IC, sat – I  = 10 – 0.22 = [image: Biswanath__Eq-4-29.wmf]

				The approximate value of base saturation current is

					[image: Biswanath__Eq-4-30.wmf]

				Hence, the exact value of base current of the ON transistor is given by

					[image: Biswanath__Eq-4-31.wmf] 

				The base current can also be found in another way, IB, on = IC, on/b = 9.8/20 = 0.49 mA. This satisfies the previous part of the base current calculation. 

				The approximate value of base voltage of the OFF transistor is given by

					vB =	VBBR/(R + RB)

					=	(5  6)/(6 + 18) = 1.25 V

				Hence, 

					[image: Biswanath__Eq-4-32.wmf]

				The exact value of  base voltage of the OFF transistor is given by

					[image: Biswanath__Eq-4-33.wmf] 

				Hence, the exact value of the base voltage of the OFF transistor is,

					[image: Biswanath__Eq-4-34.wmf]

				4.5 Timers

				The heart of every digital system is the system clock which, indeed, provides the heart beat without which the system would cease to function. Digital circuits need a source of accurately defined pulses. The requirement is mostly for a single pulse of given duration (i.e. a one-shot) or for a continuous train of pulses with specified frequency and duty cycle. Instead of attempting to produce an arrangement of standard logic gates to meet these requirements, it is usually simpler and more cost effective to make use of one range of versatile integrated circuits, collectively known as timers. 

					A monostable is the basic digital timing circuit that is used in a wide variety of timing applications. Timer ICs are designed to generate accurate and stable R-C defined timing periods, for use in a variety of monostable pulse generators and astable square-wave generator applications. The best known timer ICs series is the highly versatile 555 family of devices, which is available in both single (555) and dual (556) bipolar packages as well as in CMOS forms (7555 and 7556).

					The 555 timer IC was first introduced by Signetics in the late 1970s but is now produced by many other IC manufacturers. The 555 timers have a number of attractive features: 

				
						They can operate from a wide range of supply voltages.

						They can source (supply) or sink (absorb) fairly high load currents.

						They consume fairly modest supply currents.

						They have an adjustable duty cycle.

						They are TTL compatible.

						They have high temperature stability.

						They provide timings from ms to hours.

				

				Timers are used for a variety of applications such as: (i) precision timing, (ii) pulse generation, (iii) sequential timing, (iv) time delay generation, (v) pulse width modulation, 
(vi)	pulse position modulation, and (vii) linear ramp generation.

				4.5.1 Clock Waveforms 

				Since all logical operations in a synchronous machine occur in synchronism with a clock, the system clock becomes the basic timing unit. The system clock must provide a periodic waveform that can be used as a synchronising signal. The symmetrical square wave shown in Fig. 4.7(a) is a typical clock waveform used in digital systems. It should be noted that the clock need not be a perfectly symmetrical square wave. It can be an asymmetrical waveform as shown in Fig. 4.7(b). It can also be a series of positive or negative pulses, considered as an asymmetrical square wave. 

				[image: Fig-4-7a.eps]

				Fig. 4.7(a) Symmetrical square waveform.

				[image: Fig-4-7b.eps]

				Fig. 4.7(b) Asymmetrical waveform.

				4.5.2 Basic Principle of Timer Circuits

				In electronic timing circuits, including time delays, the action in one circuit can cause a second circuit to operate at a desired time later on. The basic timing elements in a timing circuit are the capacitor and resistor. A capacitor takes time to charge and discharge, i.e. a capacitor is capable of storing and releasing a charge of electrons. 

				When the switch is placed in position (0–1) as shown in Fig. 4.8(a), the capacitor CT starts to charge through the resistor RT towards +V. At the switching instant, the battery V sees only resistance RT in the circuit, that is, CT acts as a short circuit. Hence, all the applied voltage V appears across RT and the charging current iC shown in Fig. 4.8(b) is limited only by the size of RT as there is zero voltage across capacitor CT. The charging current iC now causes a voltage vC to build up across CT with the polarity as shown in 
Fig. 4.8(a). This is a buckling voltage which opposes the battery voltage and, thus, acts to reduce the charging current. At any instant of time after the start of the charging interval, the active voltage which causes current to flow in the circuit is (V – vC). It is apparent that when vC = V, the capacitor is fully charged and the charging current iC ceases. The decay in voltage across the resistor, vR, follows the decay of the charging current. Thus, at the end of the charging interval, although the battery is still applied across the RT–CT circuit, the charging current iC = 0, vR = 0, and vC = V. The time required to charge a capacitor to 63.2% of the applied voltage is known as the time constant of the circuit.

				When the switch is thrown to position 0–2, voltage vC across capacitor CT starts to discharge towards 0 V through resistance RT . Now, the current, i.e. discharging current id flows in the opposite direction. Therefore, the voltage vR across RT has the opposite polarity as shown in the wave diagram. Eventually, the capacitor CT discharges completely. 

				Time constant as an important parameter in timer circuits

				The rate of capacitor discharge may be fast in the beginning, but it gradually becomes slower as the capacitor discharges. The length of the time required for the capacitor voltage to decrease approximately to one-third of its starting value is given by the time constant, T= RC [=RTCT in Fig. 4.8(a)]. This time constant RC is not equal to the length of the actual time delay of the circuit. It shows as to how long the capacitor voltage remains above one-third of its starting value. As shown in Fig. 4.8(c), the capacitor voltage is exactly 0.368 times the original voltage after the passage of time equal to RC seconds. At this point the capacitor has lost 63.2% of its charge. When time equalling 3RC has passed, the capacitor voltage is merely 5% or 0.05 of its starting value.

				

				4.6 The LM555 IC TIMER 

				The LM555 is a highly stable device for generating accurate time delays or oscillations. Additional terminals are provided for triggering or resetting, if desired. In the time delay mode of operation, the time is precisely controlled by an external resistor and a capacitor. For astable operation as an oscillator, the free running frequency and duty cycle are accurately controlled with two external resistors and a capacitor. The circuit may be 

				[image: Fig-4-8ab.eps]

				Fig. 4.8(a) and (b) Basic timing circuit: (a) circuit diagram and (b) waveforms.

				[image: Fig-4-8c.eps]

				Fig. 4.8(c) Rate of capacitor discharge.

				triggered and reset on falling waveforms, and the output circuit can source or sink up to 200 mA or drive TTL circuits. The 555 IC timer is available in 8 pin dual-in-line (DIL) or in a circular metal CAN package. Some manufacturers use the suffix C to indicate the commercial version for general purpose applications.

				Functional block diagram

				In Fig. 4.9(a), a string of three equal resistors (R = 5 kW) bridged between the supply voltage +VCC and ground, provides reference voltages for the threshold comparator and the trigger comparator. The reference voltages for the threshold comparator and the trigger comparator are + (2/3)VCC and +(1/3)VCC, respectively. The two comparators control the S-R flip-flop which in turn controls the state of the output. The output [image: Biswanath__Eq-4-35.wmf] of the S-R flip-flop decides whether the discharge transistor would be in cut-off state or go into saturation. A low power complementary output stage is also connected to the output [image: Biswanath__Eq-4-35.wmf] of the S-R flip-flop.

				Pin functions

				Pin 1 It is maintained at ground potential. The negative plate of the external timing capacitor CT is connected to this terminal. The negative plate is normally connected to the circuit common line when operated from positive supply voltages.

				Pin 2 This pin is termed trigger input. The inverting input of the trigger comparator is connected to this pin. When a negative-going external trigger pulse is applied to this terminal to initiate the switching state of the timer output, the output of the trigger comparator goes high momentarily and sets the flip-flop, i.e. Q = 1 and [image: Biswanath__Eq-4-35.wmf] = 0. 

				[image: Fig-4-9a.eps]

				Fig. 4.9(a) Internal block diagram of a 555 IC timer with pin notations.

				Pin 3 It is referred to as the output terminal. In addition, an inverting output buffer (high- current totem-pole transistor stage) is incorporated so that considerable current can be sourced or sunk to/from a load. The input of the buffer comes from the complemented output [image: Biswanath__Eq-4-36.wmf] of the S-R flip-flop.

				Pin 4 This pin is known as the reset input. When this terminal is grounded (or a negative-going reset pulse is applied to this terminal), it inhibits the device, i.e. prevents the timer from working. This action is performed through a transistor Q2 as shown in Fig. 4.9(a). When the base terminal of the P-N-P transistor Q2 is grounded, the collector-emitter junction gets saturated which in turn resets the timer output to zero. It is tied to +VCC when the timer is working. 

				Pin 5 It is the control input. The voltage at this pin is maintained at + (2/3)VCC. Pin 5 is connected to the inverting input of the threshold comparator and bypassed to ground through a small capacitor of value 0.01 mF which provides noise (RF signal or stray ac) filtering of the control voltage since this terminal is a comparator input. In most applications, the control input is not used.

				Pin 6 This is the threshold input, whose voltage changes when the capacitor charges or discharges. It is compared with the control voltage + (2/3)VCC at pin 5. Pin 6 is connected to the non-inverting input of the threshold comparator.	

				Pin 7 The collector of the discharge transistor Q1 is connected to this pin. As the timing capacitor CT discharges through this pin and the collector-emitter junction of the discharge transistor, this pin termed the discharge pin. The conduction state of this transistor is identical in timing to that of the output stage.

				Pin 8 Power supply +VCC is connected to this terminal. Hence it is called a power supply pin.

				4.6.1 Working Principle of the 555 IC Timer as in Monostable Mode

				Assume that the output [image: Biswanath__Eq-4-36.wmf] is high without a trigger pulse having been applied. This saturates the transistor Q1 and clamps the capacitor voltage to ground. It also holds the output low at Pin 3. If a negative-going trigger pulse (slightly less than + (1/3)VCC) is now applied to trigger Pin 2, the output of the trigger comparator will become 1 (high) momentarily. This, S = 1 and R = 0 input condition sets the flip-flop, i.e. makes Q = 1 and 
[image: Biswanath__Eq-4-36.wmf] = 0. The output [image: Biswanath__Eq-4-36.wmf] = 0 of the flip-flop cuts off the transistor Q1 and allows the timing capacitor CT to charge towards +VCC as shown in Fig. 4.9(b). The charging path of the capacitor is shown in Fig. 4.9(a). 

					When the capacitor voltage at Pin 6, i.e. Pin 7 (since it is directly connected) is slightly more than + (2/3)VCC , the threshold comparator has a high output. The trigger pulse to the trigger input is maintained for a short time interval and then returned to +VCC. Consequently, the output of the trigger comparator changes from 1 to 0. So, now the 
S = 0 and R = 1 input condition resets the flip-flop to Q = 0 and [image: Biswanath__Eq-4-36.wmf] = 1. As soon as [image: Biswanath__Eq-4-36.wmf] goes high, it turns on the transistor. This quickly discharges the timing capacitor CT through the collector-emitter junction of the discharge transistor Q1 and clamps the capacitor voltage to ground which was the original and the stable state. In practice, the capacitor CT discharges exponentially as shown by the chain line in Fig. 4.9(b). The discharging path of capacitor CT is shown in Fig. 4.9(a). The charging time interval of capacitor CT from 0 V to + (2/3)VCC is the quasi-stable state of the timer as in monostable operation. As a result, one rectangular output pulse is obtained from the output terminal (Pin 3). The 555 IC will only trigger on a negative-going edge of the trigger pulse. It is necessary that the trigger input be returned to a voltage more than (1/3)VCC. A block diagram of the 555 IC timer in its monostable arrangement is shown in Fig. 4.9(c). Isometric view and pinout diagram of the 555 IC timer are shown in Figs. 4.9(d) and (e), respectively. 

				Mathematical expression for duration of the high pulse in monostable mode

				The timing capacitor CT has to charge through resistance RT. The larger the charging time constant (RTCT), the longer it takes for the capacitor voltage to reach + (2/3)VCC. In other words, the time constant RT CT controls the width of the output pulse. The duration of the output pulse width is given by, W = 1.1RTCT as shown below.

				The basic switching equation that applies to an R-C circuit is 

					v = vi + (vf – vi){1 – e–(t/RC)} ………(4.7a)

				where

					v	is the instantaneous capacitor voltage                                                                           

				[image: Fig-4-9b.eps]

				Fig. 4.9(b) Waveforms of a 555 IC timer as in monostable mode.

				[image: Fig-4-9c.eps]

				Fig. 4.9(c) Block diagram of the 555 IC timer as in monostable mode.

				[image: Fig-4-9de.eps]

				Fig. 4.9(d) and (e) The 555 IC timer: (d) isometric view and (e) pinout diagram.

					vi	is the initial capacitor voltage

					vf	is the target capacitor voltage

					t	is the charging time

					RC	is the time constant.

				In Fig. 4.9(a), the initial capacitor voltage is zero, the target capacitor voltage is +VCC, and the final capacitor voltage reached is + (2/3)VCC. Now, from Eq. (4.7a),

					[image: Biswanath__Eq-4-37.wmf]	

				where t = W as in Fig. 4.9(b). Thus,

					[image: Biswanath__Eq-4-38.wmf]

				Therefore,

					W = 1.1RTCT………(4.7b)

				4.6.2 Working Principle of the 555 IC Timer as in Astable Mode

				In Fig. 4.10(a), the resistor R1 (connected between Pin 8 and Pin 7) and R2 (between 
Pin 7 and Pin 6) are the timing resistors. Pin 2 is tied to Pin 6. When [image: Biswanath__Eq-4-36.wmf] is low, the timing capacitor CT charges through resistors R1 and R2 towards +VCC. The charging time constant is, Tc = (R1 + R2)CT.

					As the capacitor charges, the threshold voltage at Pin 6 increases. As long as the capacitor voltage is more than + (1/3)VCC but less than + (2/3)VCC, the outputs of both the trigger and threshold comparators remain 0 (i.e. S = 0 and R = 0) resulting in the flip-flop output Q and the output at Pin 3 high (1). When the threshold voltage exceeds + (2/3)VCC, the threshold comparator has a high output. So, S = 0 and R = 1 input condition resets the flip-flop, i.e. Q = 0 and [image: Biswanath__Eq-4-36.wmf] = 1. The output [image: Biswanath__Eq-4-36.wmf] = 1 in turn saturates transistor Q1. Now, the timing capacitor CT starts discharging from +VCC towards 0 V through R2 and the collector-emitter junction of discharge transistor Q1. The discharging current path is shown in Fig. 4.10(a). The discharging time constant is, Td = R2CT.

					As long as the capacitor voltage is less than + (2/3)VCC but more than + (1/3)VCC, the outputs of the threshold and trigger comparators are both 0. Such a condition (S = 0 

				[image: Fig-4-10a.eps]

				Fig. 4.10(a) Internal and external connections of a 555 IC timer as in astable mode.

				and R = 0) maintains the capacitor to discharge. When the capacitor voltage falls slightly below + (1/3)VCC, the trigger comparator has a high output. Therefore, S = 1 and R =0 condition sets the flip flop to Q = 1 and [image: Biswanath__Eq-4-35.wmf] = 0. The output [image: Biswanath__Eq-4-35.wmf] = 0, in turn, cuts off transistor Q1. The capacitor will again charge from + (1/3)VCC towards +VCC as shown in Fig. 4.10(b). 

				Since the charging time constant is longer than the discharging time constant, the output is asymmetric; the high output state lasts longer than the low output state. To specify how much asymmetric the output is, the duty cycle will be used which is defined as the ratio of the high duration pulse (or ON time) to the high duration pulse plus the low duration pulse (or OFF time).

				Mathematically, the duty cycle is expressed as

					[image: Biswanath__Eq-4-39.wmf]………(4.8)

				[image: Fig-4-10b.eps]

				Fig. 4.10(b) Waveforms of a 555 IC timer as in astable mode.

				or

					D = (W/T) 100% ………(4.9)

				where 

					W =	tON = time duration of the output in the high state

					T =	tON + tOFF = time period of the output

				Figure 4.10(c) is a block representation of the 555 IC timer as in astable mode. If R1 is replaced by a diode D or the diode D is connected across R2 as shown in Fig. 4.10(d), the charging time constant becomes equal to the discharging time constant which makes the output symmetrical ( i.e. the duration of the high pulse equals the duration of the low pulse). In other words, the duty cycle becomes 50%. 

					In connection with timer circuits, another term mark to space ratio is used which is defined as the ratio of the high duration of the output pulse (or ON time) to the low duration of the output pulse (or OFF time). Mathematically, the mark to space ratio (MSS) is expressed as

					MSS = tON/tOFF ………(4.10)

				Mathematical expression for duration of the high output pulse tON and of low output pulse tOFF in astable mode

				In Fig. 4.10(b), the capacitor CT takes time W to develop an upward rise in the charge. The capacitor voltage starts at + (1/3)VCC and rises to + (2/3)VCC with a target voltage of +VCC. Substituting all the values in Eq. (4.7),

					(2/3)VCC = (1/3)VCC + {VCC – (1/3)VCC}{1 – [image: Biswanath__Eq-4-40.wmf]}

				[image: Fig-4-10c.eps]

				Fig. 4.10(c) Block representation of a 555 IC timer as in astable mode.

				[image: Fig-4-10d.eps]

				Fig. 4.10(d) External connections of a 555 IC timer as in astable mode when the duty cycle is 50%.

				or	

					2/3 = (1/3) + (2/3){1 – [image: Biswanath__Eq-4-41.wmf]}

				or	

					2 = 1 + 2{1 – [image: Biswanath__Eq-4-41.wmf]

				or	

					0.5 = [image: Biswanath__Eq-4-41.wmf]

				Therefore, the duration of the high output pulse is given by

					W = 0.693(R1 + R2)CT = tON ………(4.11)

					The discharge equation is similar, except that R2 is used instead of (R1 + R2). In 
Fig. 4.10(b), the discharge time is (T – W), which leads to 

					T – W = 0.693R2CT = tOFF………(4.12)

				Hence, the time period is given by

					T = 0.693(R1 + R2)CT + 0.693R2CT………(4.13)

				The duty cycle is given by

					[image: Biswanath__Eq-4-42.wmf]

				Therefore,

					[image: Biswanath__Eq-4-43.wmf]………(4.14)

				The frequency of oscillation is given by

					[image: Biswanath__Eq-4-44.wmf]

					[image: Biswanath__Eq-4-46.wmf]………(4.15)

				Example 4.5

				If R2 = 500 W, calculate the values for R1 and CT of a 555 IC timer, as shown in Fig.4.10(c), whose clock frequency and duty cycle are 1.5 MHz and 70%, respectively. 	

				Solution The time period of 1.5 MHz clock is

					T = 1/f  = 1/(1.5  106) = 0.67 ms 

				The duty cycle is given by

					D = W/T = tON/T

				or

					[image: Biswanath__Eq-4-47.wmf]

				Therefore,

					tON = 0.469 ms 

				and

					tOFF =	T – tON 

					=	0.67 – 0.469 = 0.201 ms	 

				Again, the duty cycle from Eq. (4.14) is

					[image: Biswanath__Eq-4-48.wmf]

				or	

					0.7 = (R1 + 500)/(R1 + 2  500)

				Therefore,

					[image: Biswanath__Eq-4-49.wmf] 

				Now,

					tOFF = 0.69R2C2

				or	

					0.201  10–6 = 0.69  500C2

				Therefore,

					[image: Biswanath__Eq-4-50.wmf]	 

				4.6.3 10 kHz IC Timer

				In Fig. 4.10(c)	 when R2 is very large relative to R1, the operating frequency is determined mainly by R2 and CT, an almost symmetrical square wave output develops on Pin 3, and a nearlinear triangle waveform appears across CT. The graph of Fig. 4.11(a) shows the consequent relationship between the frequency and the CT –R2 values. If R2 >> R1, then 
tON @ 0.693R2CT and tOFF @ 0.693R2CT.

				[image: Fig-4-11a.eps]

				Fig. 4.11(a) Relationship between CT, R2 and 555 astable frequency when R2 is large compared to R1.

				Therefore, the total time period and frequency are given, respectively, by

					T = tON + tOFF = 1.386R2CT 

				and 

					f = 1/T = 1/1.386R2CT

				If R2 = 75 kW and CT = 100 nF, then the frequency of the 555 timer in astable mode is 

					f = 1/{1.386(75  103) (100  10–9)} = 10  103 Hz = 10 kHz

				4.6.4 Disadvantages of the 555 IC Timers

				Unfortunately, when timing periods in excess of tens of seconds are required, the humble 555 timer is somewhat limited in accuracy. This limitation is directly attributable to 
poor tolerance and excessive leakage currents associated with large-value electrolytic capacitors.

					An obvious solution to the problem is that of using a short-period time standard (one that can be generated with a high degree of accuracy) and dividing this period by using a chain of binary dividers to produce the desired output period. The effort to overcome 
this drawback led to the invention of long-period timers which are of the following two types:

				Precision long-period timers. These timers have a single division ratio. The 555 is used as a gated astable that generates clock signals with fairly short cyclic periods (using non-electrolytic timing elements) and these periods are effectively expanded by a factor through the divider stage, which controls the 555 gating. 	

				Programmable long-period timers. These timers have a division ratio that can be varied by external electronic signals. The mA2240 ICs are used as programmable long-period timers. 

				4.6.5 Parameter Values of the 555 IC Timer

				The following are the parameter values of the 555 IC timer.

				
					
						
								
								 Parameter 

							
								
								 Value

							
						

						
								
								Supply voltage range

							
								
								4.5–16 V

							
						

						
								
								Power dissipation (max)

							
								
								600 mW

							
						

						
								
								Threshold voltage

							
								
								+ (2/3)VCC

							
						

						
								
								Trigger voltage

							
								
								+ (1/3)VCC

							
						

						
								
								Reset voltage

							
								
								0.7 V

							
						

						
								
								Output rise/fall times

							
								
								100 ns

							
						

						
								
								Supply current (at VCC = 15 V)

							
								
								10 mA

							
						

						
								
								Maximum output source/sink current

							
								
								200 mA 

							
						

						
								
								Timing accuracy, typical

							
								
								± 1%

							
						

						
								
								Drift with temperature

							
								
								50 ppm/°C

							
						

						
								
								Drift with supply voltage

							
								
								0.1%/V

							
						

					
				

				4.7 555 IC AS VOLTAGE-CONTROLLED OSCILLATOR 

				Figure 4.11(b) shows a voltage-controlled oscillator (VCO). It is a free running multivibrator which may be used to generate square and triangular waves; the frequency of the generated waveforms is the linear function of a control voltage. Hence it is called a voltage-controlled oscillator. The frequency is also a function of an external resistor and a capacitor. The circuit is, therefore, sometimes called a voltage-to-frequency converter because an input voltage can change the output frequency.

				[image: Fig-4-11b.eps]

				Fig. 4.11(b) 555 IC as a voltage-controlled oscillator.

					Pin 5 (control input) connects to the inverting input of the threshold comparator. Normally, the control voltage is + (2/3)VCC because of the internal voltage divider. In 
Fig. 4.11(b), however, the voltage from an external potentiometer overrides the internal voltage. In other words, by adjusting the potentiometer, the control voltage Vcon can be changed.	 

					Figure 4.11(c) illustrates the voltage across the timing capacitor CT which varies between +Vcon/2 and +Vcon. If +Vcon is increased, it takes the capacitor longer to charge and discharge; therefore, the frequency of the output decreases. As a result, the frequency of the circuit can be changed by varying the control voltage.

				[image: Fig-4-11c.eps]

				Fig. 4.11(c) Capacitor timing waveform of a voltage-controlled oscillator using 555 IC.

				4.8 555 IC AS RAMP GENERATOR

				When the pull-up resistor RT in the monostable circuit as shown in Fig. 4.9(a) is replaced by a constant current source, a linear ramp is generated as shown in Fig. 4.12. A p-n-p current source produces a constant charging current of Ic = (VCC – VE)/RE, where

					[image: Biswanath__Eq-4-51.wmf]

				If VCC = 12 V, RE = 18 kW, R1 = 4 kW, R2 = 8 kW, and VBE = 0.7 V, then

					VE = [{8/(4 + 8)}  12] + 0.7 = 8.7 V

				and

					Ic = (12 – 8.7)/(18  103) = 0.183 mA

				When a trigger pulse is applied to the trigger input (Pin 2), the p-n-p current source forces a constant charging current (maximum current) into the capacitor. Therefore, the voltage across the capacitor is a ramp, the slope of which is, S = Ic/CT.

				If the capacitance CT = 0.015 mF, the ramp will have a slope of 

					S = (0.183  10–3)/(0.015  10– 6) = 12.2 V/ms	

				Figure 4.12 also shows the trigger and ramp waveforms. 

				[image: Fig-4-12.eps]

				Fig. 4.12 555 IC as a ramp generator.

				4.9 555 IC AS SCHMITT TRIGGER

				The 555 IC timer can be made to function as a Schmitt trigger by connecting the threshold input (Pin 6) and the trigger input (Pin 2) of the two comparators together to a common input, as shown in Fig. 4.13, and applying the external input signals directly to the common point. The inverting voltage and the non-inverting voltage of the threshold and trigger comparators are + (2/3)VCC and + (1/3)VCC, respectively. The comparator outputs drive the two inputs R and S of the flip-flop.

				[image: Fig-4-13.eps]

				Fig. 4.13 555 IC timer as Schmitt trigger.

					When the input signal vin to the common input terminal rises above + (2/3)VCC, the 
R = 1 and S = 0 condition resets the flip-flop, resulting in low output state of the timer. The timer output remains in this state until the input falls below + (1/3)VCC. As soon as the input signal falls below + (1/3)VCC, the R = 0 and S = 1 condition sets the flip-flop, resulting in the high output state of the timer which remains there until the input signal rises above 
+ (2/3)VCC again. The difference between these two trigger levels is called the hysteresis value of the circuit, which has a value of + (1/3)VCC.

				4.10 556 IC TIMER

				The LM556 dual timing circuit which is housed in the 14 pin DIL package, is a highly stable controller capable of producing accurate time delays or oscillations. The 556 is a dual 555. For each timing function, the timing is provided separately by an external resistor and a capacitor. The two timers, thus, operate independently of each other sharing +VCC and ground. They have the same electrical characteristics as that of the standard 555. These circuits may be triggered and reset on falling edges of the waveforms. The output structure may sink or source 200 mA. Figure 4.14 represents the pinout diagram of the 556 IC timer. 

				[image: Fig-4-14.eps]

				Fig. 4.14 Pinout diagram of the 556 dual timer.

				4.11 741 OP-AMP AS an ASTABLE MULTIVIBRATOR

				Figure 4.15 represents a free running or astable multivibrator circuit using a 741 op-amp. Presume that the op-amp output is initially at + Vsat and capacitor C1 charges through resistor R1. As soon as the voltage across C1 exceeds the positive reference voltage, 
Vref = {Vsat /(R2 + R3)}R3, developed by the potential divider circuit (R2–R3) at the non-inverting input of the 741 op-amp, the output voltage switches over to a negative value. Now, capacitor C1 first discharges and then recharges in the opposite direction through R1 until its voltage is less than the voltage at the non-inverting input of the op-amp. When the output voltage changes from a positive to its negative value, the feedback voltage at the non-inverting input will be, – Vref = {(– Vsat)/(R2 + R3)}R3. If the voltage across capacitor 
C1 exceeds – Vref, the output of the op-amp again reverts to its positive voltage, i.e. + Vsat. The cycle repeats itself as long as the power supplies are ON. Hence a rectangular digital pulse will be obtained from the output of the op-amp without any external pulse having been applied to the inputs of the op-amp.

				[image: Fig-4-15.eps]

				Fig. 4.15 The 741 op-amp as an astable multivibrator.

				4.12 741 OP-AMP AS a MONOSTABLE MULTIVIBRATOR

				Figure 4.16 shows a single-shot or monostable multivibrator circuit using a 741op-amp. The potential divider circuit R1–R2 maintains half the supply voltage at the non-inverting input when R1 = R2. If switch S is open, capacitor C1 charges through R3. As the charging voltage across C1 (at Pin 3) exceeds the voltage at the non-inverting input, the output will become a positive value at +Vsat. The single-shot can be triggered by closing and then opening the switch S. Just at the instant of closing the switch, capacitor C1 discharges instantly and the output will change to –Vsat. When the switch is re-opened, the capacitor

				[image: Fig-4-16.eps]

				Fig. 4.16 The 741 op-amp as a monostable multivibrator.

				recharges through R3. As soon as the capacitor voltage exceeds half the supply voltage, the output voltage will again change to its original state at +Vsat. This is the stable state of the monostable multivibrator.

				4.13 741 OP-AMP AS A BISTABLE MULTIVIBRATOR

				Assume that switch S is position ‘a’ as shown in Fig. 4.17 and the output is initially positive, i.e. +Vsat. The output of the op-amp is fed back directly to the non-inverting input of the amplifier. If switch S is changed to position ‘b’, the output switches from a positive to a negative voltage, i.e. –Vsat. Again the output will revert to its original state when switch S is thrown to position ‘a’. Thus, a rectangular pulse will be obtained from the output terminal.

				[image: Fig-4-17.eps]

				Fig. 4.17 The 741 op-amp as a bistable multivibrator.

				4.14 SEQUENTIAL TIMER

				Sequence control involves controlling the sequence in which certain events occur. Sequential timers are used in sequential operation of machines and automatic traffic control systems. Figure 4.18 shows the circuit diagram of a sequential timer using 555 IC timers.

				Principle of operation

				Assume that all 555 IC timers are initially OFF. When switch S is closed, the first timer is triggered momentarily and its output vout1 goes high. After a time interval, T1 = 1.1R1C1, the output of the first timer (vout1) goes low. Now, the low output of the first timer triggers the second timer. After the elapse of a time interval, T2 = 1.1R3C4, the output of the second timer goes low. Similarly in this sequence, the output of the fourth timer (vout4) goes low after a time interval, T4 = 1.1R7C10.

					If the output of the last timer is fed back to the trigger input of the first timer, the whole order repeat itself endlessly. The four timers can be used to control four relays RLY1, RLY2, RLY3, and RLY4 and these switch in a sequence 1, 2, 3, 4, 1, . . .

				[image: Fig-4-18.eps]

				Fig. 4.18 Circuit diagram of a sequential timer.

				4.15 DIGITAL OR PROGRAMMABLE TIMER

				With the arrival of large-scale ICs, mainly because of the improvements in metallic oxide semiconductor (MOS) technology, IC timers have been improved upon as well. The digital or programmable timer is a classical example. The programmable feature increases the value of the timer for computer-controlled applications as well as for others.

					The mA2240 programmable long-period timer IC is a special-purpose device suitable for use in a very limited number of timing applications. Figure 4.19(a) shows the block diagram with pin notations. The mA2240 is a development of the basic 555 timer, incorporating an internal time base oscillator together with an 8-bit binary counter chain housed in a 


				[image: Fig-4-19a.eps]

				Fig. 4.19(a) Block diagram with pin notations of the mA2240 programmable timer IC.

				16-pin DIL package. The divider chain outputs are, in fact, open collector transistors and these can, therefore, be connected together in a wired-AND configuration to give division ratios of 1, 2, 4, 8, 16, 32, 64, and 128 between pins 1 to 8, respectively. The oscillator is controlled by an external RC timing network and generates a cyclic waveform of period equal to RC seconds. The device permits access to the counter chain such that the actual division can be programmed in the range 1 to 255.

				If several outputs are linked together, it will be necessary for all outputs to go HIGH to enable the collective output to go high. If any one or more of the outputs should be low, then the collective output would be low too. This arrangement provides a neat method of resetting the timer when the count reaches a particular state determined by the eight divided outputs.

				Principle of operation

				The timing cycle is initiated by applying a positive-going trigger pulse to Pin 11. The trigger activates the time base oscillator, enables the counter section, and sets all the counter outputs to low state. The clock pulses with a period equal to RC generated by the time base oscillator are counted by the binary counter section. The timing cycle is completed when a positive-going reset pulse is applied to Pin 10. 

				In the reset state, both the time base and the counter section are disabled and all the counter outputs are in high state. In most timing applications, one or more outputs of the counter are connected back to the reset terminal when switch S1 is closed [see
Fig. 4.19(b)]. Connected this way, the circuit will start the timing cycle when a trigger is applied and automatically reset itself to complete the timing cycle when a programmed count is complete. If none of the counter outputs is connected back to the reset terminal (S1 open), the circuit will operate in its astable mode after an input trigger.

				[image: Fig-4-19b.eps]

				Fig. 4.19(b) External connections of a mA2240 programmable/digital timer.

				For example, if Pins 3, 6, and 7 are tied to the output bus, the total time delay will be (4 + 32 + 64)T = 100T, i.e. the output of the circuit will switch HIGH on the arrival of the hundredth clock pulse. As the output goes high, it feeds a reset signal to Pin 10 through R3 and this turns the time base oscillator off and sets all eight divider outputs high, thus completing the timing operation. In this manner, the timing cycle can be programmed from 1 to 255T, where T = RC.

				When power is applied with no trigger or reset inputs, the circuit reverts to its reset state. The outputs of the binary counter are high or in a nonconducting state. Once triggered, the circuit is immune to additional trigger inputs, until the timing cycle is completed or a reset input is applied. The time period of the time base oscillator can also be modulated by applying a dc voltage to Pin 13. The time base oscillator can also be synchronised by applying a sync pulse to Pin 12. The time base output at Pin 14 is an open collector stage and requires a 20 kW pull-up resistor to Pin 15 for the circuit operation. At reset, the time base output is in high state, and subsequent to triggering, it produces a negative-going pulse train with a time period T = RC. The time base output is internally connected to the binary counter and in some applications it may be used as an externally generated clock pulse. 

				4.16 SWITCHING CIRCUITS

				In practice it is often required to make or break an electrical circuit, it is thus desirable and necessary that this ‘make and break’ should be very quick and without sparking. Mechanical switches cannot be used for this purpose because they have high inertia which limits their speed of operation. Also, sparking occurs at the contacts during make-break operations, resulting in pitting of the contacts. Thus, in many electronic systems, transistors are used as non-linear elements, i.e. as controlled switches. A digital computer, for example, will use, literally several thousand transistor switches. The speed with which the switches operate is of great importance in digital systems.

				Properties of an ideal switch

				An ideal switch should have the following properties:

				
						Instant turn-on and turn-off times

						No power loss

						High speed of operation (it means 106 make-break operations per second)

						Noiseless operation

						Sparkless operation

						Zero ON-value resistance (Ron = 0)

						Infinite OFF-value resistance (Roff = )

				

				4.16.1 Transistor as a Switch

				In the case of a transistor, there is a time delay between the leading edge of the input voltage pulse and the time that the collector current takes to reach 90% of its maximum value. This time is known as the turn-on time.

					The time required for the collector current to decrease from IC, sat to 0.1 IC, sat when input voltage goes negative is called the turn-off time.

					The resistances of a switching transistor in the ON state (Ron) and OFF state (Roff) approximate to very low and high values, respectively. So practical switching devices (transistors, FETs etc.) are not really ideal in the sense that they all have some finite values of

				
						turn-on time 

						turn-off time

						power loss

						ON-value resistance

						OFF-value resistance

				

				The transistor, however, can be made to operate as a near-ideal switch by designing the associated circuit so that the transistor is either in the cut-off region or in the saturation region. When the transistor is cut-off, no collector current (except leakage current ICEO due to minority carriers) flows and the switch is open. When the transistor is in saturation state, maximum collector current flows as the input circuit is biased sufficiently and the switch is closed. The switch is controlled by the current applied to the base. The transistor switching circuit is driven by an input pulse wave as shown in 
Fig. 4.20(a). The input waveform makes a transition from voltage level – V1 to V2 at time 
t = 0, and after a time interval T it again makes a transition from V2 to – V1 as shown in the figure. The transistor at –V1 is in cut-off state and at V2 in saturation state.

				[image: Fig-4-20a.eps]

				Fig. 4.20(a) Transistor as a switch.

				Saturation region

				When the input voltage is made so much positive that saturation collector current flows, the transistor is said to be in the ON condition. The voltage across the collector-emitter junction is the saturation voltage, Vsat. Typically, Vsat for most switching transistors is 0.1 V or less. In this region, a transistor may be represented by the model of a closed switch in series with a battery of Vsat volts as shown in Fig. 4.20(a). A transistor when ON is in saturation state and is referred to as a saturated switch. If a transistor is ON and not in the saturated region, it is referred to as a non-saturated switch. In the interest of greater efficiency, transistors are generally operated as saturated switches.

				The saturation collector current is given by

					IC, sat = (VCC – VCE, sat)/RL ………(4.16)

				Power loss in the saturation region is given by

					PL, sat = VCE, sat IC, sat ………(4.17)

				The efficiency of the transistor as a switch in the saturation region is high as the power loss is quite low due to small value of VCE, sat = 0.1 V = Vsat.

				The resistance of the transistor in the saturation region is

					RON = VCE, sat/ICE, sat ………(4.18) 

				which is of very low value since VCE, sat is small as may be seen from Fig. 4.20(b).

				[image: Fig-4-20b.eps]

				Fig. 4.20(b) Output characteristic curve of the switching transistor.

				It may be seen that the collector current ic does not immediately respond to the transition in the input wave. Instead, it takes a certain definite time td for the current to rise to 10% of IC, sat as shown in Fig. 4.20(c). It is approximately equal to the time required for the base-emitter voltage (emitter diode) to increase from –V1 to about 0.7 V. (This happens because of the interelectrode capacitance CBE of the transistor.) This time duration td is called the delay time. 

				[image: Fig-4-20c.eps]

				Fig. 4.20(c) Collector current response to the driving input pulse.

					Again, the collector current takes a certain rise time tr to rise from 10% to 90% of IC, sat. During this interval the transistor is operating in the active region.

					The total turn-on time tON is the sum of the delay time td and the rise time tr. Therefore,

					ton = td + tr ………(4.19) 

				Cut-off region

				In this region, the transistor is considered to be OFF. It may be represented by the model of an open switch as shown in Fig. 4.20(d). In switching a transistor from ON to OFF (or from OFF to ON), it makes a transition through the active region. A fast switching transistor makes this transition very rapidly. Power loss in the cut-off region is given by

					PL, off = VCC ICEO ………(4.20)

				The efficiency of the transistor as a switch in the cut-off region is high as the power loss is quite low because of the small value of ICEO. The resistance of the transistor in the cut-off region is given by

					ROFF = VCC/ICEO ………(4.21)

				This is a very high value since ICEO is small.

				[image: Fig-4-20d.eps]

				Fig. 4.20(d) Transistor as an open switch.

					As the input signal returns to its initial state at t = T [see Fig. 4.20(a)], the output (collector) current again fails to respond immediately. The storage time ts is the elapsed time from the trailing edge of the input pulse (t = T) to the point where the collector current iC has dropped to 90% of IC, sat [see Fig. 4.20(c)]. The failure of the transistor to respond at the trailing edge of the driving pulse for the time interval ts results from the fact that a transistor in saturation has a saturation charge of excess minority carriers in the base. The transistor cannot respond until this saturation excess charge has been removed.

					Further, the time interval taken by the collector current to fall from 90% to 10% of IC, sat is called the fall time tf. The fall time is due to the fact that, if a base current step is used to return the transistor from saturation to cut-off, the transistor collector current must traverse the active region. The collector current decreases along an exponential path because of the interelectrode capacitance CCE.

					The total turn-off time is the sum of the storage time ts and the fall time tf. Therefore,

					toff = ts + tf ………(4.22)

				Propagation delay time of a transistor

				The time taken by a transistor switch to respond to an input signal is called the propagation delay time tpd. The propagation delay time is usually defined as the elapsed time between the mid-points of the input signal transition voltage and the output signal transition voltage as shown in Fig. 4.20(e).

				[image: Fig-4-20e.eps]

				Fig. 4.20(e) Propagation delay time of a transistor switch.

					The propagation delay when the switch output falls from the high state to the low state is symbolized as tpd, HL or tpd– . Similarly the propagation delay, when the switch output rises from the low state to the high state is called tpd, LH or tpd+. Usually tpd+ is greater than tpd– because of the inevitable capacitance at the switch output.

				4.16.2 Comparison of a Transistor and an SCR as a Switch 

				Though the switching operation of the SCR (thyristor) is covered in Chapter 5, the following comparison between the transistor and SCR as a switch is presented to highlight the comparative demerits of the transistor.

				
					
						
								
								Transistor 

							
								
								SCR

							
						

						
								
								There is no regenerative action in the transistor, it requires a continuous base current in order to stay in the conducting state.

							
								
								The SCR needs only a gate pulse to turn it ON. 

							
						

						
								
								A power transistor is also required to operate  in the active region in many applications.

							
								
								The SCR is used only as a switching device.

							
						

						
								
								The internal power losses in a power transistor are much higher. 

							
								
								The internal power losses in an SCR are much lower.

							
						

						
								
								The ratings of power transistors are in the range of a few watts to several hundred watts.

							
								
								The ratings of SCRs are in the range of a few kWs.

							
						

					
				

				4.17 ELECTRONIC TIME DELAY CIRCUITs

				These are used to alter the starting time of a control circuit or a load device. An electronic delay timer is set for a specific delay setting. On being energised, the timer delays the turn-on operation according to this delay setting. After the predetermined delay time, the switching device closes the line thereby energising the system load. For a specific time delay setting, the load device remains off on application of electrical energy until the delay time has elapsed. In electronic timers, switching is done using either SCRs or Triacs.

				4.17.1 AC Operated Delay Timer

				The timing unit as shown in Fig. 4.21(a) operates from a 230 V, 50 Hz ac supply. When the SPDT (single-pole double-throw) switch S is placed in position ‘a’, autotransformer T supplies 32 V between lines 2 and 3; current flows through diode D1 and it charges C1. A small current flows through R4 and the control relay coil (CR), but not enough to close the relay contact labelled ‘NO’ (normally open). Capacitor C2 now charges through R2 and the variable resistance of potentiometer P. As soon as the potential across C2 exceeds the emitter potential of UJT, current flows through diode D2 and the UJT. There is a sudden decrease in resistance within the UJT between its emitter (E) and base-1 (B1). The energy stored in C2 forces a surge of current through UJT and the control relay coil (CR), which is now large enough to energise the relay and thus close the ‘NO’ contact. Although this surge soon ends as C2 discharges, the control relay coil is kept energised by the current flowing through R4. So at the end of time delay as selected by potentiometer P, the UJT is triggered and the ‘NO’ contact connects 230 V across the external load.

				[image: Fig-4-21a.eps]

				Fig. 4.21(a) AC operated delay timer.

					When switch S is returned to position ‘b’, capacitor C2 discharges through R3, load, and the ‘NO’ contact—thereby turning off the UJT. At the start of each timing operation, any charge on C2 is drained through R1 and switch contact S.

				4.17.2 DC Operated Delay Timer Using 741 IC

				The resistive attenuator circuit R1–R2 maintains the voltage at the inverting input as shown in Fig. 4.21(b). In practice, R1 = R2, therefore, the voltage at the inverting input is half the supply voltage. A fraction of the output voltage is fed back to the inverting input through R4 for increasing the input impedance. The non-inverting input is connected to 

				[image: Fig-4-21b.eps]

				Fig. 4.21(b) DC operated delay timer using 741 IC.

				the junction of R3 and C. If switch S is kept open, the capacitor C charges through R3. When the capacitor voltage exceeds the voltage at the inverting input, the output abruptly changes from 0 V to the positive line potential. The voltage of reverse polarity at the output will appear if the external elements R3 and C are transposed. Time delays from a fraction of a second to several hours can be obtained by a judicious selection of R3 and C. This time delay which is independent of the supply voltage is equal to 0.69 R3C second, where C is in farads.

				4.18 UJT AS a RELAXATION OSCILLATOR

				Figure 4.22(a) shows a UJT relaxation oscillator which generates a trigger pulse as is applied to the gate of an SCR. When power VBB is applied, the capacitor C begins to draw 

				[image: Fig-4-22a.eps]

				Fig. 4.22(a) UJT as a relaxation oscillator.

				charging current exponentially through resistor R. The voltage across capacitor C (vc) is the emitter voltage of the UJT. As soon as the capacitor voltage reaches the peak point emitter voltage of the UJT, it is turned ON. The charging time constant is RC. At this time, the UJT switches to its low resistance conducting mode and the capacitor discharges exponentially through emitter (E), base-1 (B1) and resistor R1. When the voltage across capacitor C drops to approximately 2 V, the UJT turns OFF, and the cycle is repeated. The discharging time constant is R1C. The voltage across R1(vB1) is applied to the gate of an SCR. The waveforms are shown in Fig. 4.22(b).

				[image: Fig-4-22b.eps]

				Fig. 4.22(b) Waveforms of a relaxation oscillator using the UJT.

					The frequency f of the relaxation oscillator depends on the time constant RC and the characteristics of the UJT. For values of R1 ≤ 100 W, the period of oscillation T is given approximately by 

					T = 1/f = RC ln {1/(1 – h)}

				where h is the intrinsic stand-off ratio. The values of h lie between 0.51 and 0.82. If R1 is replaced by a warning pilot lamp, it can be used as an overvoltage detector.

				MULTIPLE CHOICE QUESTIONS

				1.		Multivibrator circuits are basically two-stage amplifiers in which the output of one stage is connected to the input of the other stage with 

						(a)	negative feedback.	

				(b)	positive feedback.

						(c)	either (a) or (b). 	

				(d)	none of the above. 

					2.	A square-wave oscillator is 

						(a)	an astable multivibrator.	

				(b)	a bistable multivibrator.

						(c)	a monostable multivibrator.	

				(d)	none of the above.

					3.	An astable multivibrator has

						(a)	one stable state.	

				(b)	two quasi-stable states. 

						(c)	two stable states. 	

				(d)	none of the above.

					4.	In a multivibrator, the nature of the external trigger which is applied at the base of the nonconducting transistor is 

						(a)	always positive.	

				(b)	always negative.

						(c)	either positive or negative.	

				(d)	unpredictable.

					5.	The leading edge in the output of an astable multivibrator is

						(a)	rounded.	

				(b)	a step.

						(c)	either rounded or a step.	

				(d)	none of the above.

					6.	The time period of a symmetrical astable multivibrator is

						(a)	0.69RC.	

				(b)	1.38RC.

						(c)	either (a) or (b).	

				(d)	none of the above. 	

					7.	The frequency of oscillation of an astable multivibrator depends mainly on the

						(a)	R-C values of the circuit.	

				(b)	b value of the transistor.

						(c)	width of the input pulse.	

				(d)	collector load resistor. 

					8.	In a free-running multivibrator, each stage remains cut off for 1 ms. The frequency of oscillation is

						(a)	10 MHz.	

				(b)	5 MHz.

						(c)	1 MHz.	

				(d)	0.5 MHz. 

					9.	The monostable multivibrator has

						(a)	no stable state.

						(b)	one stable state.

						(c)	one stable state and one quasi-stable state.

						(d)	none of the above.

					10.	A bistable multivibrator has

						(a)	no stable state.	

						(b)	one stable state.

						(c)	two stable states.	

						(d)	switches automatically from one state to another.

					11.	To use multivibrator as a memory element, one needs

						(a)	a monostable multivibrator.	

				(b)	a bistable multivibrator.

						(c)	an astable multivibrator.	

				(d)	none of the above.

					12.	The time constant of an RC circuit is the time required to charge a capacitor to

						(a)	36.8% of the applied voltage. 	

				(b)	63.2% of the applied voltage.

						(c)	50% of the applied voltage. 	

				(d)	none of the above.

					13.	The duty cycle of a 555 IC timer is

						(a)	adjustable.	

				(b)	fixed.

						(c)	adjustable or fixed. 	

				(d)	none of the above.

					14.	What is the maximum current that a 555 timer can source or sink under any conditions?

						(a)	It can source or sink 100 mA. 

					(b)	It can source 100 mA but sink 200 mA.

						(c)	It can source or sink 200 mA.	

				(d)	None of the above.

					15.	A 555 IC timer circuit is used for

						(a)	the measurement of time.

						(b)	converting voltage waveforms of different time constants.

						(c)	generating different pulses.

						(d)	designing an electronic clock.

					16.	A 555 IC timer has

						(a)	three comparators. 	

				(b)	two comparators.

						(c)	either (a) or (b).	

				(d)	none of the above.

					17.	When the 555 IC timer is working, the reset pin (Pin 4) is tied to

						(a)	+VCC.	

				(b)	ground.

						(c)	either +VCC or ground. 	

				(d)	none of the above.

					18.		In a simple timer (charging) circuit with input voltage V, the voltage vc across the capacitor after one time period is given by

						(a)	0.368V.	

				(b)	0.632V.

						(c)	0.328V.	

				(d)	0.25V.

					19.	Which one of the following is not an input or output of IC 555?

						(a)	Reset.	

				(b)	Discharge.

						(c)	Clock.	

				(d)	Trigger.

					20.	The longest feasible time delay that one can get from a 555 IC timer is

						(a)	about one day.	

				(b)	100 seconds.

						(c)	30 to 35 minutes. 	

				(d)	none of the above.

					21.	In a conventional one-shot 555 IC timer, the output on going high stays high for a time period that is equal to

						(a)	0.69RC.

						(b)	the time taken by the timing capacitor to charge from 0 to (2/3)VCC.

						(c)	the time taken by the timing capacitor to discharge from (2/3)VCC to 0.

						(d)	the time taken by the timing capacitor to discharge from (1/3)VCC to (2/3)VCC.

					22.	In a 555 IC timer as in monostable mode, the output pulse width is

						(a)	0.69RC. 	

				(b)	1.1RC.

						(c)	1.38RC.	

				(d)	2.2RC.

					23.	While designing IC 555s as astable and monostable circuits, which capacitor type should be opted for as a timing capacitor?

						(a)	Ceramic disc. 	

				(b)	Paper.

						(c)	Electrolytic.	

				(d)	Polyesterene.

					24.	With reference to the astable mode of operation of timer 555, which one of the following statements is true?

						(a)	The reset terminal is always grounded.

						(b)	The trigger terminal is always shorted to the threshold terminal.

						(c)	The reset terminal is left open.

						(d)	The trigger input is left open.

					25.	In a conventional astable multivibrator, the timing capacitor charges and discharges between

						(a)	0 and (1/3)VCC.	

				(b)	0 and (2/3)VCC.

						(c)	(1/3)VCC and (2/3)VCC.	

				(d)	0 and VCC.

					26.	In a conventional astable multivibrator using IC 555, the frequency of the output waveform will be

						(a)	1.45/(R1 + 2R2)C.	

				(b)	1/(R1 + 2R2)C.

						(c)	1.45/(R1 + R2)C.	

				(d)	1/1.1(R1 + 2R2)C.

					27.	If the value of the capacitor in a 555 timer astable multivibrator circuit is doubled, the statement that the frequency doubles itself is 

						(a)	true.	

				(b)	false.

						(c)	neither true nor false. 

					(d)	meaningless.

					28.	The duty cycle of a timer circuit is

						(a)	ton/toff.	

				(b)	toff /ton.

						(c)	ton/(ton + toff). 	

				(d)	(ton + toff)/ton.

					29.	The mark-to-space ratio of a timer circuit is

						(a)	ton/toff.	

				(b)	toff/ton.

						(c)	ton/(ton + toff).	

				(d)	(ton + toff)/ton.

					30.	What is the minimum duty cycle that one can achieve with the astable multivibrator?

						(a)	Approximately 50%, but slightly greater

						(b)	Approximately 50%, but slightly less.

						(c)	50%.

						(d)	25%.

					31.	Referring to Fig. 4.10(d), if diode D is to be ideal in a free-running multivibrator configuration, then the timing capacitor CT must charge and discharge during operation between

						(a)	0 and (1/3)VCC.	

				(b)	(1/3)VCC and VCC.

						(c)	(1/3)VCC and (2/3)VCC.	

				(d)	(1/4)VCC and (1/2)VCC.

					32.	What will be the duty cycle of the output waveform in Fig. 4.10(d)?

						(a)	25%.	

				(b)	50%.

						(c)	75%. 	

				(d)	None of the above.

					33.	A 10 kHz IC timer can operate in

						(a)	bistable mode. 

					(b)	monostable mode.

						(c)	astable mode.	

				(d)	either of the above three modes.

					34.	A 556 IC timer is nothing but

						(a)	an improved version of the 555 IC timer.

						(b)	another IC 555 timer made by another company.

						(c)	a pin-to-pin replacement of 555.

						(d)	a dual timer containing two independent 555 timers.

					35.	The voltage-controlled oscillator is

						(a)	a frequency-to-voltage converter.	

				(b)	a voltage-to-frequency converter.

						(c)	a current-to-frequency converter.	

				(d)	none of the above.

					36.	The mA2240 digital timer is

						(a)	an 8-pin DIL package.	

				(b)	a 16-pin DIL package.

						(c)	either (a) or (b).	

				(d)	none of the above.

					37.	In the mA2240 programmable timer, the bit of binary counter is

						(a)	an 8-bit counter. 	

				(b)	a 16-bit counter.

						(c)	either (a) or (b). 	

				(d)	none of the above.

					38.	A series R-C circuit is fed from a dc source of 10 V. If R = 50 W and C = 2 mF, the current will be maximum

						(a)	after 10 ms from turn-on. 	

				(b)	after 100 ms from turn-on.

						(c)	immediately after turn-on. 	

				(d)	after a small duration of 50 ms.

					39.	An ideal transistor switch has

						(a)	infinite ON-value resistance. 	

				(b)	zero OFF-value resistance.

						(c)	no power loss. 

					(d)	none of the above.

					40.	The turn-on time of a transistor is

						(a)	ton = td + tf.	

				(b)	ton = ts + tf.

						(c)	ton = td + tr. 	

				(d)	ton = td + ts.

					41.	The turn-off time of a transistor is

						(a)	toff = td + tf.	

				(b)	toff = ts + tf.

						(c)	toff = td + tr.	

				(d)	toff = td + ts.

					42.	When a UJT is used for triggering an SCR, the shape of the waveform of the voltage obtained from the UJT circuit is

						(a)	sine wave.	

				(b)	saw-tooth wave.

						(c)	square wave.	

				(d)	none of the above. 

				TRUE OR FALSE STATEMENTS

				Indicate whether the following statements are True or False.

					1.	An astable multivibrator has two inputs.

					2.	A free-running multivibrator generates square waves on its own.

					3.	An astable multivibrator does not require a source of dc power.

					4.	An astable multivibrator requires triggering pulses for its operation.

					5.	An astable multivibrator has one stable state.

					6.	The output of a free-running multivibrator switches automatically from one state to another.

					7.	The two rising edges in the output waveform of an astable multivibrator are rounded.

					8.	The time period of oscillation in an asymmetrical astable multivibrator is 1.38RC.

					9.	A univibrator has only one stable state and one quasi-stable state.

					10.	A one-shot multivibrator has two inputs and two outputs.

					11.	A monostable multivibrator does not need a trigger input.

					12.	A bistable multivibrator exhibits two quasi-stable states.

					13.	A univibrator is also referred to as a flip-flop.

					14.	The two leading edges in the output waveforms of a monostable multivibrator are rounded.

					15.	The bistable multivibrator exhibits memory.

					16.	The bistable multivibrator does oscillate without a trigger pulse.

					17.	The monostable multivibrator is used as a clock in digital computers.

					18.	The commutating capacitors in a bistable multivibrator are used to increase the transition time.

					19.	Bistable multivibrators are suitable for the construction of counters.

					20.	Transistors used for the construction of bistable multivibrators should change over very quickly between cut-off and saturation conditions.

					21.	The rate of capacitor discharge in an RC circuit may be slow in the beginning, but always becomes faster as the capacitor discharges.

					22.	The 555 IC timer is TTL compatible.

					23.	The 555 IC timer can be used for sequential timing.

					24.	The inverting output buffer of the 555 IC timer is a high current totem-pole transistor stage.

					25.	The 555 IC timer has two comparators.

					26.	The 555 IC timer as in monostable mode is a digital timing circuit that is used in a wide variety of timing applications.

					27.	The 555 IC timer can source or sink only fairly low values of load currents.

					28.	The 555 IC timer has poor temperature stability.

					29.	The delay generation is not possible with the 555 IC timer.

					30.	In most applications, the control input of the 555 IC timer is not used.

					31.	The 555 IC timer as in monostable mode will only trigger on a negative-going edge of the trigger pulse. 	

					32.	The clock wave used in a digital system using a 555 IC timer is normally a sine wave and it need not be a symmetrical square wave.

					33.	The basic timing elements in a timing circuit are capacitor and resistor.

					34.	The frequency of a voltage-controlled oscillator is the linear function of a control voltage. 	

					35.	The 555 IC timer cannot be used as a Schmitt trigger.

					36.	A Schmitt trigger can be used for getting a square wave from a sine wave.

					37.	In a sequential timer, the sequence control involves controlling the sequence in which certain events occur.

					38.	Once triggered, the programmable timer circuit is immune to additional trigger inputs, until the timing cycle is completed or a reset input is applied.

					39.	In an electronic delay timer, switching is done by an SCR or a triac. 

				REVIEW QUESTIONS

					1.	(a)	What is a multivibrator?

						(b)	Name the three classes of multivibrators.

						(c)	Name the types of multivibrators.  (WBDEE 1999)

						(d)	What are the basic differences among the three types of multivibrators?

					2.	(a)	WIth the help of a neat circuit diagram, explain the operation of an astable multivibrator using transistors. (WBDEE 1998)

						(b)	Discuss the waveforms generated by the astable (free-running) multivibrator.

						(c)	What causes the rounded leading edge of the output?

						(d)	Explain how the frequency of oscillation can be varied.

					3.	(a)	Obtain an expression for the time period of output of an astable multivibrator.

						(b)		Explain, why the astable multivibrator is also called a free-running multivibrator?

						(c)	Calculate the frequency of output waveform of an astable multivibrator in terms of R and C.

					4.	(a)	Draw the circuit diagram of the monostable (one-shot) multivibrator and explain its operation.

						(b)	Discuss the waveforms generated by the monostable (one-shot) multivibrator.

						(c)	What causes the rounded leading edge of one output and sharp edge of the other?

						(d)	Explain how the time duration of the quasi-stable state in a one-shot multivibrator can be changed.

						(e)	Why is monostable multivibrator regarded as one-shot multivibrator?

					5.	(a)	Draw the circuit diagram of a bistable (flip-flop) multivibrator using discrete components and explain its operation.  (WBDEE 1997) (WBDETC 2000)

						(b)	Discuss its important uses.  (WBDETC 2000)

						(c)	What are the different types of triggering signals?

					6.	(a)	What is time constant of a timer circuit?

						(b)	Why is time constant so important in a timer circuit?

						(c)	What is the basic principle of a timer circuit?

					7.	(a)	Draw a functional block diagram of the 555 IC timer and explain its operation. (WBDEE 1997) (WBDEE 2000) (WBDETC 2000)

						(b)	How can a monostable multivibrator be built with a 555 IC timer?

						(c)	Calculate the value of high duration clock pulse (tH).

					8.	(a)	The 555 IC timer can be used as an astable multivibrator. Explain its operation with the pin diagram.  (WBDEE 1999)

						(b)	What is duty cycle?

						(c)	Derive the mathematical expressions for tH, tL, frequency of oscillation, and duty cycle of an astable multivibrator.  (WBDEE 1997) (WBDETC 2000)

					9.	(a)	Draw and explain the block diagram of the 555 IC timer.  (WBDETC 2000)

						(b)	What is 1 kHz IC timer?

						(c)	Draw and explain the circuit to generate a clock signal of 10 kHz using the 555 IC timer.

					10.	(a)	Explain how the 741 op-amp can be used (i) as an astable multivibrator, (ii) as a monostable multivibrator, and (iii) as a bistable multivibrator.

						(b)	What are the functions of a voltage-controlled oscillator and those of a ramp generator?

					11.	(a)	Why is Schmitt trigger called a squaring circuit? 	

						(b)	What is the function of the Schmitt trigger?

						(c)	Explain the circuit operation of the Schmitt trigger with waveforms. Enumerate its application.

					12.	(a)	Describe the operation of a sequential timer as in traffic control applications.

						(b)	Draw the internal block and the pinout diagram of a digital timer.

						(c)	Explain the operation of a digital timer.

					13.	(a)	What are the properties of an ideal switch?

						(b)	‘Transistor is not an ideal switch for practical applications’. Discuss this statement.

						(c)	Explain how the transistor can be used as a switching element?

						(d)	What is meant by the propagation delay of a transistor?

						(e)	Compare the transistor and the SCR as switching elements.

					14.	(a)	What is an electronic delay timer?

						(b)	Draw the circuit diagram and give a write-up on the operation of an ac operated delay timer.

						(c)	Describe the function of a dc operated delay timer.

						(d)	How can a UJT be used as a relaxation oscillator?

				15.	(a)	Explain the working of an oscillator employing a UJT for triggering the SCR. (WBDEE 2000).

				(b)	Draw the nature of the output waveform of the above oscillator.  (WBDEE2000).

				PROBLEMS

					4.1	A symmetrical astable multivibrator as shown in Fig. 4.4(a) has a frequency of 
0.2 MHz and base amplitude of 0.1 mA, VCC = 15 V, hfe = 50. Assume that transistors are ideal and just saturate in operation in ON state. Calculate RL, RB, and C.

					4.2	The symmetrical monostable multivibrator as shown in Fig. 4.4(a) is to have an output pulse of 10 mA amplitude. Given C = 20 pF, VCC = VBB = 6 V, hfe = 20 and a reverse bias of 2 V for the OFF  transistor, determine the elements R1, R2, R, and the duration of the output pulse. Assume that the transistors barely saturate in the ON condition.

					4.3	A symmetrical bistable multivibrator as shown in Fig. 4.6(a) has the following data: VCE = 0.3 V, VBE = 0.6 V, hfe = 20, VCC = VBB = 5 V, RB = 18 kW, RL = 0.47 kW, 
RB1 = RB2 = 6 kW. Determine the collector and base currents for the ON transistor and the base voltage of the OFF transistor.

					4.4	Determine the frequency of oscillation and the duty cycle for a 555 IC timer in the astable mode. Given R1 = R2 = 1 kW and CT = 1000 pF.

			

		

	
		
			
				Chapter 5

				Thyristors

				5.1 INTRODUCTION

				The invention of this high-power solid state switching device, known as thyristor, in the year 1957 suggested a complete change in the concepts of control engineering. It was so named as its characteristics resembled those of its predecessor, i.e. gas-tube thyratron. With the development of numerous similar devices of alike characteristics, the whole family of such high-power switching devices has come to be known as thyristors. The whole thyristor family, therefore, includes the following devices:

				
						SCR (Silicon controlled rectifier, as the basic semiconductor material is silicon)

						Triac

						SCS (Silicon controlled switch)

						LASCR (Light activated silicon controlled rectifier)

						LASCS (Light activated silicon controlled switch)

						PUT (Programmable unijunction transistor) 

						LAPUT (Light activated programmable unijunction transistor)

						DIAC

						SUS (Silicon unilateral switch) or CSCR (Complementary SCR)

						SBS (Silicon bilateral switch)

				

				Power-switching devices are used for power control in the following applications:

				
						Speed controllers for ac and dc motors

						Temperature and illumination controllers

						AC and DC circuit breakers

						Variable frequency dc–ac inverters

						Variable voltage dc–dc converters

						Variable frequency ac–ac converters

						Variable voltage ac–dc rectifiers

						HVDC transmission lines

				

				Figure 5.1 shows the symbolic representations of the devices belonging to the thyristor family.

				[image: Fig-5-1.eps]

				Fig. 5.1 Symbolic representations of devices of thyristor family.

				5.2 SILICON CONTROLLED RECTIFIER 

				A silicon controlled rectifier (SCR) is a unidirectional power switch which has four P-N-P-N layers. It contains three electrodes—a cathode (C), an anode (A) and a control electrode called the gate (G) as shown in Fig. 5.2(a). It allows current to flow in one direction only and, therefore, it is also called a unidirectional, reverse blocking thyristor. The SCR can be switched from OFF to ON state by a positive trigger pulse of right character applied to the gate. In the forward direction, a high resistance is maintained until breakover occurs. The device exhibits the normal forward characteristic of a silicon diode when breakover takes place. In the reverse direction, the device exhibits the reverse characteristic of a silicon rectifier.

				[image: Fig-5-2a.eps]

				Fig. 5.2(a) Structure and symbol of an SCR.

				5.2.1 Constructional Features

				The cross-sectional views of two typical SCRs are shown in Figs. 5.2(b) and(c). Basically, the SCR consists of a four-layer pellet of P-type and N-type semiconductor materials. Silicon is used as the intrinsic semiconductor to which the proper impurities are added. The junctions are either diffused or alloyed. The planar construction in Fig. 5.2(b) is used for low-power SCRs. This technique is useful for making a numbers of units from a single wafer. Here, all the junctions are diffused. The other technique is the mesa construction shown in Fig. 5.2(c) which is used for high-power SCRs. Here, the inner junction J2 is obtained by diffusion, and then the outer two layers are alloyed to it. Because the P-N-P-N pellet is required to handle large currents, it is properly braced with tungsten or molybdenum plates to provide greater mechanical strength. One of these plates is hard-soldered to a copper or an aluminium stud, which is threaded for attachment to a heat sink. The heat sink provides an efficient thermal path for conducting the internal losses to the surrounding medium.

				[image: Fig-5-2bc.eps]

				Fig. 5.2(b) and (c)	Cross-sectional views of typical SCRs: (b) planar type (all diffused) and (c) mesa type (alloy diffused).

				5.2.2 Theory of Operation of SCR with Two Transistor Analogy

				In the structure of the SCR as shown in Fig. 5.2(a), the inner N-region is lightly doped. The outer P-region and the outer N-region are heavily doped. The doping of the inner P-region is intermediate between that of the inner N-region and the outer P-region (or the outer 
N-region). If a positive voltage VF is applied to the anode with respect to the cathode, junctions J1 and J3 are forward biased but junction J2 in the middle is reverse biased. Junction J2 passes a greater value of leakage current than a simple P-N junction would pass because junctions J1 and J3 here act as sources of minority carriers. Junctions J1-J2 and J2-J3 can be considered to constitute a P-N-P and N-P-N transistor, respectively, as shown in Fig. 5.3(a), where the junction J2 is the collector-base junction common to both component transistors. In a transistor, the total collector current is, IC = aIE + ICO where a and ICO are the emitter-collector current gain and collector reverse saturation current, respectively. The collector currents of the two transistors Q1 and Q2 are, therefore, given by

				IC1 = a1IA + ICO1  and  IC2 = a2IA + ICO2

				[image: Fig-5-3a.eps]

				Fig. 5.3(a) Two transistor analogy of the SCR.

				The total current in the anode terminal of the SCR is then given by

					IA = IC1 + IC2 = (a1IA + ICO1) + (a2IA + ICO2)

				Therefore, the forward current in the SCR is given by

					[image: Biswanath__Eq-5-1.wmf]………(5.1)

				Normally, (a1 + a2) for silicon is less than unity. But a slight increase in as causes the denominator of Eq. (5.1) to become extremely small and this produces a large forward current IA. When the forward voltage VF is increased, the leakage current at junction J2 increases. This increases the values of a1 and a2, causing a reduction in the value of denominator of Eq. (5.1). If the forward voltage is sufficiently large, carrier multiplication at J2 causes its breakdown and the leakage current increases rapidly. As a result, 
1 – (a1 + a2) reduces to zero. The increase in forward current IA at J2 is accelerated by an increase in current gains a1 and a2, until avalanche breakdown occurs. The current becomes so large that the component transistors are saturated. The voltage drop across the SCR falls nearly to 1.5 V and the forward current IA is limited by the external resistance RL. Once the forward breakdown occurs, the device remains in the ON state with a very low resistance until (a1 + a2) becomes less than unity.

					Thus, if a current is caused to flow across J3, the current through the entire device is increased. This enhancement is due to the increasing values of a1 and a2. If the current going to P-layer between J3 and J2, i.e. the gate current, is made greater than zero, the breakover voltage VBO is lowered. The effect of increasing gate current is to increase a2 only, and a1 is determined by the overall forward current. This means that 1 – (a1 + a2) is controlled both by the gate current and the total forward current. As the gate current increases in value, the forward breakover voltage becomes smaller and equal to the forward voltage drop of one P-N junction at some value of the gate current.

					When the SCR is turned on, all the four layers are filled with carriers, and even if the gate supply is removed, the device will continue to stay on because of internal regeneration. Therefore, a gate signal is required only for turning on the SCR. Once the SCR starts conducting, the gate loses all control and even if the gate voltage is removed, the anode current does not decrease at all. The only way to stop conduction is to reduce the applied voltage to zero or bring the forward current below the value of holding current IH.

					The SCR shown in Fig. 5.2(a) can be visualised as consisting of two separate transistors as shown in Fig. 5.3(a). Thus, the equivalent circuit of the SCR is composed of P-N-P and N-P-N transistors connected as shown in Fig. 5.3(b). It is clear that the collector of each transistor is coupled to the base of the other, thereby making positive feedback loops. With the gate G open, there is no base current in the transistor Q2. Therefore, no current can flow in the collector of Q2 and hence in the collector of Q1. Under such a condition, the SCR is open. 

				[image: Fig-5-3b.eps]

				Fig. 5.3(b) Two transistor analogy of the SCR using the equivalent symbol.

					If the switch S is closed, a small gate current IG (which is the base current of Q2) will flow through the base of Q2 which means that its collector current Ic2 will increase. The collector current of Q2 is the base current of Q1, therefore, the collector current of Q1 increases. But the collector current of Q1 is the base current of Q2 which combines 
with the gate current IG. It thus results in the enhancement of the base current of Q2. 
This phenomenon is cumulative since an increase in current of one transistor causes an increase in current of the other transistor. As a result of this action, both the transistors are driven into saturation causing a large value of current IA to flow through the load RL, and in this condition the SCR is said to be turned on.

				Why germanium is not used in controlled rectifiers

				In an ordinary transistor, the value of a is very approximately equal to unity but never equal to it. The SCR is designed so that (a1 + a2) remains less than unity for normal voltages between anode and cathode, with gate open-circuited and the values of a1 and a2 being individually less than 0.5. It is the characteristic property of silicon junctions that makes the value of a in such junctions quite small (less than 0.5) at very small current levels, and it increases as the current level is increased. Such a characteristic is not exhibited by germanium and, therefore, the controlled rectifiers are always made of silicon.

				5.2.3 Physical Operation of SCRs

				The physical operation of the SCR can be explained as follows:

				Forward blocking region

				A positive voltage VF when applied to the anode with respect to the cathode as shown in Fig. 5.2(a), forward biases J1 and J3, but J2 in the middle region is reverse biased. The depleted region at J2 sustains the applied forward voltage. No current can flow between the anode (A) and the cathode (C) because of reverse bias at J2. This is known as forward blocking. However, there is a small reverse leakage current because of the presence of minority carriers.

				Forward conduction region

				When the applied voltage VF is gradually increased towards the breakover voltage VBO with the gate open, then more holes are injected from the outer P-region to the inner N-region. Because of this large electric field at J2, the injected holes can easily diffuse from the inner N-region to the inner P-region. These large number of holes reaching the inner P-region increase the positive bias on J3, temporarily. This causes more electrons from the outer 
N-region to be injected into the inner P-region. Because of the electric field, these electrons further reach the inner N-region and increase the forward bias on J1 which further increases the hole injection from the outer P-region. This regenerative action continues till the voltage across the SCR drops to about 1.5 V and the forward current IA is limited by the external resistance RL. The SCR now conducts heavily and is said to be in the ON state with a very low resistance. The applied voltage at which the forward current suddenly jumps to a high value is called the breakover voltage +VBO as shown in Fig. 5.3(c) under Section 5.3.

				Effect on gate voltage

				When a small positive voltage is applied to the gate of the SCR, the junction J2 gets more forward biased. The injection of this gate current into the SCR lowers the breakover voltage to a value equal to that of the applied voltage, thereby turning the SCR on. When the SCR turns on, the voltage across the device is somewhat greater than the voltage drop across a diode with single junction. Once the SCR starts conducting, the gate loses all control and even if the gate voltage is removed, the anode current does not decrease at all. The only way to stop conduction is to reduce the applied voltage to zero.

				Reverse blocking region

				When a negative voltage is applied to the anode with respect to the cathode as shown in Fig. 5.2(a), J3 is forward biased while J1 and J3 are reverse biased. Again, no current will flow between the anode and the cathode except for the leakage current. This is known as reverse blocking.

				Reverse conduction region

				If the reverse voltage is gradually increased, avalanche breakdown occurs. The device may get damaged if there is an excessive reverse current. A positive gate drive to the SCR with the anode negative, causes the SCR to behave like a transistor and the reverse anode leakage current increases up to a value comparable with the forward gate current causing appreciable power dissipation to occur in the SCR. Saturation current depends on temperature. Hence a rise in junction temperature increases the saturation current, which further increases junction heating. This junction overheating can cause thermal runaway.

				5.3 SCR TERMINOLOGY

				The different terminologies used with SCRs are explained in the following subsections with reference to Fig. 5.3(c).

				[image: Fig-5-3c.eps]

				Fig. 5.3(c) V-I characteristic curve of the SCR.

				5.3.1 Forward Breakover Voltage or Forward Breakdown Voltage

				It is the minimum forward voltage, without gate current, at which the SCR is turned on, i.e. the forward current suddenly jumps to a high value of +IA as shown in Fig. 5.3(c). The SCR in the turned-on state presents very low resistance. Thus, if the breakdown voltage of an SCR is 75 V, it means that it would block a forward voltage as long as the supply voltage is less than 75 V, i.e. the SCR will not conduct. The SCR is then said to be in the OFF state. If the supply voltage is more than this value, the reverse biased junction J2 in the middle will break down because of the large voltage gradient across the depletion layer. The SCR would then turn on resulting in a large forward current IA. The SCR is then said to be in the conducting state or ON state. The applied voltage at which the forward current suddenly jumps to a high value is called the breakdown voltage or breakover voltage, +VBO. This forward current is limited by the external resistance RL. If, however, a small positive voltage is applied to the gate, the SCR will be turned on with supply voltage less than the breakover voltage.

				5.3.2 Reverse Breakdown Voltage

				It is the minimum reverse voltage –VBO as shown in Fig. 5.3(c), gate being open, at which the SCR behaves like a semiconductor diode in reverse mode. The reverse voltage ratings of SCRs are given by manufacturers to provide operating guidance in reverse blocking modes. There are two voltage ratings defined in the reverse blocking mode—repetitive peak reverse voltage and non-repetitive peak reverse voltage.

				Repetitive peak reverse voltage is the maximum allowable voltage in the reverse direction, including all repetitive transient voltages. Since the leakage current in the reverse blocking mode is small, the power dissipation in this mode is small, too. The temperature rise of the junction is also small and is accounted for in the rating of the SCR. 

				Non-repetitive reverse voltage is the maximum non-repetitive transient voltage that can be applied in the reverse direction without causing any damage to the device. This voltage may exceed the steady state rating of the SCR causing it to operate in the avalanche mode. In spite of the instantaneous power dissipation being significant, the duration of the transient voltage should be such that the device is not damaged by thermal runaway. The presence of the positive gate current increases reverse losses. 

				5.3.3 ON-state Voltage

				The voltage drop across the SCR in the ON-state is similar to the voltage drop across a conducting diode. The magnitude of this voltage drop in the case of an SCR is slightly higher than that of a diode. The typical value of the ON-state voltage is 1.5 V.

				5.3.4 Finger Voltage

				It is the minimum voltage that is required to be applied between the anode and cathode of an SCR before it can be triggered into conduction. The finger voltage is slightly greater than the normal ON-state voltage.

				5.3.5 Average ON-state Current

				It is the average value of the maximum continuous sinusoidal ON-state current which can never be exceeded even with intensive cooling. The temperature at which this current is allowable, is also mentioned. The frequency of the sinusoidal wave and the conduction angle are 50 Hz and 180°, respectively.

				5.3.6 Holding Current

				It is the minimum value of the anode current, necessary in the anode circuit to keep the SCR conducting (with gate open) as shown in Fig. 5.3(c). If the anode current is reduced below this critical holding current value, the SCR cannot maintain regeneration and reverts to the OFF state. When the SCR is in the conducting state, it cannot be turned off even if the gate voltage is removed, and the device will continue to stay ON as the depletion layer and the reverse-biased junction J2 no longer exist because of the free movement of carriers. When the forward current falls below holding current IH , the depletion region will begin to develop again around the reverse-biased junction J2 and the SCR will go to the blocking state.

				The holding current IH is usually lower than, but very close to, the latching current IL. The holding current is temperature sensitive and decreases with the increase in temperature. Thus, if the holding current IH of an SCR is 6 mA, it means that if the anode current is made less than the 6 mA, then the SCR will be turned off. The holding current rating is generally specified at room temperature with gate open.

				5.3.7 Latching Current

				The latching current of an SCR specifies a value of the anode current slightly higher than the holding current, which is the minimum value required to sustain conduction immediately after the SCR is switched from the OFF state to the ON state and the gate signal removed as shown in Fig. 5.3(c). Once the latching current is reached, the SCR remains in the ON state until the anode current is decreased below the holding current value.

				Thus, if latching current IL of an SCR is 7 mA, it means that if the anode current is made less than 7 mA, then the SCR continues to stay ON. The latching current rating is an important consideration when the device is used with an inductive load because the inductance limits the rate of rise of the anode current. Precautions should be taken to ensure that under such conditions the gate signal is present until the anode current rises to the latching value so that the complete turn-on of the SCR is assured.

				5.3.8 Forward Current Rating

				The rating of an SCR is based primarily on the amount of heat generated within the device and the ability of the device to transfer the internal heat to its external case. The power generated inside the junctions of the device depends on 

				
						turn-on switching,

						forward conduction, 

						turn-off or commutation,

						reverse blocking, and

						triggering.

				

				The forward current rating of an SCR is a function of its maximum junction temperature, the device thermal impedances, the total device losses and the ambient temperature. Forward conduction is the main source of heat generation for normal low-frequency operations. However, for high-frequency applications or for large rates of change of current,  di/dt, the ratio of the peak to average current is high and turn-on switching losses become the predominant source of heat generation. The rating of the SCR is such that in no case the maximum junction temperature of the device is exceeded. The ON-state current rating of an SCR indicates the maximum, average, rms and peak (surge) current that could be allowed to flow through the device under the stated ON condition. For heat sink mounting, the rating depends on the temperature of its case.

				5.3.9 Gate Triggering Current

				It is that current at which the SCR fires with a forward voltage less than that of the applied voltage with its gate open. If the gate voltage is increased, the SCR turns on with less forward voltage than before. When the gate voltage is increased even more, the V-I characteristic curve looks like the curve of a semiconductor diode in the first quadrant only, as shown in Fig. 5.3(c).

				When the anode voltage is positive, a small current flows through the gate junction. This anode current is a function of the gate current. As the gate current is increased, the total current through the junction and the voltage drop across it increase rapidly.

				If the gate triggering current is increased, then the device current gain increases till the loop gain (two transistor analogy) changes the SCR from its forward blocking to forward conducting state and the blocking junction turns from reverse to forward bias. The negative gate bias increases the forward blocking capability of the device. The magnitude of the gate voltage and, therefore, that of the  gate current to trigger an SCR varies inversely as the junction temperature. The lower the junction temperature, the worse is the trigger condition.

				5.3.10 Power Rating

				This is strictly applicable to current conduction and the forward voltage drop, therefore, the power loss is a better consideration. The following are the power losses in an SCR which are usually specified by the manufacturers.

				
						Forward conduction loss

						Gate power loss

						Turn-on loss

						Turn-off loss

				

				Forward conduction loss. The mean anode current multiplied by the forward voltage drop across the SCR (1.5 V) is the average power dissipated that is termed forward conduction loss in the SCR.

				Gate power loss. This is the product of the gate voltage and the gate current for continuous signals. The loss is small if pulse signals are used to turn on the SCR.

				Turn-on loss. Due to finite time taken by the switching process, there is a relatively high voltage across the SCR while a current flows. Accordingly, appreciable power is dissipated during this turn-on period. Hence the turn-on loss is the product of this high voltage across the SCR and the turn-on current during the switching process.

				Turn-off loss. During a rapid turn-off of the SCR, it is possible for the reverse current to rise to a value comparable to the forward current. When the SCR impedance starts to increase, dissipation occurs as the current falls and the reverse voltage builds up. To limit the rate of change of current at turn-off, and, therefore, the energy to be dissipated, 
circuit inductance is used. Hence the turn-off loss is the product of the reverse 
voltage that is building up and the reverse current that is falling down during the turn-off period.

				5.3.11 Turn-on Time

				When a triggering signal (a positive voltage between the gate and cathode) at the gate of an initially-off SCR is applied, the time period needed to turn the switch from the off state to the fully ON state is termed the turn-on time. In other words, it is defined as the time from the initiation of triggering (when the SCR offers infinite impedance to the flow of anode current) to the time when an equilibrium charge distribution is established throughout the device together with a steady state forward voltage drop. The turn-on time varies from 2 ms to 4 ms for the commercially available SCRs.

				Figure 5.3(d) indicates the form of current rise during the transition from the non-conducting to the fully conducting state. The time period td is the delay time between the front of the gate pulse and the start of the rapid rate of increase in the anode current. Power dissipation in the SCR is the greatest during the period tr (rise time), because the current rises rapidly over a small area while the voltage drop is still appreciable. In other words, the turn-on time is the time period between the steep-fronted gate trigger pulse and the instant when the forward on-state voltage has fallen to 90% of its initial value. The turn-on time depends on (i) anode circuit parameters, (ii) the gate signal amplitude, and (iii) the rise time.

				[image: Fig-5-3d.eps]

				Fig. 5.3(d) SCR turn-on characteristic curve.

				5.3.12 Turn-off Time

				Turn-off condition means that all forward conduction has ceased and the reapplication of positive voltage to the anode will not cause current to flow without a gate signal. The turn-off time is defined as the time interval, starting from the dropping of the anode voltage, needed to complete the switching-off process. In other words, it is the maximum amount of time that an SCR will require to achieve gate control for the specified circuit conditions. A typical value of turn-off time is 50 ms for converter grade SCRs and it can be as low as 6 ms for faster devices normally called inverter grade SCRs. For any duration less than this, the device will start reconducting with reapplication of the forward voltage. The turn-off time is temperature sensitive. For natural commutation, the turn-off time is between 10 ms and 
100 ms while for forced commutation it can be between 7 ms and 20 ms. More specifically, the turn-off time for a low-voltage, low-current SCR is 10 ms.

				The turn-off time is divided into two parts:

				
						Reverse recovery time trr for which reverse anode current flows after the application of a reverse voltage as shown in Fig. 5.3(e).

						Gate recovery time tgr required for the recombination of all excess carriers in the two inner regions around the middle junction J2 of the device.

				

				The turn-off time 

				
						increases with junction temperature because recombination takes longer at higher temperatures,

						decreases because of a reverse current as junctions J1 and J3 become reverse biased in a shorter time, and

						increases with the increase in the magnitude of the anode current.

				

				[image: Fig-5-3e.eps]

				Fig. 5.3(e) Waveforms during SCR turn-off.

				5.4 DIFFERENT METHODS OF TURNING ON OF SCRs

				An SCR can be triggered by using any of the following ways:

				5.4.1 Radiation Triggering or Light Turn-on

				A beam of light bombarded on the gate-cathode junction J3 can produce sufficient energy to break electron-hole pairs in the semiconductor, resulting in an increase in blocking current and the SCR thus gets fired. Such SCRs are often referred to as LASCRs. The LASCRs are widely employed in HVDC transmission lines.

				5.4.2 Voltage Triggering or Breakover Voltage Turn-on

				An increase in the anode-cathode forward voltage increases the width of the depletion layer at the junction J2 and also increases the external accelerating voltage for minority carriers across the same junction. These carriers collide with the fixed atoms and dislodge more minority carriers until there is an avalanche breakdown of the junction. This makes the junction J2 forward biased. The anode current in this case would be limited only by the external load impedance. At this forward breakover voltage +VBO, the SCR changes its characteristic from a high voltage across it (with a low leakage current) to a low voltage across it (with a large forward current).

				5.4.3 dv/dt Turn-on

				A rapid rate of increase in forward anode-cathode voltage can produce a transient gate current, which is caused by anode-gate and gate-cathode capacitances. This can then turn on the SCR. Practically, the dv/dt for switching is increased by using a low external gate-cathode resistor.

				5.4.4 Gate Turn-on or Gate Triggering

				Additional minority carriers can be injected into the gate region through the gate electrode to switch on the SCR. If the gate current is large enough, the SCR will switch on as soon as the anode becomes positive with respect to the cathode. This method of turning on is most commonly used.

				The best shape of a gate signal is one with a sharp leading edge, and the shorter the signal duration the greater must be its magnitude for a reliable turn-on. Once the SCR is ON, the gate current is no longer required to flow for the device to remain conducting, so a gate pulse is enough. The following points must be noted while designing the gate control circuit.

				
						Appropriate value of the gate-cathode voltage must be applied for turn-on when the SCR is forward biased.

						The gate signal must be removed after the device is turned on.

						No gate signal should be applied when the device is reverse biased.

				

				There are three ways of triggering the SCR by gate control.

				Triggering by a dc gate signal

				A dc voltage of proper polarity and magnitude is applied between the gate and the cathode when the SCR is to be turned on. The SCR is a current-operated device and it is that value of the gate current which can turn the SCR on. The drawbacks of this method are as follows:

				
						The internal power loss is more as the gate drive is continuous.

						There is no isolation of the gate control circuit from the main power circuit.

				

				Triggering by an ac gate signal

				The gate-to-cathode voltage is obtained from a phase-shifted ac voltage derived from the main supply. The firing angle control is obtained very conveniently by changing the phase angle of the control signal. However, the gate drive is maintained for one half-cycle after the device is turned on, and a reverse voltage is applied between the gate and the cathode during the negative half-cycle. The advantage of this scheme is that proper isolation of power and control circuits can be provided.

				Triggering by a pulsed-gate signal

				The gate drive consists of a single pulse appearing periodically, or a sequence of high frequency pulses. This is known as carrier frequency gating. A pulse transformer is used for isolation. The advantage of this scheme is that the gate loss is very low since the drive is discontinuous. For power control in ac circuits, the instant of firing the SCR is controlled by applying at the proper time a train of high-frequency pulses generated by a logic 
circuit.

				5.5 DIFFERENT METHODS OF TURNING OFF OF SCRs

				An SCR can be turned off by using any of the following ways.

				5.5.1 Natural Commutation

				In ac circuits as the current through an SCR goes through its natural zero, a reverse voltage automatically appears across the SCR and causes it to turn off quickly. As the voltage in an ac circuit reverses every half-cycle, an SCR in the line would be reverse biased every negative cycle and thus get turned off. This is known as natural or phase or line commutation. Line-commutated converters and inverters are the examples of natural commutation.

				5.5.2 Forced Commutation

				In dc circuits where there is no natural zero value of current, forward anode current can be reduced either by shunting the SCR by another device (commutating element) or by applying a reverse voltage across its anode-cathode terminal in order to force the anode current to a zero value. This is called forced commutation. In the case of dc circuits, there are six common ways (Class A to Class F) by which the forward current through the conducting SCR can be forced to zero (commutation). The rectifier circuits with large inductive loads, choppers and inverters are examples of forced commutation. The reverse bias turn-off method belongs to the category of forced commutation. 

				Reverse bias turn-off

				Reverse anode-to-cathode voltage (the cathode is positive with respect to the anode) will sweep out the holes from the outer P-layer and electrons from the outer N-layer, resulting in a reverse recovery current. Thus, the SCR will continue to conduct the reverse anode current but with a small positive voltage drop (0.7 V) because of the presence of trapped charges in the outer junctions J1 and J3. After a small period of time, the reverse anode current suddenly falls to a low value. At this stage, the recovery of the device to its original state is not fully complete since a high concentration of carriers still exists around the middle junction. This concentration of excess carriers decreases by the process of recombination. After the hole and electron concentration at the middle junction J2 has decreased to a low value, the reverse anode current suddenly drops to zero and the SCR regains its blocking states. This method belongs to the category of forced commutation.

				5.5.3 Gate Turn-off

				In some specially designed SCRs, the characteristics are such that a negative gate current increases the holding current so that it exceeds the load current and the SCR turns off. Low-current Gate Turn off (GTO—a specially designed SCR) is an example of this kind.

				5.6 DIFFERENT METHODS OF TRIGGERING SCR CIRCUITs

				The gate control circuit of an SCR converter is designed to provide the gate triggering pulse to the SCRs at the appropriate instants of time. The switching control unit of a power electronic converter normally has a timing circuit in it. This timing circuit generates the timing pulses at the correct instant of time at which each power device has to be switched on. The timing circuit for a switching element normally provides a pulse whose duration is the ON time of the device. In general, such a pulse from the timing circuit is unsuitable for being directly applied to the gate terminal of the SCR for the following three 
reasons:

				
						An SCR only needs a pulse of short duration, and not for the entire duration of the ON time. Therefore, the unwanted gate power dissipation can be avoided by using a very short pulse that starts at the leading edge of the timing pulse.

						It may need further amplification to be able to provide the required current and power to turn on the switching device successfully.

						It is invariably necessary to provide electrical isolation between the switching control circuit and the power circuit of the converter. The power switching elements will generally be working at high and variable potentials, from which the control circuit is to be isolated. 

				

				5.6.1 Pulse Control by R-C Network

				Figure 5.4(a) shows a UJT relaxation oscillator where the output pulses are coupled to the SCR gate through the isolation transformer T. The pulses are unidirectional. This requires that the transformer used for isolation and coupling be properly designed. Single pulses or even multiple pulses can be obtained from a UJT. The capacitor C charges through R1 and variable resistance R2 until the UJT turns on and a pulse then appears across the transformer T. The time it takes for the pulse to appear depends on the time constant 
(R1 + R2)C. This time constant is controlled by changing the value of R2 manually. It is a reliable form of the gate signal when the supply is ac and the loads are inductive such that latching is not reached until well after the anode becomes positive.

				[image: Fig-5-4a.eps]

				Fig. 5.4(a) UJT triggering circuit.

				5.6.2 Pulse Triggering by Saturable Reactor

				The circuit shown in Fig. 5.4(b) provides ON-OFF pulses. By controlling the ON and OFF time durations, power control is obtained. A saturable reactor T supplies the ON-OFF pulse. The positive cycle of the applied voltage vin raises the flux level in the core, and after a few cycles the core will saturate. The primary winding will then have a very small incremental impedance and bypass the gate-cathode current flowing through resistance R. Therefore, the SCR will not conduct. The load voltage will be zero, and this is called the OFF time. 

				[image: Fig-5-4b.eps]

				Fig. 5.4(b) Pulse triggering circuit.

				The application of a signal with proper polarity at the secondary winding of transformer T will bring down the flux level. As long as the signal is present, the flux level in the core will be kept low, and so the primary winding will have a high incremental impedance during the positive half-cycles. Therefore, the current through the resistance R will now flow through the gate and turn on the SCR. Thus, the SCR will be turned on during every positive half-cycle as long as the signal is applied to the secondary winding of transformer T. This is the ON time during which the SCR conducts and voltage is applied to the load. 

				When signal on the secondary is removed, the core gets saturated after a few cycles and will bypass the gate current flowing through R. The SCR will then stop conducting and the load voltage will become zero. The flow of negative current through the primary winding of transformer T is prevented by diode D2. Diode D1 is used to prevent reverse breakdown of the gate-cathode junction in the negative half-cycle.

				5.6.3 Composite Triggering by PWM Controller

				A method of obtaining multiple pulses to trigger SCRs is shown in Fig. 5.4(c). A saw-tooth wave is compared to a reference sine wave. To obtain a multiple pulse during each cycle means that an SCR in the inverter is turned on and off many times before the control 

				[image: Fig-5-4c.eps]

				Fig. 5.4(c) Pulse width modulation.

				passes to another load SCR. The harmonic component in the output ac voltage of the converter can also be reduced by pulse width modulation (PWM).

				The frequency of the triangular waveform decides the number of output pulses in each half-cycle. The reference signal to the comparator is sinusoidal and the OFF time in the output pulses is equal to the time during which the instantaneous value of the reference signal is lower than that of the triangular wave. If the reference signal is flat, the duration of each output pulse will be the same. By changing the amplitude of the reference signal, the rms value of the output voltage can be altered. The wave diagrams of a sinusoidal pulse width modulator are shown in Fig. 5.4(d).

				[image: Fig-5-4d.eps]

				Fig. 5.4(d) Wave diagrams of a sinusoidal pulse width modulator.

				5.6.4 Pulse Triggering by Discrete Transistors

				A gate triggering circuit for an SCR using discrete transistors for pulse amplification and incorporating a pulse transformer for isolation is shown in Fig. 5.5(a). A careful design of the pulse transformer is usually needed for faithful reproduction of the input pulse at its output terminals. The turn-on pulse to be amplified is applied to the base of transistor Q2, causing it to turn on. R1 and R3 are high-value resistances that improve performance by providing ohmic paths between the base and emitter of Q2.

				When Q2 turns on, it provides an amplified base current for the P-N-P transistor Q1 and causes it to turn on. The value of the base current for Q1 is decided by the value chosen for R2 and the power supply VCC , provided that the input to Q2 is sufficient to turn it fully on. When Q1 turns on, it applies a pulse of amplitude approximately equal to VCC to the primary of the pulse transformer. This pulse has the same duration as the input pulse. But it has a large current capability, which is determined by the base current provided to Q1.

				The secondary coil of the pulse transformer feeds the pulse to the gate of the SCR. The resistances, R5 and R6, serve to limit the gate voltage and current. The diode D2 prevents any reverse voltage on the gate from the transformer. Resistance R6 also serves to provide an ohmic path from the gate to the cathode of the SCR. The diode D1 is for

				[image: Fig-5-5a.eps]

				Fig. 5.5(a) Gate triggering circuit of an SCR using transistors.

				the purpose of providing a free-wheeling path through which the current in the primary winding of the transformer will free-wheel when Q1 turns off. This will avoid an excessive voltage occurring across this transistor because of the transformer inductance. It has to have the required pulse width capability. Also, the unidirectional pulses in the primary will have a dc component that can lead to magnetic saturation of the core.

				Example 5.1

				An SCR is used as a static switch to turn on current in the highly inductive circuit of 
Fig. 5.5(b). The latching current of the SCR is 250 mA. What is the minimum duration of the gate drive pulse required to turn on the SCR switch?

				[image: Fig-5-5b.eps]

				Fig. 5.5(b) Example 5.1.

				Solution	According to the given problem:

				Latching current, IL = 250 mA = 0.25 A

				Time constant of the load, T = L/R = 2/2 = 1 s

				Peak value of the current, I = V/R = 200/2 = 100 A

				The gate pulse should be present at least until the current rises to the latching current. 

				The exponential rise of current in the power circuit is given by

				i = I (1 – e– t/T) ………(5.2)

				where T is the time constant of the load.

				From Eq. (5.2),

				0.25 = 100(1 – e– t/T) 

				Therefore, the minimum duration of the gate drive pulse required to turn on the SCR is

				[image: Biswanath__Eq-5-2.wmf]

				Example 5.2

				The SCR in the switching circuit of Fig. 5.5(c) is in the ON state. Its holding current rating is 150 mA. An additional resistance R is introduced in the circuit by opening the switch S across this resistance. What is the lowest value of R that will cause the SCR to turn off when S is opened?

				[image: Fig-5-5c.eps]

				Fig. 5.5(c) Example 5.2.

				Solution	According to the given problem:

					Holding current, IH = 150 mA = 0.15 A

				The specified holding current implies that the SCR will turn off if the current tends to fall below this value. The total value of resistance Rt that will just keep the SCR ON with switch S open is given by

					Rt =	Supply voltage/Holding current

					=	100/0.15 = 666.67 W

				Therefore, the lowest value of R that will cause the SCR to turn OFF when the switch S is opened, is given by

					[image: Biswanath__Eq-5-3.wmf]

				Example 5.3

				An SCR in the switching circuit of Fig. 5.5(d) has a di/dt rating of 40 A/ms. Determine the minimum value of inductance L needed to protect the SCR from the di/dt failure.

				[image: Fig-5-5d.eps]

				Fig. 5.5(d) Example 5.3.

				Solution 	Neglecting forward voltage drop across the SCR, the loop equation during turn-on switching, is given by

					VF = Ri + L(di/dt)

				The initial rate of change of current with i = 0 at t = 0 is given by

					[image: Biswanath__Eq-5-4.wmf]

				Equating this to the maximum di/dt rating, the minimum value of L is obtained as

					[image: Biswanath__Eq-5-5.wmf]

				Example 5.4

				The dv/dt rating of the SCR shown in Fig. 5.5(e) is 100 V/ms. Determine the minimum value of the capacitance C that is required so that no erratic turn-on due to dv/dt occurs when power is switched on by closing the switch S.

				[image: Fig-5-5e.eps]

				Fig. 5.5(e) Example 5.4.

				Solution The SCR is initially OFF. Its capacitance in comparison with C as well as the forward leakage current through it may be neglected. Therefore, the voltage equation around the power circuit immediately after power is switched on will be given by

					VF = v + RC (dv/dt)

				where v is the voltage across the SCR. 

				The maximum permissible value of dv/dt = 100 V/ms

				Since v = 0 initially, the initial value of dv/dt will be given by

					[image: Biswanath__Eq-5-6.wmf]

				Therefore, the minimum required value of the capacitor is 

					[image: Biswanath__Eq-5-7.wmf] 

				5.7 DIFFERENT METHODS OF FORCED COMMUTATION

				In dc circuits, the forward current has to be forced to zero by an external circuit in order to turn off the SCR. This is known as forced commutation. The dc input is required for SCR controlled circuits used for dc to dc converters (choppers) and for dc to ac converters (inverters). The basic principle of forced commutation is to decrease the SCR current below the holding current of the device.

				In series inverters, the commutating components (inductors and capacitors) are connected in series (parallel) with (to) the load, thus forming an underdamped circuit. This method of turn-off is known as resonant turn-off (since the forward current is made zero by a resonant circuit) and is also termed current commutation.

				When the current is zero, the capacitor will get charged to a voltage higher than the supply voltage, and reverse voltage will appear across the SCR after it is turned off. Therefore, when the SCR is fired (triggered), it automatically gets turned off after approximately one-half period of the resonant circuit. No other SCR need be fired to commutate the conducting SCR as is done in parallel or bridge inverters. This method of turn-off is also referred to as self commutation.

				There are six distinct classes of forced commutation.

				
						Class A (series resonant turn-off)—self-commutated by resonating the load

						Class B (parallel resonant turn-off)—self-commutated by an LC circuit

						Class C—C or LC switched by another load carrying SCR

						Class D—C or LC switched by an auxiliary SCR

						Class E—an external pulse source is used for commutation

						Class F—ac line commutation.

				

				5.7.1 Class A Commutation (Series Resonant Commutation by an LC Circuit)

				The commutating components L and C are connected to load RL as shown in Fig. 5.6(a), so that the overall circuit becomes underdamped with R2 < 4L/C. When an underdamped circuit is excited by applying a fixed dc voltage, the waveform of the oscillatory current i will be as shown in Fig. 5.6(b). Application of the Kirchhoff’s voltage law to the circuit as shown in Fig. 5.6(a) results in equation

					[image: Biswanath__Eq-5-8.wmf]………(5.3)

				Differentiating Eq. (5.3),

					[image: Biswanath__Eq-5-9.wmf]

				This is a second-order differential equation. The response of the circuit will be oscillatory if R2 < 4L/C.

				[image: Fig-5-6ab.eps]

				Fig. 5.6 Class A commutation: (a) circuit diagram and (b) waveforms.

					When the SCR is turned on by a gate pulse, an oscillatory current i flows in the circuit and charges up the capacitor C. Capacitor C is charged up to the supply voltage V as the oscillatory current reaches its peak value. As and when the capacitor charges up to the point wt = p/2, the induced voltage in inductor L opposes the oscillatory current [see the polarity of the induced e.m.f in the inductor in Fig. 5.6(a)]. Beyond wt = p/2, the oscillatory current decreases from the peak value, the induced voltage in the inductor changes its sign according to Lenz’s law (polarity of the induced e.m.f is shown by encircled + and –). Again the capacitor charges from the supply voltage V to a higher voltage which is 2V. When the capacitor is completely charged up to 2V, a differentiated voltage of (2V – V)=V across the capacitor reflects at the cathode of the SCR and turns it off.

				Series inverters function on this principle. Since the load current also flows through the commutating components, obviously this method cannot be a practical proposition for inverters of large capacity. However, this method may serve the purpose of high-frequency low-power inverters.

				5.7.2 Class B Commutation (Parallel Resonant Commutation by an LC Circuit)

				Figure 5.7(a) shows the circuit for Class B commutation. The commutating components L and C are connected across the SCR. Thus, they need not form a resonant circuit with the load. Besides, the commutating components do not carry the load current.

				[image: Fig-5-7ab.eps]

				Fig. 5.7 Class B commutation: (a) circuit diagram and (b) waveforms.

				Initially, the capacitor C remains charged to the dc voltage V with its upper plate positive as shown in Fig. 5.7(a). When the SCR (T) is triggered, load current iR flows. Due to triggering on of T, the stored charge on the capacitor drives an oscillatory current through the loop formed by capacitor C, SCR (T) and inductor L. The overall SCR current iT will be the algebraic sum of load current iR and oscillatory current iC. Beyond point ‘a’ as shown in Fig. 5.7(b), the electromagnetic energy of L is converted to electrostatic energy and capacitor C recharges in the reverse direction. Thus when oscillatory current iC reverses its direction (i.e. when capacitor C discharges from – V) and tends to exceed the load current iR, the SCR current iT becomes zero. As a result, the SCR (T) gets turned off at point ‘b’ and the circuit looks like that shown in Fig. 5.8. Referring to the waveform [Fig. 5.7(b)], it is seen that at the instant of commutation (i.e. iT = 0), the remaining voltage of the capacitor (V) is additive to the dc supply voltage V; the load current iR flowing through the branch C, L, and RL continues to increase corresponding to point ‘d’ as shown in the wave diagram (even after commutation) but soon becomes zero (point ‘e’) when the capacitor C is charged to dc voltage V with its upper plate positive. In the case of an inductive load, a freewheeling diode is used across the load.

				[image: Fig-5-8.eps]

				Fig. 5.8 Class B commutation circuit when SCR opens.

				5.7.3	Class C Commutation (Complementary Commutation or Parallel Capacitor Turn-off)

				In this method, the commutating element C (or LC) is switched across the conducting SCR by another load carrying SCR. Triggering of one SCR commutates the other SCR. Both SCRs carry the load current. 

				[image: Fig-5-9a.eps]

				Fig. 5.9(a) Class C commutation circuit.

				When T1 is turned on, the capacitor C is charged to the supply voltage V through R2, C and T1 with polarity as shown in Fig. 5.9(a). When T2 is triggered, the charged capacitor C gets connected across T1 and discharges through it. The discharging current of the capacitor opposes the load current in T1, and the SCR T1 commutates. Now, SCR T2 conducts the load current. The capacitor C will eventually be charged in the opposite direction through RL , C, and T2. When T2 is triggered, a voltage (2V) which is twice the dc voltage is applied to the RL-C series circuit. If T1 conducts, the same capacitor reverse biases T2 and turns it off. 

				Referring to Fig. 5.9(b) it is seen that as long as T1 is conducting, the current iR1 
through RL-T1 will be a steady dc quantity. But when T2 is triggered, the capacitor voltage adds to the supply voltage V and causes a decaying current through RL , C, and T2. Thus, though T1 gets OFF, the current suddenly jumps to a higher value and then dies away with a time constant RLC. The current iT2 through T2 will be the sum of this decaying dc component and the steady dc component (through R2-T2 branch). Parallel inverters, McMurray-Bedford inverters, etc. work on this method of commutation.

				[image: Fig-5-9b.eps]

				Fig. 5.9(b) Waveforms illustrating Class C commutation.

				5.7.4 Class D Commutation (Auxiliary Commutation)

				In the circuit shown in Fig. 5.10(a), an auxiliary SCR (T2) is turned on to commutate the main load carrying SCR (T1). The SCR (T2) is turned on first to charge capacitor C to supply voltage V, or alternatively a charging switch SW may be used for starting. If triggering of T2 is made use of to charge capacitor C, it will be automatically turned off as the charging current falls below the holding current level of T2. Besides, when SCR (T1) is triggered, the charge on capacitor C reverse biases T2 and turns it off.

				The triggering of T1 causes currents in two paths. In one path there will be a steady dc load current iR through the load RL. In the other path there will be sinusoidal capacitor current iC through the loop C, T1, L, and D. Because of the oscillatory sinusoidal current iC, the charge on C is reversed and then held in this condition. Since diode D prevents any reverse current through this loop, iC will be only a sinusoid of positive half-cycle. At any desired time, SCR (T2) may be triggered which then places capacitor C across T1, reverse biases T1 and turns it off. 

				[image: Fig-5-10a.eps]

				Fig. 5.10(a) Circuit diagram of Class D commutation.

				[image: Fig-5-10b.eps]

				Fig. 5.10(b) Waveforms illustrating Class D commutation.

				It should be noted that at the instant of triggering T2, the capacitor voltage aids the supply voltage V and the combination drives a much higher current through the branch C, T2, and RL . Therefore, iR will suddenly jump to a higher value [point ‘a’ in Fig. 5.10(b)] from the steady dc level but then ultimately decays to zero with a time constant RLC. The corresponding capacitor current also decays, but its direction is obviously opposite to that of the positive half-cycle sinusoid (during oscillatory current through C, T1, L, and D). The current iT1 will be the sum of the sinusoidal parts of the iC and the steady dc part of iR . Jone’s chopper is an example of this class.

				5.7.5 Class E Commutation (External Pulse Commutation)

				This type of commutation depends on the commutation energy being supplied from an external source. The peak amplitude of the current pulse must be greater than that of the load current through the SCR, and the duration of the reverse voltage applied after turn-off of the SCR must be longer than the SCR turn-off time. The SCR T is turned off by 
means of an auxiliary transistor switch Q as shown in Fig. 5.11(a). The SCR is assumed to be initially ON when turn-off is desired. A signal applied to the base of Q turns it on and reverse biases the SCR. The SCR is now turned off. 

				The drive signal to the base of Q must be of sufficient duration to ensure SCR’s turn-off and of sufficient amplitude to place Q in saturation. If Q comes out of saturation before the SCR turn-off is complete, it results in commutation failure. The waveforms are shown in Fig. 5.11(b).

				[image: Fig-5-11a.eps] 

				[image: Fig-5-11b.eps]

				Fig. 5.11(a) and (b) Class E commutation: (a) circuit diagram and (b) waveforms.

				5.7.6 Class F Commutation (AC Line Commutation)

				AC line commutation is also recognised as a method of forced commutation, as commutation is forced by the opposite half-cycle of the ac supply. Actually, the negative ac voltage of the line reverse biases the SCR and turns it off. Since external commutating elements are not required to commutate the conducting SCR, this type of commutation is not generally referred to as forced commutation in most literature. This method is commonly known as AC line commutation or natural commutation. It is extensively used in line-commuted rectifiers, inverters, and cycloconverters. Figures 5.11(c) and 5.11(d) show the circuit diagram and waveforms, respectively.

				[image: Fig-5-11c.eps]  

				[image: Fig-5-11d.eps]

				Fig. 5.11(c) and (d) Class F commutation: (c) circuit diagram and (d) waveforms.

				5.8 COMPARISON OF SCRs AND TRANSISTORs

				
					
						
								
								SCR

							
								
								TRANSISTOR

							
						

						
								
								An SCR is a four-layer, tri-junction device.

							
								
								A transistor is a three-layer, bi-junction device. 

							
						

						
								
								An SCR requires only a gate pulse to turn it on and continues to conduct even after removal of the gate pulse.

							
								
								A transistor requires a continuous application of  base current (CE configuration) to remain in the conducting state.

							
						

						
								
								Due to differences in fabrication and operating characteristics, it is possible to have SCRs with higher voltage and current ratings.

							
								
								In power transistors only, the current rating is somewhat high.

							
						

						
								
								The rating of an SCR is in kilowatts. 

							
								
								The rating of a transistor is always in watts.

							
						

						
								
								In the conduction region, the device resistance is low. 

							
								
								In the on-state region, the output resistance of a transistor is in the order of kilo-ohms.

							
						

						
								
								The response time is very fast. 

							
								
								The response time is fast.

							
						

						
								
								In the on-state region, the voltage drop is very small. 

							
								
								In the on-state region, the voltage drop is small.

							
						

						
								
								Turn-on and turn-off durations are very small.

							
								
								Turn-on and turn-off durations are small.

							
						

						
								
								Power consumption is very low. 

							
								
								Power consumption is low.

							
						

						
								
								The level of output voltage can be controlled.

							
								
								The level of output voltage cannot be controlled.

							
						

					
				

				5.9 THERMAL CHARACTERISTICs OF SCRs

				SCRs develop heat internally because of (i) ON state conduction losses, (ii) switching losses, and (iii) OFF state losses caused by the blocking current. In addition to these steady state losses, heat may also be generated on account of electrical overloads and ambient temperature variations. These losses mainly occur in the thin wafer of silicon. The heat thus generated flows out mostly through the outer casing to the cooling medium. Therefore, SCRs are mounted on special heat sinks so that the maximum temperature rating of the junction is not exceeded. A heat sink on an SCR increases its surface area and removes heat from the case of the device at a much faster rate.

				Copper or aluminium is generally used as the heat sink. Nickel sinks are also sometimes used. Because of low weight, high thermal conductivity and good heat storage capacity, aluminium sinks provide the best results per unit cost. Copper sinks provide the best results per unit volume. Calculations related to design need the following data:

				
						Rated maximum junction temperature 

						Thermal resistance of the device

						Thermal resistance of the device contact with the heat sink 

						Power dissipation in the device

						The ambient temperature.

				

				The above data are provided by the manufacturers.

				Junction temperature (TJ). It is the temperature within the SCR which establishes the internal thermal resistance value of the cell. The highest allowable junction temperature is one of the factors that governs the maximum continuous power dissipation rating of the device.

				Thermal resistance (q). The thermal resistance of a body (device) is the ratio of the temperature difference across it in the direction of heat flow and the power giving rise to this temperature difference. The thermal resistance is expressed in degrees Celsius per watt (oC/W). 

				Thermal resistance—junction to case (qJC ). It is the ratio of the difference between the junction temperature TJ and the case temperature TC to the total or average power loss P. Therefore, the thermal resistance—junction to case—is given by 

					[image: Biswanath__Eq-5-10.wmf]	

				Thermal resistance—case to heat sink (qCS ). It is the ratio of the difference between the case temperature TC and the heat sink temperature TS to the total loss P. Therefore, the thermal resistance—case to heat sink—is given by 

					[image: Biswanath__Eq-5-11.wmf]

				The qCS is mainly in the pressure contact interface between the device base and the heat sink.

				Thermal resistance—heat sink to cooling medium (qSA). It is the ratio of the difference between the sink temperature TS and the cooling medium temperature TA to the total power loss P. Therefore, the thermal resistance—heat sink to cooling medium—is given by

					[image: Biswanath__Eq-5-12.wmf]

				The effective thermal resistance of the heat sink depends on various factors, such as material, shape and size of the sink. It also depends on the coolant properties, such as viscosity, density, the temperature difference between the two, flow conditions, and the magnitude of heat dissipated.

				Thermal resistance—junction to cooling medium (qJA). It is the ratio of the temperature difference between the junction temperature TJ and the cooling medium temperature TA to the total heat loss P. Therefore, the thermal resistance—junction to cooling medium—is given by

					[image: Biswanath__Eq-5-13.wmf]

				Heat is generated at the junction from which it is conducted to the case, the external heat sink, and finally to the atmosphere. The thermal resistance equation corresponding to Ohm’s law is, DT = Pq where DT is the resulting temperature drop between the two heat transfer surfaces and q is the thermal impedance.

				For conventional cooling, power loss is given by

					[image: Biswanath__Eq-5-14.wmf]………(5.4)

				Also,

					[image: Biswanath__Eq-5-15.wmf]

				where qJA = qJC + qCS + qSA.

				The thermal resistance qJA is not a property of the device but of the external heat sink and is not a constant quantity; it varies with the material, the size, the surface treatment of the sink and the temperature difference between the heat sink and the atmosphere. The value of  qJA is provided by the manufacturer of the heat sink. Figure 5.12 shows the heat flow and temperature diagram of an SCR device.

				[image: Fig-5-12.eps]

				Fig. 5.12 Heat flow and temperature diagram of an SCR.

				Example 5.5

				The maximum junction temperature of a transistor (or an SCR) is TJ = 150°C and the ambient temperature is 25°C. If the thermal impedances are, qJC = 0.4 °C/W, qCS = 0.1 °C/W, and qSA = 0.5°C/W, calculate the maximum power dissipation and the case temperature.

				Solution Power dissipation is given by 	

				[image: Biswanath__Eq-5-16.wmf]

				[image: Biswanath__Eq-5-17.wmf]

				For conventional cooling, the power dissipation is

					[image: Biswanath__Eq-5-18.wmf]

				or
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				Example 5.6

				Calculate the ON state power loss for a 460 V, 500 A SCR converter operating continuously at rated load. The ambient temperature and junction temperature are 40°C and 80°C, respectively. Thermal resistance—junction to atmosphere—is 0.15 °C/W.

				Solution The ON-state power loss for an SCR converter is given by

					[image: Biswanath__Eq-5-20.wmf]

				5.10 Causes of Damage to SCRs

				The SCRs can get damaged on account of voltage and current ratings being exceeded. Under transient conditions, the derivatives of voltage (dv/dt) and current (di/dt) can also damage the SCR. The behaviour of an SCR is, therefore, specified in terms of average, repetitive and non-repetitive voltage and current ratings for anode and gate circuits.

				The SCRs are robust devices within their rated capabilities. However, they get easily damaged by excessive voltages. An SCR will be switched to its ON state if the forward voltage exceeds the forward breakover voltage VBO or if the forward voltage is supplied at a rate that exceeds the dv/dt (max) for the device. Most of the SCRs get damaged by the application of the reverse voltage in excess of the specified reverse voltage. Such destruction of SCRs results in tracking across the surface or melting of silicon near the junction because of excessive leakage currents. Repeated low energy transients cause local heating of silicon, resulting in increased reverse leakage currents. Excessive reverse power dissipation destroys the device. Overvoltage in the forward direction causes the breakdown of the SCR into the conduction stage.

				Semiconductor devices cannot withstand an overvoltage greater than the rated non-repetitive peak reverse voltage even for a very small period of time. On the ac input side, voltage surges can be caused by remote switching operations on other parts of the main supply, by the switching off of loads on the same distribution line, or by local switching inside the area.

				Transient voltages are also produced by the make and break of the ac input contactors, and by the blowing out of fuses. Sometimes, severe surges may occur on the overhead transmission lines because of lightning. The surge because of lightning may occur either on the input side, or on the dc output side of a rectifier used for distribution purposes. On the dc side of the equipment, severe surges can also occur owing to the blowing out of fuses or tripping off of switches or circuit breakers.

				The rate of rise of the surge voltage may be as high as 1000 V/ms, owing to faulty operation of contactors. Generally, the transient voltage appears as spikes on the supply voltage waveform. Surge voltage is also produced by the turn-on or turn-off of the SCRs with a highly inductive load. Again, because of very rapid drop of reverse current (holestorage current), harmful voltage surges are induced across the inductances in the circuit.

				5.10.1 Preventing Damage to SCRs

				The SCRs can be protected by the following methods:

				Snubber circuit or dv/dt protection

				Because of relatively sudden interruption of reverse anode current towards the end of the commutation, it causes a large e.m.f. to be induced in the anode circuit inductance. This high transient voltage (called commutation transient) may cause damage to the SCR. To avoid such damage, a snubber circuit (consisting of a resistance R in series with a capacitance C) is connected in parallel with the SCR such that the energy trapped in the anode circuit inductance during commutation transient finds a bypass path through this R-C circuit as shown in Fig. 5.13(a) and thus no damage to the SCR takes place. The 
R-C network controls the rate of change of voltage across the SCR during its blocking state. Snub means to repress—here the large e.m.f.

				[image: Fig-5-13ab.eps]

				Fig. 5.13 Protection circuits: (a) snubber circuit and (b) modified snubber circuit.

				Resistance R helps to prevent damage caused by minority carrier storage during commutation oscillations. Capacitor C provides a path for reverse current when the SCR suddenly blocks at the end of the minority carrier storage time, but charges with oppositepolarity during forward blocking and then discharges rapidly through the SCR at turn-on. The resistance R limits the initial forward current when the SCR turns on anddamps out oscillations caused by carrier storage effects when the SCR is reverse blocking.

				To limit di/dt, when circuit conditions are such that there is a danger of exceeding the specification, an inductance L may be added to the snubber circuit as shown in Fig.5.13(b). This is usually a coil of a few turns, capable of carrying the full SCR current. In some designs, this coil is wound on a small ferrite ring. This reduces the size of the coil for the same inductance value.

				Gate protection

				Gate circuits also need protective elements because of the low voltage and low power involved. Rapid voltage and current changes produce unwanted induced voltages in the gate leads, therefore, careful screening, grounding, and filtering are essential. In Fig. 5.14, diode D3, which must have a lower reverse blocking current compared to SCR, would take a greater share of the reverse voltage. Since the gate should never be negative with respect to the cathode by more than a specified value (about 5 V), diode D1 or D2 precisely prevents this. Diode D1 limits the negative bias to its forward voltage drop, which is about 1.5 V.
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				Fig. 5.14 Gate protection of an SCR.

				5.11 The SCR Crowbar or Overvoltage Protection Circuit

				One common use for the SCR is in protecting other equipment from overvoltages because of their fast switching action. Figure 5.15 shows a crowbar transient protection circuit that is connected across the ac mains. Two SCRs used for protection are connected across the load in reverse parallel connection in series with a protecting resistance R1. Whenever the supply voltage exceeds a specified limit, the gate of one of the SCRs will get energised and in turn trigger that SCR. A large current will thus be drawn from the supply mains, increasing the voltage drop across the source impedance ZS that will reduce the overvoltage at the load end. 

				Since the voltage applied is ac, one SCR (T1) is used in the positive half-cycle and the other (T2) in the negative half-cycle. Resistance R1 limits the short-circuit current when the SCRs are fired. A zener diode D5 in series with R1 and R2 constitutes a voltage-sensing circuit. When the line voltage is above the specified limit, a breakover voltage will occur across diode D5. Then, during the positive half-cycle, the gate of T1 gets energised through R1, D1, R2, and D3. As a result, T1 conducts. In the negative half-cycle, the gate of T2 will get energised through D2, R2, D4 and R1. Consequently, T2 will turn on if the overvoltage persists. As soon as the load voltage returns to the safe value, the zener diode D5 goes to the OFF state and the current through it falls ensuring that the SCRs do not fire.
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				Fig. 5.15 Circuit diagram of crowbar protection.

				5.12 SERIES AND PARALLEL OPERATION OF SCRs

				The SCRs are required to be connected in series when a single SCR of the voltage rating consistent with the circuit is not available, or when in some high reliability circuits, the failure of an SCR is not expected to disturb the circuit. A parallel connection becomes necessary when a single SCR is not capable of supplying the required current. SCRs are now available with voltage ratings up to 10 kV and current ratings up to 1200 A. In many power control applications, the required voltage and current ratings are lower than these maximum values. Therefore, even though it may be possible to obtain a single SCR of proper voltage and current ratings, on many occasions the designer is forced to use lower-rated SCRs for reasons of economy and availability. In such a situation, the lower-rated SCRs have to be connected in series and parallel combinations to suit the voltage and current requirements of the circuit for a particular application. Series and parallel combinations are also often used when it is required to control power in low-voltage high-current circuits or high-voltage low-current circuits because an SCR of suitable voltage and current ratings may not be available.

				5.12.1 Series Connected SCRs

				Semiconductor devices may be connected in series to enhance their peak inverse voltage beyond what is available in a single device. Like any other electronic device, characteristic/properties of two SCRs of the same make and ratings are never the same. For either positive or negative voltage applied to the SCRs, the leakage current at a given temperature and at that voltage is somewhat different. Naturally, with a voltage applied to a series combination of the SCRs either to the reverse or to the OFF-state direction, unequal distribution of voltage occurs across the SCRs owing to unequal leakage current. The SCR with minimum leakage current has the maximum voltage across it. Although the voltage-current characteristics of these devices are non-linear, they would, at any given condition, divide 
the total applied voltage in inverse proportion of their leakage currents. Therefore, some 
sort of forced equalisation method must be applied to distribute the voltage equally 
across each SCR.

				Voltage equalisation

				If SCRs are connected in series as shown in Fig. 5.16(a), voltage across T1 will be higher than that across T2 as the leakage current of T1 for the same voltage is smaller than that of T2. The V-I characteristics of these two SCRs are shown in Fig. 5.16(b). 
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				Fig. 5.16	Series connected SCRs: (a) equalisation of forward blocking voltage and reverse voltage and 
(b) V-I characteristics of SCRs T1 and T2.

				The first method of equalisation is to vary the value of the parallel resistances in accordance with the value of the leakage currents of SCRs, and thus there will be unequal parallel resistances down the string. This method is rather cumbersome and generally not followed in practice.

				A second method is to allow different but fixed voltages to appear across different SCRs, within permissible limits, but with the same value of the parallel resistances. Suppose

					V1 + V2 + . . . + Vn = VT = total applied voltage

				and

					DV = V1 – V2 = maximum allowable difference in voltage

				where	

				V1 is the maximum voltage allowed to be developed across T1

				V2 is the minimum voltage allowed to be developed across T2

				Naturally, the leakage current I1 through T1 is minimum, and the leakage current I2 through T2 is maximum. Therefore, the maximum difference in leakage current at the maximum allowable operating junction temperature is, DI = I2 – I1. Since the sum of the SCR leakage current and the current through the resistance is constant throughout the string, therefore,

					V1/R + I1 = V2/R + I2 = Vn/R + In 

				Hence, the equalising resistance is given by

					[image: Biswanath__Eq-5-21.wmf]………(5.5)

				The power dissipated in the equalising resistor R is minimum when the resistance is large. The transient sharing of the voltage is accomplished by connecting a capacitor across each SCR. The resistor RT in series with the capacitor C is used to prevent a flow of large discharge current through the SCR during turn-on. The voltage sharing can also be achieved by connecting metal-oxide varistors across each SCR in a string.

				5.12.2 Triggering of Series Connected SCRs

				In spite of the voltage equalising circuits, the sharing of voltage will be non-uniform if all the SCRs are not triggered simultaneously. For proper functioning of the series string, a gate signal of sufficient amplitude should be applied to all the gates of the SCRs at the same time. For series operation, therefore, SCRs of closely matched delay time are chosen to minimise the voltage imbalance. It is important that the gate signal should have a rise time much shorter than the delay time in order to minimise the differences in the turn-on characteristics of the devices. Another important requirement for simultaneous triggering using pulse transformer is to prevent an SCR with a low gate impedance characteristic from shunting the trigger signal away from that of the high gate impedance characteristic. This can be achieved by adding resistances in series with the gate.

				Independent triggering method

				Figure 5.17 shows the independent triggering method. The main triggering pulse is applied to the primary of the transformer. Each of the secondary windings is connected to individual gates of respective SCRs in the string. Simultaneous triggering of series connected SCRs 
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				Fig. 5.17 Independent triggering circuit of series connected SCRs.

				is necessary with the strongest possible pulses within the rating of the SCRs. When the SCRs are triggered, the delay time can be reduced to a minimum by the fast rising triggering pulse of high peak value. Resistors RG in series with the secondary windings prevent draining of all the available power from the trigger circuit.

				Slave triggering method

				Figure 5.18 shows the slave triggering method which is a technique to trigger only one SCR of the series combination and arrange for other gates to be triggered sympathetically. When a triggering pulse is applied to the gate of SCR T3, it turns on, reducing its share of the anode-cathode voltage to a very low value abruptly. The total forward voltage VT of the SCR stack is now shared by the remaining two SCRs. This sudden rise in their anode voltages charges the capacitors C1 and C2 through R1 and R2. Thus, a pulse voltage is developed across the gate-cathode terminals of SCRs, T1 and T2. As a result, both the SCRs are turned on. The capacitors C1, C2, and C3 are sufficiently large to assure reliable triggering. However, they should not be made too large so as to cause turn-on of the SCRs by their normal charging current caused by the forward voltage waveform.

				The triggering capacitors (C1, C2, and C3) also serve the purpose of surge suppression. The clamping zener diodes Z1, Z2, and Z3 are used to limit the forward voltage applied to the gates, as well as to clamp them to the cathode against reverse voltage.
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				Fig. 5.18 Slave triggering method of series connected SCRs.

				Demerits of the slave triggering method. All SCRs are not triggered at a time, instead they are turned on one after the other and as a result, the total turn-on time is much higher than that of the individual SCRs. Moreover, the SCR turned on last has to withstand the total applied voltage of the stack. If this voltage exceeds the maximum peak forward voltage of the device, the SCR gets damaged.

				Application of series connected SCRs

				In HVDC transmission lines, the voltage rating required is much more than the voltage that can be withstood by a single SCR. Under such circumstances, it is absolutely necessary to connect two or more SCRs in series.

				5.12.3 Parallel Connection of SCRs 

				If it is required to deliver a load current that is much larger than that which can be controlled by the largest available SCR used singly, then a parallel connection of more than one SCR becomes necessary as shown in Fig. 5.19(a). Because of unequal dynamic resistances of the SCRs, sharing of current among them will not be equal. If one of the SCRs having a lower dynamic impedance in a parallel unit carries more current than the other SCRs, its internal power dissipation will be more, thereby raising the junction temperature and decreasing the dynamic resistance of the SCR. This, in turn, will further increase the current shared by this SCR and the process becomes cumulative, resulting in burn-out of the SCR. This is followed by the burning out of the other SCRs too, one by one.
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				Fig. 5.19(a) Circuit diagram of parallel connected SCRs.

				The non-uniformity of the forward characteristic of the SCRs is the major factor responsible for current imbalance. Problems which directly or indirectly affect the circuit operation, are the differences in turn-on time, delay time, finger voltage and the loop inductance. The designing of parallel connections in SCRs demands not only the knowledge of the turn-on characteristic, delay time, finger voltage, and loop inductance, but also the knowledge of latching current, holding current, on-state voltage drop, and thermal resistance. Figure 5.19(b) represents the forward characteristics of SCRs showing current division between them. 

				When two or more SCRs are connected to an ac source and fired at an angle a quite close to zero, all the SCRs would not turn on simultaneously owing to a difference in their finger voltage. As a result, there would be a severe imbalance of current for a brief period of time.
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				Fig. 5.19(b) Forward characteristics of SCRs showing current division.

				Equalisation of current imbalance

				The asymmetry of current division can be reduced by the following methods.

				
						Resistance compensation method

						Inductive compensation method

				

				Resistance compensation method. In dc circuits, the difference in the values of 
dynamic resistance RT is compensated by connecting a resistor RC in series with each SCR as shown in Fig. 5.19(c), though the power loss increases. If two SCRs of different forward current ratings IT1 and IT2 are to be operated in parallel, then the same resistance RC can be used for each unit to ensure proper current sharing by the SCRs. Let VT1 and VT2 be the respective voltage drops across the two SCRs for forward current IT1 and IT2, 
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				Fig. 5.19(c) Circuit diagram of the resistance compensation method.

				respectively. Since the two SCRs are in parallel, their anode-cathode voltage drops must be the same. Therefore,

				VT1 + IT1 (RC + RT1) = VT2 + IT2 (RC + RT2) ………(5.6)

				Inductive compensation method. The preferred method is to use balancing reactors in series as shown in Fig. 5.19(d). Since losses are low, regulation is improved. If SCR T1 carries a changing and larger current, the net induced e.m.f. in the series reactor will tend to oppose that current. Because of the coupling and direction of the induced voltage in series with that of the reactor of  SCR T2, it increase the current in T2, thereby producing a balancing action.
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				Fig. 5.19(d) Current sharing by reaction equalisation.

				5.12.4 Triggering of Parallel Connected SCRs

				Two SCRs in parallel can be triggered using a single triggering circuit comprising two secondaries with series resistors as shown in Fig. 5.20(a). The main triggering pulse is 
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				Fig. 5.20(a) Triggering circuit of parallel connected SCRs.

				applied to the primary of the transformer. Each of the secondary windings is connected to individual gates of respective SCRs in the string. 

				Slave triggering method

				When T1 is triggered, the voltage drop across RC1 will fire T2 as shown in Fig. 5.20(b). Diode D2 is necessary when one of the SCRs tends to turn off owing to the current through it falling to a value lower than the holding current (latching current). Because of the presence of diode D2, SCR T1 will be retriggered whenever current in T2 increases and T1 is not being triggered. T1 will be retriggered by the voltage drop in RC2.
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				Fig. 5.20(b) Slave triggering circuit of parallel connected SCRs.

				5.13 LINE-COMMUTATED CONVERTERS OR RECTIFIER CIRCUITS

				The most efficient method to control the turning-on of an SCR is by varying the firing angle of the SCR. The firing angle is defined with respect to the applied voltage. Such a method of control is called phase angle control. The major power application of SCRs is in the area of conversion of ac power to dc and vice versa, and also for the control of dc to dc and ac to ac. These converters which work on the principle of natural commutation are called 
line-commutated converters.

				There are a large number of rectifier circuits made by choosing different combinations of silicon diodes and controlled rectifiers. In general, a single-phase ac source is adequate for rectifier ratings of up to 7.5 kW. For higher powers, a three-phase ac source is 
normally used. For powers above 750 kW, it is usual to introduce a six-phase supply through special transformer connections. Rectifier circuits can be divided into three categories:

				
						Uncontrolled rectifiers

						Controlled rectifiers or full-controlled rectifiers	

						Semi-controlled rectifiers or half-controlled rectifiers

				

				Uncontrolled rectifier

				When all the switching elements of a rectifier are diodes, the circuit is called an uncontrolled rectifier. There are no means of controlling the switching instants of the devices. Each diode automatically turns on at the instant when it becomes forward biased. Uncontrolled rectifiers have a fixed voltage ratio between the dc output voltage and the rms ac input voltage. There is no need for a control circuit block for this category of rectifiers.

				Controlled rectifier or full-controlled rectifier

				When all the switching elements of a rectifier are SCRs, the circuit is called a controlled rectifier. In contrast to a diode, an SCR does not automatically turn on at the instant in the ac cycle at which it becomes forward biased. After it has become forward biased, it waits for a gate pulse to be impressed on its gate terminal. The controlled rectifier has a control circuit block to generate and supply the gate trigger pulse, also called the gate firing pulse, to each SCR at the appropriate instant in every switching cycle. Control of the dc output voltage is achieved by adjusting the delay time of the gate firing pulse to each SCR from the instant it would have turned on had it been a diode.

				Semi-controlled rectifier or half-controlled rectifier

				In this rectifier, some of the switching elements will be SCRs and the rest diodes. A typical semi-controlled rectifier uses the bridge configuration. The bridge configuration has a common cathode section and a common anode section. Different arrangements of semi-controlled rectifiers have been discussed later. The semi-controlled bridge is used primarily for reasons of economy, in situations that do not demand a full-controlled bridge. There will be a saving in cost, because diodes are less costly than SCRs. Since phase control of the bridge is limited to the SCRs only, the control circuit block for the semi-controlled bridge will also be economical, because it is needed to be designed to provide gate pulses only to the SCRs in the bridge.

				5.13.1 Half-wave Rectifier (Inductive Load)

				As only half the available power can be utilised, the circuit of Fig. 5.21(a) is limited only to fractional horsepower machines. In the controlled half-wave circuit, the dc output voltage is controlled by varying the triggering angle (i.e. firing angle or delay angle a) at which the SCR (T) starts conduction.

				[image: Fig-5-21a.eps]

				Fig. 5.21(a) Circuit diagram of a half-wave controlled rectifier for an inductive load.

				Let the SCR be triggered in the positive half-cycle at wt = a. The SCR conducts and load current iL becomes the SCR current iT . The load current iL may continue to conduct beyond wt = p to a point decided by the time constant (T = L/R) of the inductive load. The SCR will turn off by natural commutation when the current iT becomes zero. By varying the firing angle a, load voltage vL can be changed. The power consumed by the load decreases as the triggering angle increases. The reactive power input from the supply increases with the increase in trigger delay a. The waveform of the load current in Fig. 5.21(b) will be improved if the load be highly inductive, i.e. large time constant. The load current may 
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				Fig. 5.21(b) Waveforms of a half-wave controlled rectifier for an inductive load.

				even get prolonged up to the next conducting half-cycle to give continuous load current. The conduction angle b is dependent upon the time constant of the inductive load and firing angle a. The expression for the average output voltage (Vdc = VL ) will be given by

					[image: Biswanath__Eq-5-22.wmf]………(5.7)

				Therefore,

					[image: Biswanath__Eq-5-23.wmf]………(5.8)

				Current iL(t) in the circuit is given by 

					[image: Biswanath__Eq-5-24.wmf] ………(5.9)

				where 

				Vm is the peak magnitude of the input voltage

				ZL 	is the load impedance

				f 	is the power factor angle

				T 	is the time constant of the inductive load.

				During time period b, the current flows through the load downwards and the voltage across the load is negative from p to (a + b).

				The rms value of the load voltage will be given by

					[image: Biswanath__Eq-5-25.wmf]………(5.10)

				Therefore,
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				The ripple factor is given by 
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				Therefore,

					[image: Biswanath__Eq-5-28.wmf]………(5.12) 

				Effect of inductive load

				As the load consists of an inductance and a resistance, the waveform will be different from that obtained with a pure resistive load. In this case when the ac voltage passes through natural zero after wt = p, the SCR may not reach zero and may continue to conduct even when the voltage wave is passing through the negative half-cycle. According to Lenz’s law, this is due to the fact that the current through the inductance cannot be suddenly reduced to zero. During the negative half-cycle of voltage, the current continues to flow till the energy is fed back to the source. 

				Effect of freewheeling diode

				To overcome the problem of the inductive load, a freewheeling diode D is connected across the load. There are two modes of operations for this circuit. In the first mode, the SCR is triggered in the positive half-cycle at wt = a, the diode D will be reverse biased and it fails to take any active part in the operation of the circuit from wt = a to wt = p, when the SCR current iT will be the load current iL, i.e. this mode exists from the instant of triggering to the time when the supply polarity reverses. The current in this mode is given by 

					[image: Biswanath__Eq-5-29.wmf]………(5.13)

				where i0 is the load current when the SCR is triggered. 

				During mode 2, the diode D will reverse bias the SCR T and turn it off beyond 
wt = p. The load is thus isolated from the ac supply. The stored energy in the inductance of the load will find its path through diode D, thereby freewheeling current iD flows that decays exponentially. Hence the supply current lasts only for one half-cycle. If the load be sufficiently inductive, then the diode will maintain the load current up to the beginning of the next instant of triggering at wt = 2p + a as in Fig. 5.21(b). During mode 2, the inductive energy of the load is dissipated in the load resistance R instead of returning to the input.

				The conduction angle b is dependent upon the time constant of the inductive load and the firing angle a. By varying a, the load voltage vL can be changed. The power consumed by the load decreases as the triggering angle a is increased. The current during this period is given by

					iL(t) = I0 e–Rt/L  for (p – a)/w  t  2p/w ………(5.14)

				The phase angle control of an inductive load in the presence of the freewheeling 
diode D will not only help to improve the waveform by making it continuous but also help to relieve the SCR from conducting load current with the reversing of the supply polarity. It is seen that for the same triggering angle a, the power consumption in the load will be more with a freewheeling diode. However, the power flow from the input takes place only during the conduction of SCR T. Therefore, the ratio of the reactive power flow from the input to the total consumed in the load is less for the phase angle control circuit with a free-wheeling diode D. In other words, the freewheeling diode improves the input power factor. This is because the inductive energy stored in the inductance L of the load, instead of going back to the input, dissipates in the load resistance R during the conduction period of the diode D. The expression for the average output voltage (Vdc = VL ) with freewheeling diode will be given by
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				Therefore,
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				The rms value (effective value) of load voltage (with freewheeling diode) is

					[image: Biswanath__Eq-5-32.wmf]………(5.17)

				Therefore,
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				If a = 0, then the average output voltage is
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				and 

					Vload, rms = Veff = Vm/2

				The ripple factor is given by
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				Therefore,
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				If the load is resistive instead of inductive, the output voltage will be the same as that obtained in an inductive load with freewheeling diode.

				5.13.2 Half-wave Rectifier (Resistive Load)

				The SCR blocks the flow of current during the negative half of a voltage cycle. If no firing pulse is applied during the positive half-cycle, the device will then block the flow of current during both the positive and negative half-cycles. In the controlled half-wave circuit of 
Fig. 5.22(a), the SCR is ready to conduct during the positive half-cycle of the ac input. It starts conducting at wt = a, but beyond wt = p the SCR will become reverse biased as 
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				Fig. 5.22 Half-wave controlled rectifier with resistive load: (a) circuit diagram and (b) waveforms.

				the input cycle goes negative. The dc output voltage is controlled by varying the triggering angle a at which the SCR (T) starts conducting. The device conducts until the load current exceeds the value of holding current. Since the load is resistive, the holding current value is reached at wt = a. Assuming zero voltage drop across the SCR when it is switched on, the dc voltage (Vdc = VL ) will be given by
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				Therefore,

					[image: Biswanath__Eq-5-38.wmf]………(5.21) 

				Figure 5.22(b) shows the waveforms of the circuit diagram of Fig. 5.22(a). The rms value (effective value) of the load voltage and the ripple factor are the same as those expressed by Eqs. (5.18) and (5.19), respectively. During the period of conduction, voltage drop across the device is of the order of 1.5 V.

				5.13.3 Full-wave Control Circuit

				Full-wave ac power control may be obtained by replacing the SCR in Fig. 5.21(a) by a triac or two SCRs in antiparallel. Symmetrical triggering is used in each half-cycle. Of the two SCRs in the antiparallel mode, either of them can be triggered only after the other conducting SCR has been turned off by natural commutation.

				There are two basic configurations for full-wave circuits. The first configuration requires a centre-tap transformer and is known as mid-point configuration. The M-2 connection means single-phase full-wave circuit with two SCRs. On the other hand, the M-6 connection is a three-phase full-wave circuit with six SCRs. The M-2 and M-6 circuits are known as two-pulse and six-pulse converters, respectively. The numerals in M-2 and M-6 correspond to the number of pulses in the output during one period of the input wave.

				The second configuration, called the bridge circuit, requires no input transformer. The B-2 connection and B-6 connection are single-phase full-wave and three-phase full-wave circuits. For a given voltage rating of the SCRs, the load voltage for the M-2 connection 
is one-half that for the B-2 connection. The volt-ampere (VA) rating of the transformer in M-2 connection is twice that of the load. Therefore, the bridge configuration is preferable unless one of the terminals on the dc side has to be grounded. 

				5.13.4	Single-phase Full-wave Controlled Rectifier Using Centre-tap Transformer (M-2 Connection)

				The most common type of load, i.e. R-L has been considered as shown in Fig. 5.23(a). Two SCRs T1 and T2 conduct alternately. The conduction of one SCR reverse biases the 
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				FIg. 5.23(a) Circuit diagram of a single-phase full-wave rectifier using centre-tap transformer (M-2 connection).

				other and turns it off. Thus for an inductive load, there will be a period when both the SCRs may conduct. To overcome this problem of inductive loads, a freewheeling diode D is connected across the load. This circuit requires a centre-tap transformer because one point of the load is grounded.

				Principle of operation of the single-phase full-wave controlled rectifier using centre-tap transformer 

				Assume that diode D is not connected across the load. When T1 is triggered at wt = a, its current (iT1 = iL) rises gradually. As the potential of the point A crosses natural zero and it tends to become negative with respect to the centre-tap point C as shown in Fig. 5.23(a), the potential of the point B becomes positive with respect to that of point C. It should be noted that due to the inductive load, the current through thyristor T1 may be maintained beyond wt = p. Figure 5.23(b) represents the equivalent circuit when the conduction interval is (p – a) or 2p – (p + a).
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				Fig. 5.23(b)	Equivalent circuit of a single-phase full-wave rectifier when the conduction interval is (p – a) or 2p – (p + a).

				At wt = p + a , the potential of point B being positive with respect to that of point C, a triggering pulse at the gate of T2 will cause it to turn on. As T2 conducts, SCR T1 is turned off by reverse biasing. During the turn-off period of T1, the load current through T1 will be transformed to SCR T2. Similarly, as T1 is turned on at wt = 2p + a, T2 will be turned off by reverse biasing and during the turn-off period of T2, the load current (iT2=iL ) through T2 will be transformed to T1. The conduction of one SCR reverse biases the other by the total secondary voltage between AB [see Fig. 5.23(a)]. Therefore, both T1 and T2 should be suitably chosen to withstand a reverse voltage equal to the peak of the total secondary voltage. Besides, only 50% of the secondary coil is operative in each half-cycle, the VA rating of the transformer should be twice that of the load.

				Effect of inductive load

				Since the load consists of an inductance and a resistance, the waveform will be different from that obtained with a pure resistive load. In this case as the ac voltage passes through natural zero after wt = p, the SCR may not reach zero and may continue to conduct even when the voltage wave is passing through the negative half-cycle. This is due to the fact that current through the inductance cannot be suddenly reduced to zero. During the negative half-cycle of voltage, the current continues to flow till the energy stored in the inductance is dissipated in the load resistor and a part of energy is fed back to the source. As the current reaches zero, the SCR is turned off automatically and it regains its blocking state. Current flows through the load downwards during a to p + a but the load voltage is negative during p to p + a as shown in Fig. 5.23(d). The dc output voltage (Vdc=VL) of the full-wave rectifier without the freewheeling diode (provided there is continuous conduction) is given by

					[image: Biswanath__Eq-5-39.wmf]………(5.22)

				Therefore,
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				The rms value (effective value) of the load voltage (with the freewheeling diode) is given by
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				Therefore,
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				The ripple factor is given by
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				Effect of freewheeling (Flywheel) diode

				A freewheeling diode D is connected across the load. As a result of this modification, an SCR will not be able to conduct beyond wt = p. The SCR T1 is forward biased during 
wt = 0 to wt = p. Thus, a triggering pulse at wt = a turns it on and the load current flows through T1. Beyond wt = p, the voltage induced in the inductance will change its polarity as the di/dt changes its sign (according to Lenz’s law) and the diode D will start conducting as soon as the induced voltage is of sufficient magnitude, thereby enabling the inductance of the load to discharge its stored energy into its own resistance. After wt = p, the load voltage will just be the voltage drop across the diode D. The conduction of diode D will bring reverse bias across T1 to turn it off. During the turn-off period of T1, the diode D will take over the load current from T1. Figure 5.23(c) shows the equivalent circuit when the triggering angle varies from p to p + a.

				Thus when T1 is fully commutated, the entire load current (iL = iD) freewheels through the flywheel diode D. During wt = p to wt = 2p, the SCR T2 remains forward biased. Obviously, a triggering pulse at the gate of T2 at wt = p + a will turn it on. This turn-on of T2 brings a reverse bias across T1 and D. Thus diode D is turned off and the load current (iL = iT1) now gradually finds its path through T2. Freewheeling effect again starts at 
wt = 2p and continues until T1 is triggered at wt = 2p + a . This turn-on of T1 causes 

				[image: Fig-5-23c.eps]

				Fig. 5.23(c) Equivalent circuit of a single-phase full-wave rectifier when wt varies from p to (p + a).

				reverse bias across T2 and D. Obviously, D will now be turned off and the load current (iL= iT1) will gradually find its path through T1. If the load is highly inductive, current will be a rectangular waveform as shown in Fig. 5.23(d). 

				The phase angle control of an inductive load in the presence of the freewheeling diode D will not only help to improve the waveform of the load current by making it continuous but also help to relieve the SCR from load current conduction as the supply polarity reverses. The ratio of the reactive power flow from the input to the total power consumed in the load is less for the phase angle control circuit with a freewheeling diode. In other words, the freewheeling diode improves the input power factor of the system. Its ripple frequency (output frequency) is twice the input frequency of the ac wave. The dc output voltage (Vdc = VL ) of the full-wave rectifier with freewheeling diode will be given by 

					[image: Biswanath__Eq-5-45.wmf]………(5.27)

				Therefore,

					[image: Biswanath__Eq-5-46.wmf]………(5.28)

				The rms value (effective value) of the load voltage (with freewheeling diode) is given by

					[image: Biswanath__Eq-5-47.wmf]………(5.29)

				Therefore, 

					[image: Biswanath__Eq-5-48.wmf]………(5.30)

				[image: Fig-5-23d.eps]

				Fig. 5.23(d) Waveforms of a single-phase full-wave controlled rectifier (M-2 connection).

				The ripple factor is given by

					[image: Biswanath__Eq-5-49.wmf]

					[image: Biswanath__Eq-5-50.wmf]………(5.31)

				Figures 5.24(a), (b), and (c) illustrate the circuit waveforms at various triggering angles. 

					The following can be concluded from the curves shown in Figs. 5.24(a), (b), and (c).

				
						For a triggering angle a =30°, more power is fed into the load than is received back into the supply.

						The mean dc load voltage decreases as the triggering angle a is increased. At a = 90°, the mean dc load voltage goes to zero.

						At triggering angles a > 90°, the dc output voltage goes negative. At a = 180°, the negative dc voltage is maximum.

						The period for which an SCR is reverse biased reduces as the triggering angle increases to 180°.

				

				[image: Fig-5-24a.eps]

				Fig. 5.24(a) Waveforms of a single-phase full-wave controlled rectifier when a = 30°.
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				Fig. 5.24(b) Waveforms of a single-phase full-wave controlled rectifier when a = 90°.

				[image: Fig-5-24c.eps]

				Fig. 5.24(c) Waveforms of a single-phase full-wave controlled rectifier when a = 150°.

				5.13.5 Single-phase Bridge Rectifier 

				When an input transformer is not essential, a bridge system is often more economical. A single-phase bridge can be constructed by using either four SCRs or two SCRs with two diodes. A rectifier bridge with four SCRs is called a Full-controlled bridge and the other with two SCRs and two diodes is called a Half-controlled bridge. A full-controlled circuit has a capability to pump back stored energy into ac supply. A full-controlled circuit can be operated as a rectifier (when the firing angle changes from 0 to p/2) and as an inverter (when the firing angle changes from p/2 to p). But a half-controlled circuit can be used only in the rectifying mode as the firing angle changes from 0 to p.

				5.13.6	Single-phase Full-wave Full-controlled Bridge Rectifier 
(B-2 Connection) 

				This connection as shown in Fig. 5.25(a) is supplied from a single-phase ac source and contains four SCRs T1, T2, T3, and T4. The pairs T1-T2 and T3-T4 conduct alternately. With inductive load, the current does not become zero with the zero input signal (i.e. at wt = 0, p, 2p, 3p, 4p, etc.) but prolongs till the other pair is triggered (continuous current), or with small inductance the current may fall to zero before the other pair is triggered (discontinuous current).

					Let the SCRs T1 and T2 be triggered at wt = a. If the load is sufficiently inductive, then the load current iL through T1 and T2 will continue to conduct beyond wt = p. Since the polarity of the input voltage has already been reversed as shown in Fig. 5.25(b), triggering signals at the gates of T3 and T4 at wt = p + a will turn them on. The load voltage from wt = p to wt = p + a is negative but the load current is unidirectional. Again the load voltage will

				[image: Fig-5-25a.eps]

				Fig. 5.25(a) Circuit diagram of a single-phase full-wave full-controlled bridge rectifier (B-2 connection).

				be negative from wt = 2p to wt = 2p + a. The conduction of T3 and T4 will turn off T1 and T2, respectively, by reverse biasing and the load current iL will be shifted from the pair T1-T2 to the pair T3-T4. Although the load current iL is unidirectional, the current from the input will flow in the reverse direction, when T3 and T4 conduct. Thus, assuming a large value of the load inductance, the current iL will be a rectangular ac wave as shown in 
Fig. 5.25(b). The triggering angle a can be varied from 0 to p. Within this interval, the potential of the incoming pair of SCRs will remain higher than that of the outgoing pair of SCRs. The ripple frequency of the output voltage is twice the input frequency. Assuming the load inductance to be large enough to produce continuous current, the average dc output voltage (Vdc = VL) will be given by

					[image: Biswanath__Eq-5-51.wmf]………(5.32)

				Therefore,

					[image: Biswanath__Eq-5-52.wmf]………(5.33) 

				The rms value of the load voltage Vload, rms and the ripple factor are the same as those given by Eqs. (5.25) and (5.26), respectively. The effect of the inductive load can be overcome by using a freewheeling diode D across the load. The diode will be reverse biased when either of the SCR pairs (T1-T2/T3-T4) conducts from a to p (or from p + a to 2p). When the input voltage changes its direction from positive to negative beyond wt = p, the polarity of the induced voltage in the inductor changes as shown in Fig. 5.25(a). The diode D gets forward biased beyond wt = p and the load current will be transformed from the SCR pair T1-T2 to diode D. So the load current freewheels through the diode and the load until the occurrence of the next instant of triggering of the T3-T4 pair. 

				From Eq. (5.32) it is obvious that the average output voltage Vdc is negative when the triggering angle a is greater than 90°. This operation involves returning of dc power to the ac supply and the rectifier (converter) is then said to be working as an inverter. The average dc output voltage of the full-wave bridge rectifier with freewheeling diode is given by
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				Fig. 5.25(b) Waveforms of a single-phase full-wave full-controlled bridge rectifier (B-2 connection).

					[image: Biswanath__Eq-5-53.wmf]………(5.34)

				Therefore,

					[image: Biswanath__Eq-5-54.wmf]………(5.35)

				The rms value of the load voltage Vload, rms and the ripple factor are the same as those given by Eqs. (5.30) and (5.31), respectively. When a single-phase bridge with all SCRs is triggered late and has purely resistive load to feed, the SCRs cannot conduct during the negative half-cycle. Therefore, the output voltage will be the same as that given by Eq.(5.35).

				

			

		

	
		
			
				Effect of source inductance

				When source inductance LS is present, SCRs T1 and T2 in Fig. 5.25(a) do not turn off immediately after SCRs T3 and T4 are triggered. Inductance LS maintains the flow of current through the SCRs T1 and T2 for some time more even though the supply voltage polarity has reversed. Therefore, the current will shift only gradually from the pair of SCRs T1 and T2 to the pair of SCRs T3 and T4. In other words, the effect of the source inductance on the performance of the single-phase as well as three-phase full-wave converters is to make discontinuous current as continuous. This duration is known as overlap period m, and the output voltage during this period will be zero.

				5.13.7	Single-phase Full-wave Half-controlled Bridge Rectifier (B-2 Connection) 

				A half-controlled converter (semi-converter) will permit continuous control of mean dc terminal voltage from maximum to virtually zero but the reversal of the mean voltage is not possible. Thus, such a circuit will permit only quadrant-1 operation (i.e. it can operate only as a rectifier and not as an inverter). Apart from its economic advantage over the full-controlled circuit (since the number of SCRs required is less), the reactive power consumption is also less with the semi-converters. (The excess power drawn during conduction in each half-cycle is utilised in the load during the freewheeling period. Hence the ratio of the power drawn from the input to the power consumed in the load will approach more towards unity, i.e. less reactive power will flow.) 

					This circuit uses two SCRs and two diodes. There are three possible variations of this circuit which are shown in Figs. 5.26(a), 5.26(b), and 5.26(c). The relevant waveforms are shown in Fig. 5.26(d). Since the cathodes (anodes) of the two SCRs (T1 and T2) are at the same potential in symmetrical configuration as shown in Figs. 5.26(a) and 5.26(b), respectively, their gates can be connected together and a single gate pulse can be used for triggering any of the SCRs. However, the one which gets forward biased at the instant of triggering, will be turned on. For the asymmetrical configuration, isolated gate signals have to be used.

				[image: Fig-5-26a.eps]

					Fig. 5.26(a)	Circuit diagram of a single-phase full-wave half-controlled (common cathode) bridge rectifier (symmetrical configuration).

				[image: Fig-5-26b.eps]

					Fig. 5.26(b)	Circuit diagram of a single-phase full-wave half-controlled (common anode connection) bridge rectifier (symmetrical configuration).

					For the circuit of Fig. 5.26(a), a triggering pulse at wt = a will turn on T1. The load current iL, i.e. supply current iS, will be routed through T1 and D2. When the supply voltage is negative beyond wt = p, the induced emf across the inductive load drives current (which decays exponentially) through T1 and D1 until the firing of T2. The polarity of induced voltage changes its sign beyond wt = p as shown in Fig. 5.26(a). The current freewheels through the load, T1, and D1 from a to p + a. During this period the load may not receive dc power, the supply current iS being zero. 

					At wt = p + a, as T2 is triggered, the load current iL, i.e. supply current iS, will be routed through T2 and D1. At wt = 2p as the supply polarity reverses again, D1 is turned off by reverse biasing and the load current iL freewheels through T2-D2 until the firing of T1. 

				[image: Fig-5-26c.eps]

				Fig. 5.26(c)	Circuit diagram of a single-phase full-wave half-controlled bridge rectifier (asymmetrical configuration).

				Again, the load may not receive dc power, the supply current iS being zero from 2p to 2p + a. The dc output voltage vdc, rms value of load voltage Vload, rms, and the ripple factor are the same as those of Eqs. (5.35), (5.30), and (5.31) respectively.

					For the circuit of Fig. 5.26(c), there is a saving in freewheeling diode, because D1 and D2 together act as a freewheeling diode. The load current iL, i.e. supply current iS, will be routed through T1 and D2 and T2 and D1 in the positive and negative half-cycles, respectively, but the freewheeling of load current (id = iL ) will always be through D1 and D2. At the onset of the negative half-cycle, the conduction of D1 reverse biases T1 and turns it off. The load circuit shifts from T1 to D1 and thus the load current (iL = iD) freewheels through D1 and D2. Thus, the current through the conducting SCR becomes zero at the onset of freewheeling at the reversal of supply polarity and the average current rating of the SCRs will be less for the asymmetrical circuit in Fig. 5.26(c) compared to that of symmetrical circuits shown in Figs. 5.26(a) and 5.26(b). 

					Referring to the waveforms of Fig. 5.26(d), it may be observed that no current is drawn from the ac supply system, i.e. iS = 0 during the freewheeling period. Although the output 
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				Fig. 5.26(d) Waveforms of a single-phase full-wave half-controlled bridge rectifier.

				current iL is unidirectional, the direction of supply current is will change when the supply polarity gets reversed. The average dc output voltage (Vdc = VL ) will be given by 

					[image: Biswanath__Eq-5-55.wmf]………(5.36)

				Therefore,

					[image: Biswanath__Eq-5-56.wmf]………(5.37)

				The level of the output voltage Vdc, depends on the triggering angle a for full-controlled and half-controlled bridges as shown in Fig. 5.27. For a pure inductive load at a triggering 

				[image: Fig-5-27.eps]

				Fig. 5.27 Variation of output voltage Vdc with triggering angle a.

				angle of a = 90°, the average value of voltage is zero while for a pure resistive load the average value of voltage is zero if the triggering angle becomes 120°. The output dc voltage will be maximum when a = 0°, i.e. the maximum dc output voltage from Eq. (5.37) will be given by

					Vdc, max = 2Vm/p

				For symmetrical and asymmetrical configurations, the ripple frequency is twice the input frequency.

				5.13.8	Three-phase Full-wave Rectifier (M-6 Connection or Six-pulse Double-star Circuit)

				Figure 5.28(a) shows a six-phase double-star connection. Here the conduction angle of each SCR is only 60° and thus this results in poor utility. The circuit, however, produces low ripple and higher dc voltage compared to the bridge connection for the same ac voltage. In this circuit, changeover of conduction from one SCR to the other takes place only if the phase voltage of the incoming SCR exceeds that of the outgoing one. At the onset of conduction of the incoming SCR, the outgoing SCR gets reverse biased and, therefore, it undergoes rapid commutation. 

				Referring to the circuit of Fig. 5.28(a) and the waveforms of Fig. 5.28(b), it is seen that the triggering of T1 during PQ (when phase-R voltage is the highest) brings the common cathode potential approximately to the same value as that of phase-R. Obviously, all the 
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				Fig. 5.28(a) Circuit diagram of a three-phase full-wave controlled rectifier (M-6 connection).

				[image: Fig-5-28b.eps]

				Fig. 5.28(b) Waveforms of a three-phase controlled rectifier (M-6 connection).

				other SCRs are reverse biased. The voltages of phases R, Y, and B are out of phase with respect to those of phases R, Y, and B. Thus, when the incoming SCR T1 is turned on, 
the outgoing SCR T6 will be turned off by line commutation. All other SCRs, except T1, 
being reverse biased during PQ cannot take any active part in the operation of the circuit during this interval. The triggering sequence is 1, 2, 3, 4, 5, 6, and 1. Though the ripples in the output wave will be lowered, their frequencies are elevated compared to the single-phase circuits. The ripple frequency of output voltage is six times the input frequency. The average output voltage (Vdc = VL) is given by

					[image: Biswanath__Eq-5-57.wmf] ………(5.38) 

					= [image: Biswanath__Eq-5-58.wmf]  (since Vm = [image: Biswanath__Eq-5-62.wmf]V where V = rms voltage) 

					= [image: Biswanath__Eq-5-59.wmf]

					= [image: Biswanath__Eq-5-60.wmf]

					= [image: Biswanath__Eq-5-61.wmf]

				Therefore,

					[image: Biswanath__Eq-5-63.wmf]………(5.39)

				where V is the rms voltage of the double-star circuit per phase. 

				The rms value (effective value) of the load voltage is given by

					[image: Biswanath__Eq-5-64.wmf]………(5.40)
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				Therefore,

					[image: Biswanath__Eq-5-66.wmf] ………(5.41)

				The ripple factor is given by

					[image: Biswanath__Eq-5-67.wmf]

				Therefore,

					[image: Biswanath__Eq-5-68.wmf]………(5.42)

				5.13.9	Three-phase Full-wave Full-controlled Bridge 
Rectifier (B-6 Connection)

				This connection shown in Fig. 5.29(a) is specially suited for large dc power drives. It causes full-wave controlled rectification and inversion such that there exists no dc component in the source current. For the same triggering angle, the ripple voltage in this circuit will be the least compared to all other connections discussed so far. The changeover of conduction from one SCR to the other can take place only if the phase voltage of the incoming SCR is more than that of the outgoing SCR. Besides, the turn-on of the incoming SCR would obviously reverse bias the outgoing SCR and thus turns it off by line commutation. A bridge connected converter is used for a large number of applications because of (i) low ripple, (ii) good transformer utilisation, (iii) low rectifier voltage compared to the output voltage, and (iv) no dc magnetisation of the transformer core.

				[image: Fig-5-29a.eps]

				Fig. 5.29(a) Circuit diagram of a three-phase full-wave full-controlled bridge rectifier (B-6 connection).

				Referring to Fig. 5.29(b), it is seen that T1 can be triggered anywhere during the interval OPMS (when phase-R voltage is higher than those of phase-B and phase-Y). Let T1 be turned on at point P (triggering angle a = OP). The return path will be routed through T5 during the period from a to p/2 (during this period the voltage of phase-Y is more negative) and through T6 during the period from p/2 to point M, respectively. Prior to point P, T3 was conducting but the turn-on of T1 will reverse bias T3 and turn it off. Since there are six SCRs, one SCR will be triggered every 60°. It should be remembered that an SCR conducts if the anode is at a positive potential with reference to its cathode. The conduction pattern of the SCR has six modes and each SCR conducts over a span of PM [for OP = 30°, 
PM = p – (2  p/6) = 2p/3]. The firing sequence has been outlined in Table 5.1. Assuming no overlap, only two SCRs will be conducting at a time.
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				Fig. 5.29(b) Waveforms of a three-phase full-wave full-controlled rectifier (B-6 connection).

				
					
						
								
								Table 5.1 Firing sequence [Fig. 5.29(b)]
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				To maintain symmetry in the waveform of the input current, symmetrical triggering as well as the firing sequence as given in Table 5.1 should be followed. Referring to the table, it is seen that there are six identical modes of operation in one complete cycle. Obviously, each mode will have a duration of 2p/6, i.e. p/3. The output voltage waveform is repetitive every p/3. The average dc output voltage (Vdc = VL ) may be obtained by considering 
mode 1 only, namely

				Vdc =	[image: Biswanath__Eq-5-69.wmf]………(5.43)

					[image: Biswanath__Eq-5-70.wmf]

					[image: Biswanath__Eq-5-71.wmf]

				Therefore,

					[image: Biswanath__Eq-5-72.wmf]………(5.44)

				where Vm is the  maximum voltage per phase

				The reference point from which triggering angle a is measured is the positive-going 
zero of VRY, i.e. point O, where OP = a and OM = OP + PM; PM + OP = duration of 
mode 1 + OP = (p/3) + a. The variation of output voltage Vdc as a function of the triggering angle is indicated in Fig. 5.27. It is seen that the range of a between 0 to p/2 indicates rectifier operation while a between p/2 to p indicates inverter operation. The output voltage is maximum when a = 0°, and it is zero when a = 90°. The output dc voltage is negative maximum at a = 180°, when

					[image: Biswanath__Eq-5-72.wmf]

				During inverter operation (i.e. for a = p/2 to p) the direction of the load current remains unchanged but dc polarity is reversed such that power will be fed back from the dc side (provided the load is replaced by a dc source) to the ac side. The ripple frequency of the output voltage is six times the input frequency.

				The rms value (effective value) of load voltage is given by

					[image: Biswanath__Eq-5-73.wmf]

				(5.45)

					[image: Biswanath__Eq-5-74.wmf]

				Therefore,

					[image: Biswanath__Eq-5-75.wmf]………(5.46)

				The ripple factor is given by

					[image: Biswanath__Eq-5-77.wmf]

				Therefore,

					[image: Biswanath__Eq-5-78.wmf]………(5.47)

				5.13.10	Three-phase Full-wave Half-controlled Bridge 
Rectifier (B-6 Connection) 

				The circuit of Fig. 5.29(a) will be converted to a half-controlled (semi-converter) B-6 connection when the bottom SCRs (T4, T5, and T6) are replaced by diodes (D4, D5, and D6), respectively. It may be noted that the symmetrical configuration is not used as it introduces unbalance in line currents on the ac side. Figure 5.30(a) shows the three-phase full-wave, half-controlled rectifier circuit. 

				[image: Fig-5-30a.eps]

				Fig. 5.30(a) Circuit diagram of a three-phase full-wave half-controlled bridge rectifier (B-6 connection).

				Referring to the waveform of Fig. 5.30(b), it is seen that at point M the SCR T1 is triggered at an angle OM = a, the load current through T1-D5 will continue up to point N. Beyond point N, the voltage of phase-R with respect to that of phase-Y is more positive. Diode D5 turns off owing to reverse biasing. Therefore, freewheeling of load current will commence through T1 and D6 and continue up to point P. As T2 is turned on at point P, T1 will be turned off by reverse biasing. Load current is now routed through T2 and D6 and continues up to point Q. Beyond point Q, the voltage of phase-Y is more positive with respect to that of phase-B. Diode D6, therefore, turns off owing to reverse biasing. Therefore, freewheeling of load current now commences through T2 and D4. It will continue up to point S. The waveforms of Fig. 5.30(b) show the various phase currents as well as the current through one diode.

				For a semi-converter, reactive power input from the supply occurs only in the positive half-cycles while for a full-controlled circuit such flow of reactive power occurs both in the positive and negative half-cycles. Obviously, the power factor for a semi-converter will be higher than that of a full-converter. Its ripple frequency is thrice the input frequency. The average dc output voltage (Vdc = VL ) is given by

					[image: Biswanath__Eq-5-79.wmf]………(5.48)
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				Fig. 5.30(b) Waveforms of three-phase full-wave half-controlled bridge rectifier (B-6 connection).
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				Therefore,

					[image: Biswanath__Eq-5-81.wmf]………(5.49)

				where Vm is the maximum voltage per phase.

				The rms value (effective value) of load voltage is given by

					[image: Biswanath__Eq-5-82.wmf]

				(5.50)

				Therefore,

					[image: Biswanath__Eq-5-84.wmf]………(5.51)

				The ripple factor is given by

					[image: Biswanath__Eq-5-85.wmf]

					[image: Biswanath__Eq-5-86.wmf]

				Therefore,

					[image: Biswanath__Eq-5-87.wmf]………(5.52)

				5.13.11 Three-phase Half-wave Diode Rectifier with Resistive Load

				In Fig. 5.31(a), each of the three-phase voltage vRN, vYN, and vBN is connected to the resistance load RL through diodes D1, D2, and D3, respectively. Conduction takes place through the diode which has the largest anode supply voltage with respect to the neutral point N.

				[image: Fig-5-31a.eps]

				Fig. 5.31(a) Circuit diagram of a three-phase half-wave diode rectifier.

				Principle of operation of a three-phase half-wave diode rectifier

				At instant ‘a’ in Fig. 5.31(b), phase-R and phase-B are equally positive with respect to the neutral point N. Before this instant, phase-B had the highest potential and D3 was conducting. After the instant ‘a’, phase-R becomes greater than phase-Y and phase-B, so the diode D1 must conduct.

				When diode D1 conducts, the potential at point X assumes the same value as that of phase-R neglecting the diode drop. The conduction of diode D1 takes place at an angle of wt = p/6 and continues up to wt = 2p/3 till diode D2 takes its place at the instant point ‘b’. At point ‘b’, the phase-Y is greater than phase-R and phase-B, so diode D2 will start 

				[image: Fig-5-31b.eps]

				Fig. 5.31(b) Waveforms of a three-phase half-wave diode rectifier.

				conducting at wt = 5p/6. The conduction of diode D1 stops beyond wt = 5p/6. The diode D2 will conduct in the similar way for 120° till its place is taken over by D3. The diode D3 also conducts for 120°. It is apparent that neither the voltage nor the current ever goes to zero in the load RL.

				The average load voltage is given by

					[image: Biswanath__Eq-5-88.wmf]………(5.53)

				Therefore,

					Vdc = 1.17V………(5.54)

				where V is the rms value of the transformer secondary voltage per phase.

				The rms value of the voltage across the load is given by

					[image: Biswanath__Eq-5-89.wmf]………(5.55)

				Therefore,

					Vload, rms = 1.19V ………(5.56)

				The load form factor is given by

					[image: Biswanath__Eq-5-90.wmf]

					= 1.19V/1.17V = 1.01

				The ripple factor is given by

					[image: Biswanath__Eq-5-91.wmf]

				Hence the ripple voltage is approximately 18.5% of the output dc voltage and the minimum ripple frequency is three times the supply frequency which is evident from the output waveforms in Fig. 5.31(b).

				The peak inverse voltage will occur when the maximum voltage appears across the diode that is non-conducting. While one of the diodes is conducting, the other two diodes are non-conducting, and the voltage across any one of the non-conducting diodes is the line-to-line voltage of the transformer secondary. The line-to-line voltage is [image: Biswanath__Eq-5-93.wmf]V where 
V is the rms value of the phase voltage. The peak inverse voltage is 

					[image: Biswanath__Eq-5-92.wmf]

				5.13.12	Differences between Full-controlled Bridge and Half-controlled Bridge Rectifiers

				
					
						
								
								Full-controlled bridge rectifiers

							
								
								Half-controlled bridge rectifiers

							
						

						
								
								It can operate as a rectifier and an inverter. 

							
								
								It can operate only as a rectifier.

							
						

						
								
								In the rectifier mode, the triggering angle changes from 0 to p/2 but for the inverter operation the triggering angle varies from p/2 to p.

							
								
								For rectifier operation the triggering angle changes from 0 to p.

							
						

						
								
								The flow of reactive power from the supply occurs in the positive as well as negative half-cycles.

							
								
								The flow of reactive power from the supply occurs only in the positive half-cycle.

							
						

						
								
								The power factor is low. 

							
								
								The power factor is high.

							
						

						
								
								Four SCRs for single-phase and six SCRs for three-phase circuits are required.

							
								
								Two SCRs and two diodes for single-phase and three SCRs and three diodes for three-phase circuits are required.

							
						

					
				

				5.14 TRIACs

				A triac is a bilateral, bidirectional switching device with three-terminals. It can be triggered either with positive or with negative pulses applied to the gate terminal, depending on the potentials between the other two terminals called the main terminals. Thus, the triac is an ac switch which can be made to conduct on both alternations (half-cycles) of an ac voltage. The triac originates from two words, tri and ac. Tri indicates that there are three-terminals, and ac tells us that the device controls alternating current. A triac is equivalent to an inverse-parallel connected pair of SCRs. It is a low-power device of the thyristor family.

				Construction of the triac

				The triac is a five-layer (N4-P1-N1-P2-N2) device (if moved diagonally from N4 to N2) which may be considered to consist of an N2-P2-N1-P1 section in parallel with a P2-N1-P1-N4 section as shown in Fig. 5.32(a). An additional lateral N3 region serves as the control gate as it can be turned on by applying a control voltage between the gate and the main terminal. The gate terminal makes contact (ohmic) with both P2 and N3 type materials, thus allowing us to use either a positive or a negative pulse as trigger currents. The characteristics of a triac are similar to those of an SCR, both in the blocking and conducting states, except for the fact that the SCR does not conduct in both directions. Due to this disparity, the terms anode and cathode are not used for triac terminals. The two main terminals are designated MT2 and MT1. Figure 5.32(b) shows the sectional view and symbol of a triac.
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				Fig. 5.32(a) Construction of a triac.

				[image: Fig-5-32b.eps]

				Fig. 5.32(b) Sectional view and symbol of a triac.

				Principle of operation of the triac

				The triac is said to be positively biased when the main terminal 2 (MT2) is positive with respect to the main terminal 1 (MT1). This leads to operation in quadrant 1 as shown in Fig. 5.32(c). The triac operates in quadrant 3 when MT2 is negative with respect to MT1 and then it is said to be negatively biased. Like the SCR, the triac remains in its OFF state until the breakover voltage is reached. In its ON state, the voltage across the triac drops to a low value and the current is limited by the parameter of the external circuit. In the third quadrant when the voltage polarity across MT2 and MT1 is reversed, current through the triac is also reversed.

				5.14.1 Gate Triggering Modes of the Triac

				Gate triggering of a triac in any of the four operating modes is as follows: 

				
						MT2 to MT1 voltage positive; gate to MT1 voltage positive—operation in quadrant 1
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				Fig. 5.32(c) V-I characteristic curve of a triac.

				
						MT2 to MT1 voltage positive; gate to MT1 voltage negative—operation in quadrant 1

						MT2 to MT1 voltage negative; gate to MT1 voltage negative—operation in quadrant 3

						MT2 to MT1 voltage negative; gate to MT1 voltage positive—operation in quadrant 3

				

				When the terminal MT2 is positive and the terminal MT1 negative, the triac can be turned on by applying a positive voltage between the gate and MT1. This is the recommended method of triggering the device. In this mode, the triac behaves as a conventional SCR, 
with four layers P1-N1-P2-N2 and the MT1 terminal connected to layer N2 as shown in 
Fig. 5.32(a). 

				The device can also be turned on by applying a negative signal to the gate. In this case, the device is switched on by a method called junction gate operation. Initially, the left-hand portion of the triac comprising layers P1-N1-P2-N3 is turned on by the current flowing from terminal MT1 to the gate through the junction P2-N3. Terminal MT1 acts like the cathode gate. When this left-hand portion conducts, the potential of the left part of layer P2 in contact with N3 will go up, and because of this potential gradient across layer P2, the current will flow from left to right. This is similar to the conventional gate current, and the right-hand part of the triac comprising P1-N1-P2-N2 will turn on. The junction gate operation involves high switching losses, and therefore this form of gate drive is not normally used.

				When the terminal MT2 is negative and the terminal MT1 positive, the device can be turned on by applying a positive voltage between the gate and the terminal MT1. In this mode, the device is switched on by remote gate operation. The four layers used for this operation are P2-N1-P1-N4. The reverse-biased junction is formed by layers N1-P1; it will be broken by increasing the carrier concentration in layer N1, assuming that the transistor is formed by layers N2-P2-N1. Since the gate is made positive with respect to terminal MT1, the transistor will be properly biased and a positive base current will flow into layer P2. This will increase the emitter current and raise the carrier concentration in layer N1, and thus lead to the breakdown of the reverse-biased junction. The device will then turn on.

				If the gate is negative with MT2 negative, layers N3-P2-N1 will form the properly-biased transistor whose base drive is provided by the positive voltage between MT1 and the gate. The device will then turn on because of the increased current in layer N1. When MT2 is negative and MT1 is positive, the recommended mode of triggering is by applying a negative voltage between the gate and the terminal MT1. 

				Applications of the triac

				Triacs find extensive use in the control of ac power in ac motors, heat control of furnaces, control of lamp dimmers, etc. Triacs are also used in colour TV sets.

				5.14.2 Choice between Triacs and SCRs

				A triac is equivalent to two SCRs connected in antiparallel. It is, therefore, possible to replace a triac by a suitable combination of SCRs as shown in Fig. 5.32(d). If a triac is replaced by two such SCRs in antiparallel, a greater dv/dt can be tolerated. This is because each SCR conducts only in one direction, and as long as one of them is conducting, the other is in the OFF state with a reverse voltage applied to it. Since the device is initially OFF before a forward voltage appears across it, the maximum permissible dv/dt is related to the static dv/dt capability of the device. A triac, however, conducts in both directions, and so the permissible dv/dt is related to the re-applied dv/dt rating which is lower than the static rating. It is for this reason that SCRs are preferred over triacs for power control of inductive circuits with motor loads.
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				Fig. 5.32(d) SCRs in antiparallel mode.

				The SCRs are available in very high current and voltage ratings. Because of the low current and voltage ratings of triacs, their application is mostly limited to the control of domestic power and the control of small single-phase motors.

				Many applications arise in which SCRs must be connected in antiparallel. In this connection, with a suitable triggering circuit for each gate, both the positive and negative halves of a sine wave may be controlled in conduction. The gates of two SCRs are connected to a common point as shown in Fig. 5.32(d), which is termed gate G of the triac.

				Advantages of the triac over its antiparallel SCR pair

					(i)	The triac needs only one heat sink, though of a somewhat larger size. Though an antiparallel SCR pair requires two heat sinks of slightly smaller sizes, the total 
space required is more in respect of SCRs because of the clearance provided between the heat sinks.

					(ii)	A triac needs only one fuse for its protection and this also simplifies the construction.

					(iii)	Triacs can be triggered with positive or negative polarity voltages.

					(iv)	In some dc applications, the SCR is required to be fitted with a parallel diode to protect it against reverse voltage, whereas a triac can work without a diode.

				Disadvantages of the triac over its antiparallel SCR pair

					(i)	Triacs have low dv/dt rating compared with SCRs.

					(ii)	Triacs are available in only smaller ratings.

					(iii)	The trigger circuit in triacs needs careful design as the triac can be triggered in either direction.

					(iv)	The reliability of SCRs is more than that of triacs. 

				5.14.3 Comparison of Triacs with Antiparallel SCRs

				Many applications arise in which SCRs have to be connected back-to-back (antiparallel). The schematic structure of SCRs in antiparallel as shown in Fig. 5.33 suggests that they have similar layers in common (P-N-P); it is, therefore, possible to fabricate a single device as shown in Fig. 5.32(b).
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				Fig. 5.33 Antiparallel SCRs as a triac.

				
					
						
								
								Triacs

							
								
								Antiparallel SCRs

							
						

						
								
								A pulse is needed for a single pair of terminals (MT2-G) for triggering the triac. 

							
								
								The SCR pair needs an isolated pulse to feed two pairs of separate terminals.

							
						

						
								
								The gate signal to the triac may be of either polarity.

							
								
								The SCR will be switched on only if the gate signal is positive with respect to the cathode and the anode is also at positive potential.

							
						

						
								
								The turn-on procedure of the triac is more versatile.

							
								
								The turn-on procedure of the SCR is less 
versatile.

							
						

						
								
								The turn-off procedure of the triac is less versatile.

							
								
								The turn-off procedure of the SCR is more versatile.

							
						

						
								
								Triacs are not available in high current ratings. 

							
								
								The SCRs are available in high current ratings. 

							
						

						
								
								When high frequency and high dv/dt are involved, triacs are not suitable. 

							
								
								When high frequency and high dv/dt are involved, antiparallel SCRs are suitable.

							
						

					
				

				5.15 DIACs

				A diac is a two-terminal, bi-directional triggering device which can be switched from the OFF state to the ON state during either the positive or the negative alteration of an ac input wave. The device essentially consists of two P-N-P-N sections in antiparallel order as shown in Fig. 5.34(a). It has no gate terminal. The diac is also analogous to an inverse-parallel connection of two SCRs, but without the control gate. It is also called the trigger diode. 
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				Fig. 5.34(a) Structure and symbol of a diac.

				Principle of operation of the diac

				The two P-N-P-N sections are P1-N1-P2-N2 with junctions J2, J3, and J4 and P2-N1-P1-N3 with junctions J3, J2, and J1. With a positive voltage at MT1 with respect to MT2, junctions J2 and J4 are forward biased, whereas J3 is reverse biased. The junction J1 is also reverse biased, so no current can flow through it. For a small electrode voltage, the current flow through the device is extremely small as in an SCR. When the electrode voltage is increased, J3 tends to avalanche and the current through the device increases. The current flow through the device is, however, restricted to the right-hand side of the device because it provides a smaller resistance compared to the left-hand portion, since junction J1 opposes any current flow through it and the current has to overcome the lateral resistance of P1. As the current through the device increases, holes are injected from P1 to N1 and they diffuse across N1 to be collected by J3. The holes collected at the right-hand side of J3 are swept into region P2, and consequently its potential with respect to region N2 and MT2 increases. But, at low current level, the hole current flows parallel to J4 to reach MT2 because the lateral resistance of region P2 is smaller than the resistance of J4. However, the device current increases further owing to an increase in electrode voltage, the lateral voltage drop becomes larger than that of the forward-biased junction J4 and the device is switched on from the blocking state to the conducting state as in an SCR.

				When MT2 is made positive, a similar action takes place and current flows from MT2 to MT1 through the left-hand portion of the device as shown in Fig. 5.34(a). The forward and reverse characteristics of the device are identical because its construction is absolutely symmetrical. The graph in Fig. 5.34(b) shows that only a very low leakage current (due to minority carriers) +IBO flows in the diac as MT1 is made more positive than the main terminal, MT2 from 0 V to +VBO. When the voltage across the diac has increased to + VBO, avalanche breakdown occurs at the reverse-biased junction. The current through the diac increases drastically at this point and is limited only by external resistance. It is evident 
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				Fig. 5.34(b) V-I characteristic curve of a diac.

				that the device exhibits a negative resistance characteristic in the avalanche region, i.e. the current through the device increases with the decreasing values of applied voltage. The voltage across the device then drops to breakback voltage VW. The value of breakover voltage for the commonly used diacs is about 32 V. 

				During the negative alteration of the applied voltage when MT2 is made positive relative to MT1, the graph in Fig. 5.34(b) shows a symmetrical but opposite current in the diac. When the applied voltage is less than +VBO (or –VBO), the diac blocks the flow of current and effectively behaves as an open switch. It is possible to replace a diac by a suitable combination of SCRs, i.e. antiparallel SCRs as shown in Fig. 5.34(c). The two gates of anti-parallel SCRs are not connected to the external circuit. 
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				Fig. 5.34(c) Diac as a combination of two SCRs in antiparallel mode.

				Applications of the diac

				Diacs are reliable and economical trigger devices for SCR control applications. They are extensively used as triggers for triac ac control circuits such as lamp dimmers, heat control of furnaces, motor speed control, and other similar applications.

				5.16 QUADRACs

				A quadrac is a three-terminal device which is the combination of a diac and a triac. This diac-triac combination is built on the same chip. 

				5.17 RECOVERY CHARACTERISTIC

				At low frequency and low current, the diode may be assumed to act as a perfect switch. But at high frequency and high current, the recovery transient plays an important role because it increases the power loss and gives rise to large voltage spikes which may damage the device if proper precautions are not taken. In power diodes, the recovery characteristic is much more important than the forward transient characteristic because recovery losses get added to the forward loss. Fast recovery diodes can, therefore, be used in high frequency circuits and the rectifier efficiency is improved as well. Furthermore, fast recovery diodes can handle large values of forward current without overheating.

				5.18 FAST RECOVERY DIODEs

				The use of freewheeling diodes becomes essential in the case of phase-controlled rectifiers with either single-phase or three-phase supply, particularly with inductive loads. The rectifier conduction may be either continuous or discontinuous with inductive loads, depending upon the triggering angle and the time constant of the load. The sudden change in the operating mode of the rectifier without the freewheeling diode may cause a serious instability in the closed-loop regulating system. This instability is eliminated by the use of the freewheeling diode. The freewheeling diode reduces the current rating of the SCR in the phase-controlled rectifier.

				The freewheeling diode also prevents an SCR from losing control in a half-controlled rectifier circuit with a highly inductive load. Any diode may be used as a freewheeling diode, but fast recovery diodes are preferred because of their low recovery losses, lower junction temperature and reduced di/dt imposed on the SCR during the recovery of the rectifier unit.  Moreover, the freewheeling diode should recover to its non-conducting state before an SCR in the rectifier unit begins to turn on. Otherwise, a high inrush of current will flow during the recovery period of the freewheeling diode. This would virtually short-circuit the SCRs and induce a very high di/dt on them. As a result, the SCRs and the freewheeling diode may get damaged. The conventional diode, if used, will induce high voltage transients because of holes storage and recovery characteristics in conjunction with the circuit inductance. These high voltage transients sometimes become fatal to other components. This effect is reduced by the use of fast recovery diodes.

				In a conventional diode, the forward voltage drop is directly proportional to the thickness of the silicon and inversely to the carrier lifetime, but is more or less independent of the resistivity of the material, whereas the peak inverse voltage varies directly with the resistivity of the silicon. Reverse recovery time also varies with the silicon thickness and the carrier lifetime. So when recovery time is reduced, the forward voltage drop increases. The resistivity and thickness of the silicon are chosen to make a compromise between the recovery time and the forward voltage drop. When recovery time is reduced by reducing the carrier lifetime, the reverse leakage current is increased, thereby increasing the reverse power dissipation. Therefore, fast recovery diodes should be used at a lower junction temperature.

				Advantages of the fast recovery diode

				The main advantage of the fast recovery diodes is that the junction heating caused by recovery action is minimised and thereby power levels increased, reducing the losses.

				Applications of the fast recovery diode

				The major field of application for fast recovery diodes is in the area of electrical power conversion as freewheeling diodes, and in the areas of high frequency rectification and power inversions.

				5.19 POWER DIODES

				Power diodes are manufactured in a wide range of current and voltage ratings. Current ratings vary from a few amperes to several hundred amperes for a single device. Similarly, voltage ratings extend from tens of volts to several thousand volts. In addition to current and voltage ratings, an important parameter that determines the selection of a power diode for a static power converter application, is its reverse recovery time. A diode that has been in the conducting state needs a short but finite time after the forward conduction has stopped before it is able to recover its ability to block reverse voltages. Based on this time duration, diodes are classified as fast recovery and slow recovery types. Figures 5.35(a) and 5.35(b) represent the fast and slow recovery characteristic curves, respectively.
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				Fig. 5.35 Power diodes: (a) fast recovery characteristic curve and (b) slow recovery characteristic curve.

				Construction of the power diode

				The power diode consists of a silicon pellet with a single internal P-N junction as shown in Fig. 5.36. It is typically fabricated by diffusing P-type impurity atoms into one side of
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				Fig. 5.36 Junction structure and circuit symbol of a power diode.

				a N-type crystal wafer of silicon. It has two terminals of which the anode makes contact with the P-side surface of the pellet and the cathode with the N-side.

				The area of the pellet, by and large, determines the current rating. The resistivity of the starting material and its thickness are mainly responsible for the voltage blocking capability of the device. For example, if the diode is fabricated starting from N-type wafer on which the P-layer is formed by diffusion of P-type impurities, its voltage ratings will go up with the purity level of the starting wafer and its thickness. The impurity profile of the silicon pellet has a major effect on both its ON-state forward voltage drop and reverse recovery time. 

				Types of power diodes

				There are two types of packages commonly used for housing the diode pellet. In the stud- type package shown in Fig. 5.37(a), the casing is of metal and it has a threaded stud for easy mounting on a heat sink. The metal casing and the stud constitute one terminal of the diode. The other terminal is brought out on the side opposite to the stud, and is electrically insulated from the casing. The stud-type diodes are available with either type of polarity for the stud—anode or cathode.

				Diodes with very large current and voltage ratings employ the disc package, also known as hockey puck, as shown in Fig. 5.37(b). Here, the two terminals are flat metallic surfaces separated by a ceramic insulator. The disc-type diodes are mounted with at least one side in contact with a flat heat sink surface. For better cooling, two separate heat sinks may be used—one on each side. Very large power diodes are usually protected by fuses as a safeguard against circuit faults. The normal types of fuses used in power circuits are incapable of protecting power diodes. Special fast-acting fuses are available for power semiconductors.
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				Fig. 5.37 Types of power diodes: (a) stud-type package and (b) disc-type (hockey puck) package.

				Principle of operation of the power diode

				The relative proportions of the electron and hole currents are decided by the relative concentration of electrons on the N-side and that of holes on the P-side. For example, if the N-side electron concentration is equal to the P-side hole concentration, each current will be half the total current. If on the other hand, the P-side has much larger density of holes compared with the density of electrons on the N-side, as is often the case, a very large part of the total diode current at the junction would be due to the flow of holes. As a result, in such a diode, there will be an excess concentration of injected holes in the junction zone on the N-side, while the diode is carrying current in its ON state. These excess holes, which are minority carriers on the N-side, need a finite time to disappear before the diode is able to block the flow of reverse current. If the diode is subjected to reverse voltage before this, a reverse current will flow through it. During this reverse current flow, holes will be pushed back to the P-side. The flow of the reverse current will last until the excess of hole concentration has disappeared. This will be due to some of the holes moving across to the P-side and the rest recombining with electrons. From this, it may be expected that a shorter lifetime for minority carriers (which implies a faster recombination rate) will shorten the reverse recovery time of the diode, because this will result in faster disappearance of excess minority carriers. The presence of gold atoms as an impurity in the silicon has been found to shorten the lifetime of minority carriers. Therefore, the diffusion of gold into silicon is a technique used to shorten the reverse recovery time.

				A trade-off exists between blocking voltage capability and reverse recovery time. High resistivity silicon has a long minority carrier lifetime. Therefore, if a high resistivity silicon wafer is used as the starting material to achieve a high blocking voltage capability, the reverse recovery time is likely to go up. A trade-off also exists between blocking voltage capability and ON-state forward voltage drop. If a thicker and higher resistivity wafer is employed to achieve a higher voltage rating, it will result in a higher forward voltage drop in the ON state. In some power diodes, a lower resistivity N-region, called an N+ region, is formed on the outer side of the high resistivity N-region. This helps to reduce the ON-state voltage drop and also to make better electrical contact to the cathode terminal.

				Applications of the power diode

				Diodes employed in static converters are essentially high power versions of conventional low-power devices used in analog and digital signal processing circuits.

				5.19.1 Current Ratings of Power Diodes

				Current ratings are, in general, based on temperature rise considerations. Therefore, they are valid only if diodes are mounted on heat sinks of adequate size to ensure that the internal temperature does not exceed the specified limit. The data sheet of a power diode usually specifies the following ratings: (i) the average current, (ii) the rms current, and (iii) the peak current. It is important to ensure that none of these ratings is exceeded in actual operation.

				5.19.2 Voltage Ratings of Power Diodes

				For high power diodes, the data sheet usually specifies two voltage ratings: (i) the repetitive peak reverse voltage and (ii) the non-repetitive peak reverse voltage. The non-repetitive parameter is specified to indicate the capability of a diode to withstand an occasional overvoltage surge that may occur because of a circuit fault.

				5.19.3 Protection of the Power Diode (Snubber Circuit)

				A snubber circuit for a power diode serves to protect it from damage that can arise because of an overvoltage spike occurring during reverse recovery. A typical snubber circuit for a power diode consists of a resistance in series with a capacitor connected across the diode as shown in Fig. 5.38. During the decay of the reverse recovery current, the capacitor serves to limit the voltage spike. The energy stored in the inductance of the reverse recovery current loop serves to charge the capacitor, thereby reducing the overvoltage spike. The resistance R dissipates some of this energy, and, if suitably chosen, will damp out oscillations in the circuit.
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				Fig. 5.38 Snubber circuit for the power diode.

				

				5.20 POWER TRANSISTORs OR POWER BJTs

				Power transistors are available both in the N-P-N and the P-N-P format. But the available current and voltage ratings are higher for N-P-N devices. Because of the greater mobility of electrons compared with holes, an N-P-N device can be fabricated on a smaller chip area to provide the same performance as that of an equivalent P-N-P device.

				Construction of the power transistor

				Figure 5.39(a) shows the junction structure of a double-diffused N-P-N power transistor. In the fabrication of this device, the starting material is an N-type silicon wafer. First a P-layer is formed, by diffusion of impurities, on one side of the wafer. This is the base layer. A second diffusion, after masking the base terminal area, creates an N-zone, which is the emitter layer. Electrical contacts are made by forming layers of metal by vapour deposition and these are indicated by hatched lines in Fig. 5.39(a). The three external terminals of 
the device, which are collector (C), base (B), and the emitter (E), make contact with the appropriate zones in the pellet through these metal deposition areas. 

				Figure 5.39(b) shows the triple-diffused construction employed in some high-power transistors. In this construction, an additional low-resistivity N-region labelled the N+ layer (high impurity concentration) is formed on top of the collector layer by means of a third diffusion. This is done primarily to provide a low resistance ohmic contact between the collector and the collector metal layer with good mechanical properties.
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				Fig. 5.39	Construction of BJT power transistors: (a) double-diffused structure and circuit symbol and 
(b) tripple-diffused structure.

				Principle of operation of the power transistor

				When a transistor is used as a controlled switch, the control current input is provided at the base terminal. The control circuit is connected between the base and the emitter as shown in Fig. 5.40(a). The power terminals of the switch are the collector and the emitter. The manner in which the switching is achieved may be explained with reference to the output characteristics of the transistor as shown in Fig. 5.40(b).
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				Fig. 5.40 Power transistor as a controlled switch: (a) circuit diagram and (b) output characteristics.

				OFF-state of the power transistor

				If IB is made zero, the value of IC is negligibly small. This is the OFF-state of the switch. This is also called the cut-off condition of the power transistor. For negative values of VBE as well, there is no base current, and the transistor remains OFF. But the reverse voltage capability of the base-emitter junction is quite small, and it is important to ensure that this is not exceeded.

				ON-state of the power transistor

				Assuming that in Fig. 5.40(a), VCC = 150 V, RL = 30 W initially and IB = 0.6 A. The voltage VCE across the switch and the current IC through it must be given by a point on the characteristic curve for IB = 0.6 A. A second relationship, VCE = VCC – IC RL resulting from the application of the Kirchhoff’s voltage law to the power circuit loop, is used to locate this point. This relationship is given by a straight line called the load line. The load line corresponding to RL = 30 W is shown as AB in Fig. 5.40(b). It is drawn by choosing two points on it that satisfy the above output voltage equation. These are usually chosen as the one for IC = 0 for which VCE = VCC (point A) and the other for VCE = 0 for which IC = 
VCC/RL (point B). The intersection of the output characteristic and the load line gives the current through the switch and the voltage across it. The characteristics for all the different values of IB overlap near the y-axis, along a near vertical line, indicated in Fig. 5.40(b) as the saturation line. The voltage across the transistor VCE, sat is observed to be very small. This is the ON-state of the transistor switch, and VCE, sat is the unavoidable small forward voltage drop across the switch in its ON state.

				Applications of the power BJT

				Power bipolar junction transistors are widely used for signal processing, both as discrete devices and in integrated circuits. High power discrete devices with individual current ratings of several hundred amperes and voltage ratings of several hundred volts are presently available, and such devices are widely used as static switches in power electronic converters.

				5.20.1 Snubber Circuit (Switching-aid Circuit) of the Power BJT

				Snubber circuit, also called the switching-aid circuit, is used for the purpose of limiting the stress on static semiconductor switching devices during switching transitions. The circuit as shown in Fig. 5.41(a) consists of a capacitor C, a diode D and a resistor R. When the 
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				Fig. 5.41(a) Turn-off snubber circuit for the junction transistor (BJT).

				transistor is in the ON-state, the voltage across it, and therefore across the switching-aid circuit, is nearly zero. The purpose of the capacitor-diode combination is to slow down the rate of rise of voltage across the switch during the turn-off switching transition. This happens because during this time the diode turns on and the capacitor starts charging. In the OFF-state of the transistor, the capacitor remains charged to the full blocking voltage. It discharges during the next ON switching of the transistor. The resistor R limits the peak value of the discharge current through the transistor. Each time the transistor is turned on, the total energy stored in the capacitor is dissipated in the resistor. Therefore, the power dissipation in R is proportional to the switching frequency and to the square of the blocking voltage.

				5.20.2 Switching Characteristic of the Power Transistor

				A typical waveform of the collector current for power BJTs during turn-on and turn-off transitions is shown in Fig. 5.41(b). 
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				Fig. 5.41(b) Switching characteristics of a power BJT.

				The instants of time marked on the figure have the following significances:

				
						t0 is the instant at which the turn-on switching is initiated by the arrival of the base current pulse.

						t1 is the instant at which the collector current has risen to 10% of its final value. The delay time of the power BJT is (t1 – t0).

						t2 is the instant at which IC, sat reaches 90% of its final value. The rise time is 
(t2 – t1).

						t3 is the instant at which turn-off switching is initiated. This is typically done by the application of a small reverse voltage to the base, to speed up the transition, resulting in a reverse base current pulse of short duration because of the excess of minority carriers in the base region. This reverse base current lasts until the excess carriers are swept out of the base region. The collector current continues to flow without any significant decrease for a short time after t3, because of these stored excess minority carriers. The storage time is (t4 – t3).

						t4 is the instant at which the collector current has fallen to 90% of its ON-state value. 

						t5 is the instant at which the collector current has fallen to 10% of its ON-state value. The fall time is (t5 – t4).

				

				Example 5.7

				In the circuit of Fig. 5.42, the power BJT is being used as a static switch to switch a resistance load of 10 W in a 220 V dc circuit. The parameters of the BJT are, hFE = 15, VCE, sat = 2 V, and VBE = 0.7 V.

					(i)	Determine the minimum value of the driver output voltage VBB necessary to drive the switch to obtain the maximum current in the load. Determine also the power dissipation in the switch under this condition.

					(ii)	If VBB falls to 80% of the value determined in (i), what will be the change in the load current and the change in the power dissipation in the transistor?

					(iii)	A transient overvoltage spike occurs in the circuit because of external causes, resulting in VCC going up from 220 V to 250 V for a short interval. Since the current is limited by IB , assume that there is no significant change in IC . What will be the power dissipation in the device under this condition?

				[image: Fig-5-42.eps]

				Fig. 5.42 Example 5.7.

				Solution (i) The ON-state current of the transistor is given by

					IC, ON =	(VCC – VCE, sat)/RL

					=	(220 – 2)/10 = 21.8 A = IC1 (Supposed)

				The minimum base current is given by

					IB =	IC, ON/hFE

					=	21.8/15 = 1.45 A

				The minimum value of VBB necessary to ensure satisfactory ON-state is given by

					VBB =	IBRB + VBE 

					 =	(1.45  5) + 0.7 = [image: Biswanath__Eq-5-94.wmf]

				The collector power dissipation is

					PC =	IC, ON VCE, sat 

					=	21.8  2 = 43.6 W

				The base power dissipation is given by

					PB =	IBVBE 

					 =	1.45  0.7 = 1.015 W

				The power dissipation in the switch is 

					P =	PC + PB 

					=	43.6 + 1.015 = [image: Biswanath__Eq-5-95.wmf] = P1 (Supposed)

				(ii) According to the problem, 

					0.8VBB = IBRB + VBE

				or

				 	0.8  7.95 = (IB  5) + 0.7

				or

					IB = 1.132 A 

				The collector current of the transistor is given by

					IC =	hFE IB

					=	15  1.132 = 16.98 A = IC2 (Assumed)

				The change in the load current is, therefore, given by

					IC1 – IC2 = 21.8 – 16.98 = [image: Biswanath__Eq-5-96.wmf]

				The collector power dissipation is

					PC =	ICVCE, sat 

					 =	16.98  2 = 33.96 W

				The base power dissipation is

					PB =	IBVBE 

						= 1.132  0.7 = 0.79 W

				Total power dissipation in the switch is

					P =	PC + PB 

					=	33.96 + 0.79 = 34.75 W = P2 (Assumed)

				The change in power dissipation is, therefore, given by

					DP =	P1 – P2

					=	44.615 – 34.75 = [image: Biswanath__Eq-5-97.wmf]

				(iii) If IC, ON remains limited to the value of 21.8 A and because IB is unchanged when the voltage goes up to 250 V, the new value of VCE will be given by 

					VCE =	(VCC – IC, ON RL ) 

					=	250 – (21.8  10) = 32 V 

				The new value of the collector power dissipation is

					PC, new =	IC, ONVCE, sat

					=	21.8  32 = 697.6 W

				The new value of the total power dissipation in the transistor is, therefore, given by

					PT, new =	PC, new + PB 

					=	697.6 + 1.015 = [image: Biswanath__Eq-5-98.wmf]

				5.21 POWER MOSFETs

				The power MOSFET is a high-power version of the low-power metal oxide semiconductor field effect transistor (MOSFET). Relatively recent developments in technology have resulted in the production of high-power devices, with large voltage and current capabilities. Individual devices with typical ratings of tens of amperes and hundreds of volts are presently available. Both N-channel and P-channel devices are being made, but the 
N-channel devices are available in higher ratings. The P-channel device works in exactly the same way as an N-channel device, only with the voltage polarities and current directions reversed.

				Construction of the power MOSFET

				Power MOSFETs are fabricated in the form of arrays. This means that a single power MOSFET is in reality a parallel combination of thousands of individual cells, each being a MOSFET in itself. The number of cells on a silicon pellet may be as high as 1000 on an area as small as 1 mm2. The MOSFET has three external terminals, called drain (D), source (S) and gate (G). The drain and source are the power terminals of the switch. The gate is the control terminal. The control voltage to implement turn-on is applied between the gate and the source terminals. The direction of the forward current flow in an N-channel device is from the drain to the source. This results from the flow of electrons from the source to the drain.

				The N-layer on the top constitutes the drain as shown in Fig. 5.43(a). This layer is actually made up of an outer N+ layer of low resistivity (higher concentration of carriers) and an inner N– layer of high resistivity (low impurity concentration). The inner high-resistivity region serves to give a high voltage capability, while the outer low-resistivity region serves to make a strong low resistance electrical contact with the drain surface metal deposition.

				Adjacent to the N– zone is a relatively large P island as shown in Fig. 5.43(a). Inside the P island are again N+ islands. The source metal deposition covers a good part of the N+ islands and also the middle part of the P island between the N+ islands. The gate terminal does not make any electrical contact with the silicon pellet, because of the presence of a layer of silicon dioxide (SiO2), which is an insulator, between the silicon surface and the gate. The gate zone is over the P island between the N– drain region and the N+ source region. A conducting polycrystalline silicon layer, deposited over the gate zone, on the silicon dioxide layer, serves as the gate layer. Polycrystalline silicon layer gives better performance than the deposited metal layer. Figure 5.43(b) shows the symbol of MOSFET.

				Principle of operation of the power MOSFET

				If the drain terminal D is made positive with respect to the source S without gate voltage, no current can flow from the drain to the source because the junction between the N– drain region and the P island is reverse biased. Only a small reverse leakage current flows which is negligibly small. This is the OFF state of the power MOSFET.

				A positive voltage applied to the gate with respect to the source creates an electric field which pulls electrons from the N+ zone into the P zone immediately near the gate. 

				[image: Fig-5-43ab.eps]

				Fig. 5.43 N-channel power MOSFET: (a) junction structure and (b) circuit symbol.

				In this way an N-channel is created linking the source N+ region and the drain N– region as shown in Fig. 5.44(a). This N-channel now provides the path for flow of current from the drain to the source. If the positive potential on the gate is not of sufficient magnitude to create a channel, no current will flow. Therefore, there is a threshold value for the gate-source voltage VGS , below which the switch will be completely OFF. Above this threshold value, the channel cross-sectional area will increase with increasing gate-source voltage.

				There is a limit to the maximum current flow through the channel for a given value of VGS , without appreciable voltage drop. If the drain-source voltage is increased, a steep increase in current flow takes place initially. Later, the current reaches a saturation value IDS , which is limited by the size of the channel, that is, by VGS. There will be no further significant increase in current for that particular value of VGS. Once the saturation value is reached, any further increase in VDS will only cause increased voltage drop across the device and increased power dissipation in it, without increase in current. These statements are evident from the output characteristics as shown in Fig. 5.44(b), which show the relationship between the drain current ID and the drain-source voltage VDS for different values of VGS. In the case of most power MOSFETs, a VGS value of +12 V to +15 V will be adequate to turn the switch fully on.

				Integral reverse diode of the power MOSFET

				The integral reverse diode or the body diode of the power MOSFET with reference to the junction structure in Fig. 5.43(a) shows that if the source is made positive with respect to the drain, there is a direct path for current flow across the junction between the P region and the drain N– region, which becomes forward biased under this condition. Therefore, the device functions like a power diode in this direction. This integral antiparallel diode is an advantageous feature for most switching applications of the power MOSFET.

				[image: Fig-5-44ab.eps]

				Fig. 5.44 N-channel MOSFET: (a) current paths in the ON-state and (b) the output characteristics.

				Applications of the power MOSFET

				The power MOSFET is widely used in analog and digital signal processing circuits both in discrete and integrated circuit (IC) forms. A power MOSFET can be used either as a static switch or for analog operations. In static power converters, power MOSFETs are invariably used as static switches.

				5.21.1 Snubber Circuit (Switching-aid Circuit) of the Power MOSFET

				This circuit protects the power MOSFET from excessive stresses during switching transitions. Such a circuit is similar to that for the power transistors. The charging current flows through the interelectrode capacitance between the drain and the gate during turn-off switching. This charging current increases the gate potential and leads to a spurious turn-on and damages the device. Therefore, the turn-off transition is an interval during which the device may be overstressed because of the excessive dv/dt. The components of the snubber circuit can be suitably chosen to limit the dv/dt.

				5.21.2 Switching Characteristics of the Power MOSFET

				The typical waveforms of both drain-source voltage VDS and gate-source voltage VGS are shown in Fig. 5.45, approximated to linear shapes.

					The turn-on delay td(ON) is the time interval taken by the gate-source voltage VGS to rise to 10% of its final value or the time interval taken by the drain-source voltage VDS to fall to 90% of its initial OFF-state value.

					The rise time tr is the time interval during which the drain-source voltage VDS falls from 90% to 10% of its initial OFF-state value. During this time, the drain current rises between the corresponding limits.

					The turn-off delay td(OFF) is the time interval during turn-off switching taken by the gate-source voltage VGS to fall to 90% of its final OFF value.

					The fall time tf is the time interval during which drain-source voltage VDS rises from 10% to 90% of its final OFF-state value. During this time, the drain current falls between the corresponding limits.

				[image: Fig-5-45.eps]

				Fig. 5.45 Switching characteristics of a power MOSFET.

				The turn-on and turn-off time periods are given, respectively, by

					tON = td(ON) + tr

				and

					tOFF = td(OFF) + tf

				Power MOSFETs, in general, have shorter switching times than those of other power semiconductor switches. The actual values of tON and tOFF depend on the device ratings. 

				5.22 INSULATED GATE BIPOLAR TRANSISTOR (IGBT)

				The IGBT is a voltage-controlled switch. It has no integral reverse diode unlike the power MOSFET. When such a diode is needed for freewheeling in any circuit application, a separate antiparallel power diode has to be used along with the IGBT. The IGBT has no significant reverse voltage blocking capability. The maximum reverse voltage it can withstand is typically well below 10 V. IGBTs with a voltage rating of 1200 V and current rating of 600 A are available.

				Construction of the insulated gate bipolar transistor

				A typical IGBT cell as shown in Fig. 5.46 is comparable with the structure of an 
N-channel power MOSFET. In the IGBT, there is an additional P+ layer over the N+ drain layer of the power MOSFET structure. This P+ layer constitutes the collector of the IGBT. The adjacent N-region consists of an N+ layer and an N– layer. The N+ layer serves to achieve better performance, but does not materially change the operating principle of the device. The two layers N+ and N– are collectively treated as a single N-layer.

				The collector and emitter are the power terminals of the IGBT switch. The base terminal of the conventional BJT is replaced by the insulated gate terminal in the IGBT. The switching control voltage for the IGBT is applied across the gate and the emitter and this controls the switching of the IGBT.

				[image: Fig-5-46.eps]

				Fig. 5.46 Junction structure and symbol of a typical IGBT.

				Principle of operation of the insulated gate bipolar transistor

				A positive voltage is applied to the collector with respect to the emitter. The current flows through the N-channel in an IGBT cell when a positive voltage applied to the gate-emitter terminal is greater than the threshold voltage. The N-channel so created in the IGBT as shown in Fig. 5.47(a) connects the N+ emitter zone of the IGBT to the middle N region. The top P+ zone, the middle N-region and the lower P island constitute a P-N-P transistor. The top P+ region functions as the emitter of this P-N-P transistor under the normal circuit polarities. A circuit model on this basis is drawn in Fig. 5.47(b). The middle N region constitutes the base of the P-N-P transistor. 

				[image: Fig-5-47ab.eps]

				Fig. 5.47 Insulated gate bipolar transistor: (a) current flow path in ON-state and (b) circuit model in ON-state.

				When a channel is formed by the application of a gate voltage, the current flows through the top P+ zone, the middle N-region and the channel to the emitter terminal. This current flowing through the channel serves as the base current for the P-N-P transistor that causes emitter current in this transistor, resulting in large-scale injection of holes across the top P-N junction. These injected holes are responsible for the conductivity modulation of the middle N zone. Now, there are two current-flow paths to the emitter terminal. One is through the middle N zone and the channel. The other is across the collector junction of the P-N-P transistor and through the lower P zone. The resistances, Rmod (modulated by carrier injection from the top P+ zone) and RC in these two paths are shown separately in the Fig. 5.47(b).

				Applications of the IGBT

				The IGBTs are widely used as switches in the static power converters.

				Switching characteristics of the IGBT

				The switching characteristics of the IGBT are similar to those of the power MOSFETs. 

				5.23 LOSS OF POWER IN SEMICONDUCTOR DEVICEs

				The I2R loss, i.e. the power loss in semiconductor devices can be divided into four parts:

				Forward current conduction loss

				This loss is the major component of total power loss in a semiconductor device. The mean forward current multiplied by the forward voltage drop across the semiconductor device is the average power dissipated in the device. To maintain the silicon temperature well below 120°C, the heat generated in the semiconductor device must be removed fast with the help of heat sinks.

				Forward leakage power loss

				When a semiconductor device is in forward blocking mode, i.e. when a forward voltage is applied to the anode terminal with respect to the cathode, there is a forward leakage current. This loss is the integration of the product of forward voltage and forward leakage current. It is comparable to the conduction loss.

				Turn-off power loss

				The turn-off power loss arises during the time of decay of reverse current according to the product of the instantaneous values of the reverse current and reverse voltage, and may reach high peak values up to several kilowatts. Since these turn-off power losses occur during each turn-off process, their share in the total power loss increases with the increasing rate of repetition. At power frequency, the turn-off loss is negligible. As the operating frequency increases, the turn-off power loss cannot be neglected. The turn-off power loss can be calculated accurately by 

					[image: Biswanath__Eq-5-99.wmf]………(5.57)

				The turn-off power loss can be considerably reduced by lowering the value of the reverse current and the rate of growth of reverse voltage. This can be achieved by a proper damping circuit. The range in which turn-off power losses occur is shown in Fig. 5.48.

				[image: Fig-5-48.eps]

				Fig. 5.48 Waveforms showing the range of turn-off power losses.

				Turn-on power loss

				The turn-on power loss is rather higher than the turn-off power loss. Because the switching process takes a finite time, there is a relatively high voltage across the device while a forward current flows. The switching loss (i.e. the loss during the transition period when the device goes from ON-state to OFF-state and vice versa) at higher operating frequencies will be greater than that at lower frequencies.

				5.24	COMPARISON between POWER MOSFET, POWER TRANSISTOR AND POWER IGBT
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								It is a voltage-operated device.

							
								
								It is a current-controlled device.

							
								
								It is a voltage controlled-device.

							
						

						
								
								A negligible current is required at its control terminal to maintain it in the ON-state.

							
								
								It needs an appreciable value of control current for keeping it in the ON-state. 

							
								
								A small current is required at its control terminal to maintain it in the ON-state.

							
						

						
								
								Its switching speed is high.

							
								
								Its switching speed is comparatively lower than that 
of the power Mosfet.

							
								
								Its switching speed is very high.

							
						

						
								
								The internal structure is such that there exists a diode path in the reverse direction across the main terminals of the switch. In effect, it is a parallel combination of two static switches—a controlled switch for forward current flow and an uncontrolled diode switch for reverse currents. Such a combination of switches is very frequently required in static converters in which the diode serves to provide a freewheeling current path.

							
								
								A fast recovery diode of adequate rating in antiparallel across the power transistor is used for freewheeling action.

							
								
								The IGBT has no integral diode. A separate antiparallel power diode has to be used along with the IGBT for the purpose of freewheeling.

							
						

						
								
								The current and voltage ratings are low. 

							
								
								The current and voltage ratings are higher than those of power MOSFETs.

							
								
								The current and voltage ratings are well above those of power MOSFETs.

							
						

						
								
								ON-state voltage drop is comparatively higher than that of power transistors.

							
								
								ON-state voltage drop is lower than that of power MOSFETs.

							
								
								ON-state voltage drop is maximum. 

							
						

					
				

				5.25 UNIJUNCTION TRANSISTOR 

				A unijunction transistor (UJT) or P-N transistor is a two-layer P-N device with three-terminals. It is a unidirectional triggering element. Possessing only one P-N junction, the UJT is a versatile semiconductor device that exhibits negative resistance characteristics. This means that an increasing emitter current results in a decreasing voltage between the emitter (E) and base-1 (B1) terminals. In other words, when the device is triggered, the emitter current increases regeneratively until it is limited by emitter power supply.

				Construction of the UJT

				The UJT is fabricated on an N-type silicon bar with ohmic contacts of gold film for the two base terminals as shown in Fig. 5.49(a). The emitter section, a highly doped P-type material, is deposited between the base-1 (B1) and base-2 (B2) regions. The P-type material is placed at a point closer to B2 than B1. The N-type silicon semiconductor region comprising the base material is lightly doped. The resulting small number of free electrons will support only a small current between the two base terminals. Without the emitter, the dc resistance across this N-type material from base-1 to base-2 is approximately 4700 W to 9000 W for the 2N2160 type UJT. The P-N junction acts as a silicon diode connected to two base regions. The device is also called the double-based diode because the two terminals are taken from the same section of the diode.

				[image: Fig-5-49a.eps]

				Fig. 5.49(a) Structure and symbol of a UJT.

				Equivalent circuit of the UJT

				The interbase resistance RBB of the N-type silicon bar appears as two resistors RB1 and RB2 where RBB = RB1 + RB2 as shown in Fig. 5.49(b). The relative values of RB1 and RB2 depend on where the P-type emitter material is located along the N-type bar. When the interbase voltage VBB is applied between B2 and B1, a portion of the power supply voltage VBB appears between the points C and B1 as shown in Fig. 5.49(b). When there is no emitter current IE, the voltage to the junction point of RB1 and RB2 with respect to B1 is given by

				[image: Fig-5-49b.eps]

				Fig. 5.49(b) Equivalent circuit of a UJT.

					[image: Biswanath__Eq-5-100.wmf]………(5.58)

				The ratio RB1/RBB = h is called the intrinsic stand-off ratio of a UJT. The value of h lies between 0.51 to 0.82. Therefore, 

					VCB1 = hVBB

				Principle of operation of the UJT

				If an external emitter voltage VE is applied to the emitter terminal E with respect to B1, no current flows through the emitter as long as the emitter voltage is less than VCB1. If VE < hVBB, the emitter junction is reverse biased resulting in a small reverse leakage current. However, if VE > hVBB, the emitter junction gets forward biased, emitter current flows and holes get injected from the emitter into the high resistance N-type bar. These holes are attracted to base-1 (B1) and repelled by base-2 (B2). This results in an increase in the conduction of the region between the junction C and the base-1 (B1). This sudden increase in the number of available carriers quickly decreases the resistance of the RB1 portion of the UJT so that current, once started, flows easily between E and B1. Thus the conductivity of RB1 is modulated or varied by the flow of emitter current. This phenomenon is known as conductivity modulation.

				The increase in conductivity, in turn, decreases the voltage drop between the points C and B1. Consequently, this increases the forward bias of the P-N junction. The emitter current IE,  therefore, increases. This process continues until the valley point with the coordinates IV and VV , is reached as shown in Fig. 5.49(c). This current IV is so large that no further increase in the conductivity of the region between the junction C and the base-1 (B1) is possible. Hence beyond this valley point the UJT behaves as a conventional forward biased junction diode. The emitter voltage at the peak point in the characteristic is given as, VP = hVBB + VD, where VD is the inherent base voltage drop. Between VP and VV , increase in IE is accomplished by a reduction in the emitter voltage VE. This is the negative resistance region of the UJT. Beyond the valley point, increase in IE is accomplished by an increase in VE. This is known as the saturation region. At points to the left of VP, the emitter–base 1 is reverse biased, and there is no emitter current. This is called the cut-off region.

				[image: Fig-5-49c.eps]

				Fig. 5.49(c) VE–IE characteristic curve of a UJT.

				Applications of UJT

				UJTs are extensively used in oscillator, pulse and wave sensing circuits as well as in delay timer circuits. This device is also used to apply a sudden pulse of power to energise a relay or to fire an SCR.

				5.26 Electron Tubes

				Electron tubes can be used to transform electrical quantities such as current or voltage, in waveform, magnitude and frequency, and also to convert radiant energy into electricity and vice versa. An electron tube refers to a device in which the work space bounded by a gas-tight envelope is highly rarefied (evacuated) or filled with a suitable medium (a vapour or a gas) and depends for its operation on the electrical phenomenon that takes place in a vacuum or a gas. A vacuum refers to a state of a gas, notably air, under a pressure which is lower than the atmospheric pressure. Electron tubes may be classified into vacuum tubes in which the current flow is constituted solely by electrons moving in a vacuum, and gas-filled (or simply gas) tubes which depend for their operation on an electric discharge in a gas (or a vapour).

				In gas-filled tubes, the pressure may be 10–3 mm of Hg and higher. A substantial proportion of the moving electrons collide with the gas molecules and ionize them. In fact, this ionisation is only a part of the more general process known as a gaseous discharge. Argon, helium, krypton, neon, hydrogen, and xenon gases are used in gas-filled tubes. The basic types of gas-filled tubes are stabiliser diodes, thyratrons, mercury-arc tubes, etc. Thyratrons and mercury-arc tubes are both switches, carrying unidirectional current. They are bulky and fragile, and have large power losses between electrodes because of the forward conducting drop of 10 V for the thyratron and about 50 V for the mercury-arc tube.

				Glow discharge

				It is a self-maintained discharge. As its name implies, this discharge has a soft glow of light like that of smouldering charcoal. The current density in a glow discharge is units or tens of milliamperes per cm2 and there is a space charge markedly affecting the electric field between the electrodes. For a glow discharge to take place, the voltage must be tens or even hundreds of volts. The discharge is maintained by the emission of electrons from the cathode which is bombarded by ions.

				A plasma is a heavily ionised gas in which the positive ions and the negative electrons are roughly equal in number. In a plasma, the haphazard (thermal) motion of particles prevails over their ordered motion. Still, the electrons move towards the anode and the ions towards the cathode.

				5.26.1 Gas-filled Diode

				Gas-filled diode is the name used to describe a partially evacuated electron tube containing a small amount of inert gas such as helium, neon, argon, krypton or xenon at a suitable pressure typically 10–3 mm of Hg or higher. Ionisation of the gas is responsible for the flow of current in such diodes. Large plate currents may be obtained if the plate voltage is sufficiently high to impart ion-producing velocities to the electrons. Once ionisation occurs, the plate current is much larger than it would be for a corresponding space-charge controlled vacuum diode, for a given plate-cathode potential. Gas-filled diodes are usually classified as (i) cold-cathode type and (ii) hot-cathode type.

				In a cold-cathode type gas-filled diode, the ionisation of gas is caused by the energy from natural sources such as cosmic rays or radioactive particles in air. Usually filled with neon gas in combination with other gases, cold-cathode diodes utilise field emission to obtain ionisation of the gas. In the symbol of the cold-cathode type, a dot in the circle indicates the presence of the gas. 

				A hot-cathode type gas-filled diode consists of a thermionic (hot) cathode, a plate and a small amount of liquid mercury that vaporises when the cathode is heated. When the plate voltage is applied, the vapour ionises and sustains a heavy current. So the cathode must be pre-heated for 1-2 minutes before the plate voltage is applied in order to permit the mercury to be completely vaporised.

				Construction of the cold-cathode gas diode

				A cold-cathode gas diode consists of two electrodes, cathode and anode, mounted very close to each other in an envelope filled with some inert gas at low pressure. Figure 5.50(a) shows a cold-cathode gas diode. The anode here is shown in the form of a thin wire and the cathode is a cylindrical metallic surface with oxide coating. The anode is always kept at a positive potential with respect to the cathode.

				Principle of operation of the cold-cathode gas diode

				The conduction in a gas-filled diode passes through three successive discharge phases such as (i) townsend discharge, i.e. discharge, in a gas owing to ionisation which is not a result of the applied voltage, (ii) glow discharge, and (iii) arc discharge.

				[image: Fig-5-50a.eps]

				Fig. 5.50(a) Construction of cold-cathode gas diode and its symbol.

				

				At low anode voltage, the tube conducts a very small current (1 mA) owing to the ionisation of gas molecules by the natural sources. The conduction up to the point B as shown in Fig. 5.50(b) is known as Townsend discharge which is non-self maintained discharge because it requires an external source to cause ionisation. In this part of the conduction, no visible light is associated.

				[image: Fig-5-50b.eps]

				Fig. 5.50(b) Characteristic curve of a gas-filled diode.

				The tube fires at some critical voltage such as point B and the voltage across the tube drops (from point B to point C) and remains constant irrespective of plate current. Glow is seen in the gas and on a portion of the cathode. This part of the conduction is known as glow discharge. In this region, an increase in supply voltage causes more current to flow resulting in enhanced voltage drop across the external series resistance. Hence a constant voltage drop occurs across the gas-filled diode. Ionisation enhances because of the increase in current and the glow covers a greater part of the cathode surface. The ionised gas path between the cathode and the anode has a greater area of cross-section. As resistance is inversely proportional to the area of cross-section, the resistance of the gas-filled diode decreases. Hence the voltage across the gas-filled diode remains constant from point C to point D as shown in Fig. 5.50(b).

				After the glow discharge, voltage across the tube no longer remains constant. If the supply voltage is now increased, the circuit current increases and the voltage across the gas-filled diode starts to rise again. This stage of conduction (from point D to point E) is known as abnormal glow. If the current density is further increased, the discharge becomes an arc. This is known as arc discharge. 

				Applications of the cold-cathode gas diode

				Gas-filled diodes are used in many industrial electronic circuits where large values of average current ranging from 1 A to 100 A are required.

				5.26.2 Thyratrons

				The term thyratron takes on its origin from the Greek word Thyra which means door, thus implying that the tube can be opened and closed like a door, with the aid of a control grid. It is a gas-filled triode with a thermionic cathode. The gas pressure is kept high enough to create plasma with normal plate voltage. Thyratrons may have three or more electrodes. In a three-electrode glow-discharge thyratron, the anode and cathode are supplemented by a third electrode, called the grid as shown in Fig. 5.51(a). The grid of the thyratron exercises a more limited control than it does in vacuum triodes. Glow-discharge thyratrons are usually miniaturised and use neon or argon or their mixture as the filling gas. They are able to operate over an ambient temperature range of – 60°C to + 100°C. Their service life is several thousand hours. The operating grid and anode voltages range from tens of volts to 100-300 volts. The time required for the grid to regain its control action after the anode current ceases, depends on the deionisation time and usually is of the order of tens or hundreds of microseconds.

				[image: Fig-5-51a.eps]

				Fig. 5.51(a) Electrode structure of a negative control thyratron.

				Principle of operation of the thyratron

				The grid of the thyratron exercises one-way control over conduction and only serves to fire the tube at the instant when it acquires a critical voltage. As the grid exercises no control over conduction, the discharge in a thyratron can be discontinued only by reducing the anode voltage to a value at which no discharge can be sustained, or by opening the anode circuit. The thyratron tubes can control loads from a few milliamperes to several amperes. The thyratron’s plate-cathode resistance is very low when the tube is in the conducting state.

				The grid of the thyratron controls the point at which the tube fires, or the point at which the gas in the tube ionises. When the grid voltage is made sufficiently negative the electrons emitted from the cathode do not acquire the necessary velocity to ionise the gas, and the plate current is virtually zero. As the negative grid potential is reduced, the electrons acquire more speed and energy. A point, called the critical grid voltage, is reached, 
where ionisation occurs and a large plate current flows. In other words, the control grid voltage is that negative grid voltage for a given plate potential at which ionisation of the 
gas starts. As soon as the tube fires, the plate current assumes the full value, limited 
only by the external resistance in series with tube. Once ionisation takes place, the 
grid loses control and the flow of plate current does not stop. The plate current can be stopped only by reducing the plate voltage to zero, or to a negative value. After the conduction ceases, the grid regains control and determines the start of the next 
conduction. The device is operationally comparable to the solid-state silicon controlled rectifier (SCR). The conduction period can be lengthened or shortened by shifting the 
firing point.

				It is necessary to restore the tube to the non-conducting state for the next firing action. This can be done using the reversing polarity of ac supply. During the negative half-cycle, the plate current ceases to flow and plasma disappears. The average plate current depends upon the point in the positive half-cycle of plate voltage at which the tube fires and, therefore, is governed by  the grid voltage. The grid voltage may be varied to change the average plate current and the tube may thus be used to operate a relay in the plate circuit of the thyratron.

				Action of the grid after firing of a thyratron

				When conduction starts in a thyratron, positive-ion sheaths are formed around the cathode and the negative grid, while the remaining space in the tube is filled with plasma in which the numbers of positive and negative ions are equal and whose potential is almost constant and nearly equal to the plate voltage. Since the grid is negative, it repels electrons and attracts positive ions which cluster around the negative grid forming a sheath. Under the equilibrium conditions, the total positive charge of all the positive ions in the sheath equals the negative charge on the grid owing to the applied negative voltage. Thus within the sheath, the net charge is zero. Hence the field of the negative grid does not extend beyond the positive ion sheath. Thus through the plasma, the flow of positive ions and electrons takes place from the cathode and the anode, respectively, without the influence of the grid. It is assumed that the thickness of the sheath around the grid wires is small compared with the spacing between the wires so that the flow of positive ions and electrons takes place without appreciable hindrance. If the grid is highly negative or the current density in the plasma is reduced to a very small value, then the sheaths of two adjacent wires may overlap and extinguish the arc.

				The firing characteristic forms the boundary between the conduction region and the non-conduction region as shown in Fig. 5.51(b). For any fixed plate voltage, as the grid 

				[image: Fig-5-51b.eps]

				Fig. 5.51(b) Firing characteristic of a thyratron.

				voltage is gradually increased (i.e. made less negative) starting from a high negative value, conduction starts when the grid voltage attains the value given by the curve. Alternatively, for a fixed grid voltage, as the plate voltage is gradually increased from a low value, conduction starts when the anode voltage reaches the value given by the curve.

				Applications of the thyratron

				Thyratrons are useful in switching and in fast-acting relay applications because of their firing action. They are used as controlled rectifiers for controlling the dc power fed to the load and in motor control circuits. They are also used in saw-tooth sweep generators for TV and radar applications.

				5.26.3 Ignitron (Mercury-pool Tube)

				It is a mercury-arc rectifier with a pool-type cathode. A pointed electrode, called the ignitor, dipped into a mercury pool, as shown in Fig. 5.52(a), is utilised to trigger the mercury-vapour discharge in the tube at the desired instant. The mercury pool is used as a cathode and, therefore, it requires no heating power. The anode and the ignitor are made of graphite material and silicon carbide or boron carbide (i.e. semiconductor material), respectively. The metal water jacket and the tube wall are electrically connected to the mercury-pool cathode as shown in the cut-way view of Fig. 5.52(a). The ignitor is a rectifier—it produces electrons from only one element, the mercury pool—so its electrons can flow only in one direction from cathode to anode.

				Principle of operation of the ignitron

				To initiate an arc, an auxiliary voltage of about 200 V sends a heavy current (about 30A) from the ignitor tip to the cathode, thus forming a cathode spot on the surface of the pool. Electrons emitted from this bright spot are immediately ionised. This results in an arc between the cathode and the main anode, if the anode is positive at this instant of time. It is necessary to start the arc at the beginning of each period of conduction. 

				If the load current flowing through the ignitor and into the arc is large enough (20 A to 40 A), the top of the ignitor rod becomes much more positive than the mercury pool, and thus it attracts the electrons newly released by the arc. These moving electrons ionise the particles of mercury vapour in the space in between; the positively charged ions are attracted to the cathode with such force that they dislodge huge quantities of electrons from the mercury pool by secondary emission. These electrons now may pass directly from the mercury pool to the large anode.

				[image: Fig-5-52a.eps]

				Fig. 5.52(a) Cut-way view and symbol of an ignitron.

				The arc so created continues for the remaining part of the cycle during which the anode remains positive with respect to the cathode. When the anode becomes negative, the arc extinguishes and the tube deionises rapidly. Ignitrons are capable of carrying plate currents from 10 A to 5000 A. Available sizes of ignitrons can handle currents from 40 A to 10,000 A, per pair of tubes.

				Potential distribution curve of the ignitron

				Figure 5.52(b) shows the potential distribution in the arc of an ignitron. The three parts of the arc are (i) cathode sheath, (ii) plasma, and (iii) anode sheath. The positive ions surrounding the cathode form the cathode sheath. The electrons emitted from the cathode move to the plasma while the positive ions from the plasma move to the cathode. In the cathode sheath, the voltage drop is about 10 V. A voltage drop of nearly 4.5 V is required to liberate electrons while the remaining drop of 5.5 V accelerates the electrons to cause ionisation.
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				Fig. 5.52(b) Potential distribution in the arc of an ignitron.

				A plasma is a heavily ionised gas in which the positive ions and the negative electrons are roughly equal in number with a potential gradient of about 0.05 V/cm.

				The region surrounding the anode is called the anode sheath. It has more electrons and a high potential gradient. The electronic space charge surrounding the anode obstructs the motion of electrons from plasma to anode. The large voltage drop in the anode sheath is responsible for a high voltage in the arc at high currents. At high currents the voltage drop rises owing to an increase in the anode drop, whereas at lower currents the voltage drop rises owing to an increase in the cathode drop. 	 

				Applications of the ignitron

				Ignitrons are used in heavy-duty industrial rectifier services and are extremely well suited for resistance welding. A pair of ignitrons connected back-to-back to switch one side of an ac circuit feeding a transformer load is used for spot welding.

				MULTIPLE CHOICE QUESTIONS

				1.	A P-N-P-N diode is a

				(a)	negative resistance device.

				(b)	current controllable negative resistance device.

				(c)	voltage controllable device.

				(d)	controlled rectifier.

				2.	A P-N-P-N diode is fabricated from 

						(a)	silicon only.	

				(b)	germanium only. 

						(c)	germanium or silicon.	

				(d)	gallium arsenide. 

					3.	In a P-N-P-N diode, breakover voltage is marked by

						(a)	a sudden increase in current.	

				(b)	a sudden decrease in current.

						(c)	the diode getting burnt off. 	

				(d)	none of the above.

					4.	A P-N-P-N diode is 

						(a)	a two-terminal device.	

				(b)	a four-terminal device.

						(c)	a three-terminal device.	

				(d)	none of the above.

					5.	An SCS is a 

						(a)	P-N-P-N diode with three-terminals.

						(b)	P-N-P-N diode made from germanium.

						(c)	P-N-P-N diode having contacts to both the inner layers.

						(d)	none of the above.

					6.	Which of the following P-N-P-N devices has two gates?

						(a)	SCS	

				(b)	Diac

						(c)	Triac	

				(d)	UJT

					7.	An SCR has

						(a)	four layers. 	

				(b)	three-terminals. 

						(c)	two layers.	

				(d)	all of the above. 

					8.	An SCR can be constructed by sandwiching two transistors.

						(a)	one of the P-N-P type and the other N-P-N type.

						(b)	both of the P-N-P type.

						(c)	both of the N-P-N type.

						(d)	all of the above. 

					9.	An SCR 

						(a)	is the same device as an SCS except for their current and voltage ratings.

						(b)	has higher ratings for breakover voltage, holding current, holding voltage, etc. than those for an SCS.

						(c)	is another name for the SCS.

						(d)	is none of the above.

					10.	Thyristors have an edge over silicon-controlled switches as they

						(a)	have lower switching times.

						(b)	have higher breakover voltages.

						(c)	are cheaper.

						(d)	have larger values of holding current and holding voltage.

					11.	An SCR may be turned off by

						(a)	reducing its anode-cathode voltage.

						(b)	removing the gate voltage pulse.

						(c)	reducing the current below the holding value.

						(d)	none of the above.

					12.	An SCS may be switched on by a

						(a)	positive pulse at its anode.

						(b)	negative pulse at its cathode. 

						(c)	positive pulse at its cathode gate G2.

						(d)	positive pulse at its cathode gate G1.

					13.	An SCS has 

						(a)	four layers and three-terminals. 	

				(b)	three layers and four terminals.

						(c)	two anodes and two gates. 	

				(d)	an anode, a cathode and two gates.

					14.	An SCR can be operated

						(a)	only on reverse-biased condition.

						(b)	only on forward-biased condition.

						(c)	both on forward and reverse-biased conditions.

						(d)	without any biasing.

					15.	The number of gates in a silicon-controlled switch is 

						(a)	one.	

				(b)	three.

						(c)	four.	

				(d)	two.

					16.	In the forward-biased condition of an SCR 

						(a)	two out of the three junctions are reverse biased.

						(b)	one out of the three junctions is reverse biased.

						(c)	all of the three functions are forward biased.

						(d)	all of the three junctions are reverse biased.

					17.	In the reverse-biased condition of an SCR

						(a)	two out of the three junctions are reverse biased.

						(b)		one out of the three junctions is reverse biased.

						(c)		all of the three junctions are reverse biased.

						(d)		all of the three junctions are forward biased.

					18.	The moment an SCR starts conducting, it

						(a)	allows only a small amount of current to flow initially through the device.

						(b)	acts like a short-circuited device.

						(c)	acts like an open-circuited device.

						(d)	lets a heavy voltage drop to take place across the device.

					19.	An SCR is a

						(a)	semiconductor device. 	

				(b)	gas-filled diode.

						(c)	gas-filled triode.	

				(d)	vacuum tube with four electrodes.

					20.	When the anode is positive with respect to the cathode in an SCR, the number of blocked p-n junctions is 

						(a)	1.	

				(b)	2.

						(c)	3. 	

				(d)	4.

					21.	The number of p-n junctions in a thyristor is

						(a)	1.	

				(b)	2.

						(c)	3.	

				(d)	4.

					22.	An SCR is used for control in

						(a)	dc circuits only.	

				(b)	ac circuits only.

						(c)	both ac and dc circuits. 	

				(d)	none of the above.

					23.	If the gate current of an SCR increases, the forward breakdown voltage will

						(a)	decrease. 	

				(b)	not be affected.

						(c)	increase. 	

				(d)	become zero.

					24.	A thyristor can be termed

						(a)	dc switch.	

				(b)	ac switch.

						(c)	either dc switch or ac switch.	

				(d)	square-wave switch.

					25.	SCRs are normally turned on by

						(a)	applying VAK > VBO at IG = 0. 

						(b)	applying a gate voltage.

						(c)	applying a voltage with high di/dt.

						(d)	increasing the temperature.

					26.	Thyristors include

						(a)	UJTs and DIACs.	

				(b)	BJTs and FETs.

						(c)	PUTs and UJTs.	

				(d)	PUTs and TRIACs.

					27.	Which of the following P-N-P-N devices does not have a gate terminal?

						(a)	Triac 	

				(b)	SCS

						(c)	SUS 	

				(d)	Diac

					28.	If the gate current of an SCR is increased, the forward breakdown voltage will

						(a)	increase.	

				(b)	decrease.

						(c)	not be affected.	

				(d)	become infinite.

					29.	After firing an SCR, the gate pulse is removed. The current in the SCR will 

						(a)	remain the same.	

				(b)	immediately fall to zero.

						(c)	rise up.	

				(d)	rise a little and then fall to zero.

					30.	An SCR conducts an appreciable current when the 

						(a)	gate is negative and the anode is positive with respect to the cathode.

						(b)	anode and the gate are both negative with respect to the cathode.

						(c)	anode and the gate are both positive with respect to the cathode.

						(d)	anode is negative and the gate is positive with respect to the cathode.

					31.	An SCR can be turned off by

						(a)	reversing the anode voltage. 

						(b)	reducing the anode current below the holding value.

						(c)	both (a) and (b).

						(d)	none of the above.

					32.	Holding current in a P-N-P-N diode is 

						(a)	the normal operating current.

						(b)	the current corresponding to breakover voltage.

						(c)	the minimum current to keep the device ON.

						(d)	none of the above.

					33.	An SCR turns off when the anode current falls below the

						(a)	forward current.	

				(b)	holding current.

						(c)	trigger current.	

				(d)	cut-off current.

					34.	The minimum current required to maintain an SCR in the ON-state (with gate open) is termed 

						(a)	holding current.	

				(b)	latching current.

						(c)	leakage current.	

				(d)	valley current.

					35.	In a thyristor, the ratio of latching current to holding current is

						(a)	12.8. 

					(b)	1.0.

						(c)	2.5. 	

				(d)	6.0.

					36.	The turn-off time of SCRs will normally be of the order of

						(a)	1 ms. 	

				(b)	2 ms.

						(c)	50 ms. 

					(d)	1 s.

					37.	The value of turn-on time of commonly used SCRs is approximately

						(a)	100 ms.	

				(b)	150 to 200 ms.

						(c)	50 ms.	

				(d)	10 ms.

					38.	Pulse gate triggering is achieved by means of 

						(a)	an L-C circuit.	

				(b)	a UJT relaxation oscillator circuit.

						(c)	a diac-triac circuit. 	

				(d)	a rheostatic arrangement.

					39.	The most commonly used method for triggering an SCR is the

						(a)	radiation triggering process.	

				(b)	voltage triggering process.

						(c)	gate triggering process.	

				(d)	thermal triggering process.

					40.	R-C triggering is preferred over resistance triggering because it

						(a)	provides a larger value of the triggering angle.

						(b)	provides accurate triggering.

						(c)	causes quick triggering.

						(d)	protects the device from getting damaged.

					41.	The duration of the pulse in a pulse triggering system for SCRs should be at least

						(a)	60 ms.	

				(b)	40 ms.

						(c)	20 ms.	

				(d)	10 ms.

					42.	For thyristors, pulse triggering is preferred over dc triggering because

						(a)	the gate dissipation is low.

						(b)	the pulse system is simpler.

						(c)	the triggering signal is required for a short duration.

						(d)	of all of the above.

					43.	A series-capacitor commutation is also known as a current commutation process because at the time of commutation the

						(a)	current flowing through the device is made equal to zero.

						(b)	forward current flowing through the device is reduced to less than the level of holding current of the device.

						(c)	current flowing through the device is made the maximum.

						(d)	same current is flowing through the device as well as the load.

					44.	The condition for underdamped oscillations in a series capacitor circuit is

						(a)	R > 4L/C.	

				(b)	R = 4L/C. 

						(c)	R2 > 4L/C. 	

				(d)	R2 < 4L/C.

					45.	A parallel-capacitor commutation circuit should be so designed such that the value of circuit recovery time is

						(a)	equal to the turn-off time of the main capacitor.

						(b)	less than the turn-off time of the main SCR.

						(c)	more than the turn-off time of the main SCR.

						(d)	either equal to or less than the turn-off time of the main SCR.

					46.	A snubber circuit is used in the SCR control circuits to overcome the effects of

						(a)	transients in the dc supply.

						(b)	corona.

						(c)	electromagnetism.

						(d)	heating caused by the high voltage ac supply.

					47.	The function of a snubber circuit connected across an SCR is to

						(a)	suppress dv/dt.	

				(b)	increase dv/dt.

						(c)	decrease dv/dt.	

				(d)	keep transient voltage at a constant value.

					48.	For an SCR, the dv/dt protection is achieved through the use of

						(a)	R-L in series with the SCR. 	

				(b)	R-C across the SCR.

						(c)	L in series with the SCR.	

				(d)	R-C in series with the SCR.

					49.	In the case of a series string of SCRs, the transient voltage is balanced by using

						(a)	balancing resistors.	

				(b)	shunt capacitors.

						(c)	big inductors.	

				(d)	auxiliary SCRs.

					50.	Two identical SCRs are placed back-to-back in series with a load. If each SCR is triggered at 90°, the reading of a dc voltmeter across the load will be

						(a)	peak voltage. 	

				(b)	zero.

						(c)	peak voltage/p. 	

				(d)	none of the above.

					51.	During forward blocking of two series connected SCRs, the thyristor with

						(a)	high leakage impedance will have lower voltage across it.

						(b)	high leakage impedance will have higher voltage across it.

						(c)	low leakage impedance will have higher voltage across it.

						(d)	low leakage impedance will have lower voltage across it.

					52.	In the case of inductive circuits, retriggering of an SCR is avoided by using

						(a)	an auxiliary SCR.	

				(b)	a big inductor.

						(c)	a capacitor.	

				(d)	a freewheeling diode.

					53.	A freewheeling diode is used in a controlled rectifier circuit in the case of

						(a)	a resistive load.	

				(b)	an inductive load.

						(c)	a capacitive load. 	

				(d)	all of the above.

					54.	A single-phase half-wave controlled bridge uses

						(a)	two SCRs. 	

				(b)	one SCR.

						(c)	four SCRs.	

				(d)	six SCRs.

					55.	In a single-phase full-converter, for continuous conduction, each pair of SCRs conducts for

						(a)	p – a. 

					(b)	p.

						(c)	a. 	

				(d)	a – p.

					56.	A single-phase full-wave half-controlled bridge uses

						(a)	one SCR.	

				(b)	two SCRs.

						(c)	four SCRs.	

				(d)	two SCRs and two diodes.

					57.	A single-phase full-wave fully-controlled bridge uses

						(a)	four SCRs.	

				(b)	two SCRs.

						(c)	six SCRs.	

				(d)	none of the above.

					58.	In a single-phase semi-converter, for continuous conduction, a freewheeling diode conducts for

						(a)	a.	

				(b)	p – a.

						(c)	p. 	

				(d)	a – p.

					59.	For a three-phase half-wave diode rectifier, the ratio of the average output voltage to per phase maximum ac voltage is

						(a)	0.955.	

				(b)	0.827.

						(c)	1.654.	

				(d)	1.169.

					60.	In a three-phase half-wave rectifier, if the input phase voltage is 200 V, the PIV required for each diode will be

						(a)	400 V.	

				(b)	345 V.

						(c)	490 V.	

				(d)	200 V.

					61.	In a normal three-phase SCR controlled rectifier, an SCR cannot be fired during the first

						(a)	10° of its anode voltage.	

				(b)	30° of its anode voltage.

						(c)	45° of its anode voltage. 	

				(d)	90° of its anode voltage.

					62.	In a three-phase half-wave rectifier, each diode conducts for a duration of

						(a)	120°. 	

				(b)	60°.

						(c)	45°.	

				(d)	30°. 

					63.	In a three-phase half-wave rectifier, each SCR conducts for a duration of

						(a)	180°. 	

				(b)	60°.

						(c)	120°. 	

				(d)	30°.

					64.	In a three-phase full-wave fully-controlled bridges rectifier, each SCR conducts for a duration of

						(a)	120°.	

				(b)	60°.

						(c)	45°. 	

				(d)	30°.

					65.	As the number of phases in a multi-phase rectifier is increased, the

						(a)	output will increase. 	

				(b)	output will become more smooth.

						(c)	output will decrease.	

				(d)	diodes will require high PIV.

					66.	In a three-phase full-converter, the output voltage pulses are at a frequency equal to

						(a)	the supply frequency, f.	

				(b)	2f.

						(c)	3f. 	

				(d)	6f.

					67.	The effect of source inductance on the performance of single-phase and three-phase full-converters is to

						(a)	reduce the ripples in load current.

						(b)	make discontinuous current as continuous.

						(c)	reduce the output voltage.

						(d)	increase the load voltage.

					68.	A triac is a 

						(a)	three-layer two-junction device.	

				(b)	two-layer two-junction device.

						(c)	four-layer three-junction device. 	

				(d)	two-layer three-junction device.

					69.	A triac has

						(a)	one terminal.	

				(b)	two terminals.

						(c)	three-terminals.	

				(d)	four terminals.

					70.	A triac can be triggered

						(a)	only by the positive half-cycle of the supply.

						(b)	only by the negative half-cycle of the supply.

						(c)	both by the positive as well as the negative half-cycles of the supply.

						(d)	by none of the above.

					71.	A triac can be considered as a combination of

						(a)	two diodes. 	

				(b)	two transistors.

						(c)	two SCRs.	

				(d)	one diode and one SCR.

					72.	Which one of the followings is not a characteristic of the triac?

						(a)	Five terminals	

				(b)	Bilateral conduction

						(c)	Negative resistance 	

				(d)	Four P-N junctions

					73.	Triacs are used in

						(a)	colour TV sets. 	

				(b)	black and white TV sets.

						(c)	tape recorders.	

				(d)	audio systems.

					74.	A triac is a

						(a)	three-terminal bidirectional switch.

						(b)	three-terminal unilateral switch.

						(c)	two-terminal switch. 

						(d)	two-terminal bilateral switch.

					75.	A triac is 

						(a)	a bidirectional thyristor.

						(b)	another name for the high-power thyristors.

						(c)	a combination of two P-N-P-N diodes.

						(d)	none of the above.

					76.	A triac can be triggered into conduction by 

						(a)	only positive voltage at either of its main terminals.

						(b)	either positive or negative voltage at its gate.

						(c)	either positive or negative voltage at either of its main terminals.

						(d)	both (b) and (c) above.

					77.	Which one of the followings is not a characteristic of the triac?

						(a)	Gate current	

				(b)	Holding current

						(c)	Peak point voltage	

				(d)	Latching current

					78.	A diac is a 

						(a)	one-terminal device.	

				(b)	three-terminal device.

						(c)	two-terminal device.	

				(d)	four-terminal device.

					79.	A diac can be turned on

						(a)	both by positive and negative half-cycles of the supply.

						(b)	only by the negative half-cycle of the supply.

						(c)	only by the positive half-cycle of the supply.

						(d)	by none of the above.

					80.	The value of the breakover voltage for the commonly used diacs is about

						(a)	18 V.	

				(b)	32 V.

						(c)	56 V.	

				(d)	100 V.

					81.	A diac is used to

						(a)	protect a triac. 

					(b)	commutate a triac.

						(c)	trigger a triac. 	

				(d)	increases the efficiency of a triac.

					82.	Which of the following is a three-layer device?

						(a)	Diac	

				(b)	Triac

						(c)	SCS 	

				(d)	UJT

					83.	A diac is equivalent to a 

						(a)	pair of SCRs.	

				(b)	pair of four-layer SCRs.

						(c)	diode and two resistors.

					(d)	triac with two gates.

					84.	The normal way to turn on a diac is by

						(a)	gate current.	

				(b)	breakover voltage.

						(c)	either of the above. 	

				(d)	none of the above.

					85.	A diac is equivalent to a

						(a)	triac with two gates. 	

				(b)	diode and two resistors.

						(c)	pair of SCRs. 	

				(d)	pair of four-layer SCRs.

					86.	A diac-triac built on the same chip is called a

						(a)	thyratron. 	

				(b)	thermistor.

						(c)	quadrac.	

				(d)	ignitron.

					87.	Thyristors are basically

						(a)	triacs.	

				(b)	SCRs.

						(c)	both SCRs and triacs.	

				(d)	all P-N-P-N devices.

					88.	Which of the following semiconductor devices can be used in an enhanced mode?

						(a)	UJT	

				(b)	NPN transistor

						(c)	JFET 	

				(d)	MOSFET

					89.	The gate-source voltage of a power MOSFET to switch it on will be

						(a)	+5 V. 	

				(b)	+8 V.

						(c)	+20 V.	

				(d)	+12 to +15 V.

					90.	In the case of JFETs and MOSFETs,

						(a)	both types of devices require negative gate voltage for operation.

						(b)	the JFET requires positive voltage and the MOSFET requires negative voltage.

						(c)	the JFET requires negative gate voltage and the MOSFET requires positive voltage.

						(d)	both require none of the above.

					91.	The IGFET is a 

						(a)	square-law device.	

				(b)	half-power device.

						(c)	3/2 power law device.	

				(d)	linear device.

					92.	When a UJT is used for triggering an SCR, the waveform of the voltage obtained from the UJT circuit is a

						(a)	sine wave.	

				(b)	square wave.

						(c)	saw-tooth wave.	

				(d)	trapezoidal wave.

					93.	Which one of the following is not a characteristic of the UJT?

						(a)	Gate current	

				(b)	Intrinsic stand-off ratio

						(c)	Negative resistance	

				(b)	Peak-point voltage

					94.	For a UJT employed for the triggering of an SCR, the stand-off ratio, h = 0.65, 
dc voltage source is 20 V. The UJT would trigger when the emitter voltage is

						(a)	12.8 V.	

				(b)	13.1 V.

						(c)	10 V.	

				(d)	5 V.

					95.	In a UJT, with VBB as the voltage across two base terminals, the emitter potential at peak point is given by

						(a)	hVBB.	

				(b)	hVD.

						(c)	hVBB + VD.	

				(d)	hVD + VBB.

					96.	Which of the following statements is true for a UJT?

						(a)	A UJT is turned off by decreasing VBB to zero.

						(b)	A UJT acts like an N-P-N transistor.

						(c)	A UJT can be turned on gradually.

						(d)	The triggering voltage of a UJT is independent of its stand-off ratio.

					97.	A UJT exhibits a negative resistance region

						(a)	before the peak point.	

				(b)	between the peak and the valley points.

						(c)	after the valley point.	

				(d)	in respect of both (a) and (b).

					98.	The thyratron is operationally comparable to the 

						(a)	triac.	

				(b)	diac.

						(c)	SCR.	

				(d)	none of the above.

					99.	Conduction in a cold-cathode gas-filled tube is started by

						(a)	natural sources.	

				(b)	thermionic emission.

						(c)	both (a) and (b).	

				(d)	none of the above.

					100.	A cold-cathode tube is usually used as a

						(a)	diode.	

				(b)	triode.

						(c)	tetrode. 	

				(d)	pentode.

					101.	A gas-filled cold-cathode diode is used as 

						(a)	a rectifier.	

				(b)	an amplifier.

						(c)	a voltage-regulating tube.	

				(d)	none of the above.

					102.	In a gas-filled tube, the gas used is

						(a)	neon.	

				(b)	argon.

						(c)	helium.

					(d)	all of the above.

					103.	A cold-cathode gas-filled diode is also known as a

						(a)	phanotron.	

				(b)	thyratron.

						(c)	glow tube. 	

				(d)	grid glow tube.

					104.	The anode-cathode voltage at which a gas-filled diode fires is known as the

						(a)	ionisation voltage.	

				(b)	critical voltage.

						(c)	de-ionising voltage.	

				(d)	normal voltage.

					105.	A cold-cathode gas-filled diode emits light during

						(a)	the glow discharge region.	

				(b)	the arc discharge region.

						(c)	the townsend discharge region.	

				(d)	none of the above.

					106.	A thyratron can be used as a controlled rectifier by

						(a)	changing the anode current. 

						(b)	changing the grid voltage.

						(c)	using different gas pressures in the tube.

						(d)	all of the above.

					107.	A thyratron cannot be used as

						(a)	a rectifier.	

				(b)	a switch.

						(c)	an amplifier.	

				(d)	none of the above.

				TRUE OR FALSE STATEMENTS

				Indicate whether the following statements are true or false.

					1.	The thyristor is a current-controlled device.

					2.	The thyristor is a member of the semiconductor family.

					3.	The SCR can be considered as a power switching device.

					4.	The SCR is a bidirectional device.

					5.	Power loss in a thyristor is much less than that in a transistor.

					6.	The V-I characteristics of SCRs, SCSs, SUSs and LASCRs are similar in shape.

					7.	The LASCR is a unilateral device.

					8.	Germanium cannot be used for fabrication of a controlled rectifier.

					9.	A positive or negative gate pulse can turn an SCR on.

					10.	The silicon controlled rectifier can be turned on by a pulse at the gate and turned off by reducing the anode current below a specified holding current value.

					11.	The finger voltage of a thyristor is always less than its ON-state voltage.

					12.	The value of latching current of a thyristor is slightly more than the value of its holding current.

					13.	The more the value of the gate current, the later will be the firing of the device.

					14.	The more the value of the firing angle of the device, the more is its conduction period.

					15.	It is not desirable to operate an SCR in the reverse-biased condition.

					16.	The V-I characteristic of an SCR is alike in both the first and third quadrants.

					17.	While conducting, the resistance of an SCR is very high. 

					18.	The gate loses its control after a thyristor has started conducting.

					19.	In an SCR, the turn-off time is more than the turn-on time. 

					20.	The characteristics of triacs are similar to two SCRs connected in antiparallel and having two gate terminals.

					21.	An SCR can be considered to be constructed by sandwiching two P-N-P transistors. 

					22.	According to the two transistor analogy, for an SCR to develop regenerative action, the sum of the current gains of the two transistors should approach unity.

					23.	In the forward-biased condition, an SCR can be triggered by applying a small positive pulse at its gate. 

					24.	The response of a transistor is faster than that of a thyristor. 

					25.	An ac gate triggering is preferred over dc gate triggering.

					26.	Thyristors connected in series or parallel form a unit which is known as the string. 

					27.	For achieving the highest string efficiency, it is essential that all the thyristors connected in the string have identical characteristics.

					28.	Series connection of thyristors is used for the purpose of high current operation.

					29.	In a series-connected thyristor string, the major problem is the unequal current distribution among the connected thyristors.

					30.	The device having the lesser value of leakage will have the larger share of voltage in the case of a series-connected thyristor string.

					31.	The transient voltage sharing in a series-connected thyristor string is balanced by using the proper value of inductors. 

					32.	Parallel connection of thyristors is used for the purpose of high voltage operation.

					33.	In parallel-connected thyristors, equal current sharing can be achieved by employing the forced current sharing method.

					34.	The method of switching off a thyristor is known as commutation.

					35.	Natural commutation process can be adopted for both ac and dc applications.

					36.	Forced commutation process is only meant for ac applications.

					37.	Auxiliary commutation is a type of forced commutation process.

					38.	External pulse commutation is a type of natural commutation process.

					39.	For successful commutation, a reverse voltage should be applied across the thyristor for a duration smaller than the turn-off time of the device.

					40.	Series capacitor commutation is also known as the current commutation process.

					41.	In a parallel capacitor commutation circuit, the main thyristor is connected in parallel with the load.

					42.	Parallel capacitor commutation is also known as the complementary commutation process.

					43.	In a parallel capacitor commutation circuit, the capacitor charging current flows through the load.

					44.	In a parallel capacitor commutation circuit, the voltage up to which the capacitor is charged may be inadequate for turning off the device especially in the case of high current applications.

					45.	In an external pulse commutation process, the duration of the drive applied at the base of the pulse transistor must be sufficiently large to cause turn-off.

					46.	In an external pulse commutation process, the pulse transistor must not be driven into saturation to cause turn-off.

					47.	In an external pulse commutation circuit, the transistor can be replaced by a pulse transformer.

					48.	The self-commutation process is also known as the voltage-commutation process.

					49.	The self-commutation process generates a continuous process of switching on and off the thyristor.

					50.	In an auxiliary commutation circuit, the rating of the auxiliary thyristor is much higher than that of the main thyristor.

					51.	The auxiliary commutation process is also called the current-commutation process.

					52.	In high-power application, diodes are connected in series to increase the reverse blocking capabilities.

					53.	In high-power application, diodes are connected in parallel to increase the current carrying capabilities.

					54.	A single-phase half-wave controlled bridge is the simplest and cheapest form of the  bridge.

					55.	A single-phase full-wave half-controlled bridge requires a separate freewheeling diode.

					56.	A single-phase full-wave full-controlled bridge formed by a bridge rectifier consisting of four diodes and one SCR does not require a separate freewheeling diode.

					57.	A single-phase full-wave full-controlled bridge can also be formed by means of four SCRs.

					58.	A single-phase full-wave full-controlled bridge requires a separate freewheeling diode.

					59.	A three-phase full-wave half-controlled bridge requires a separate freewheeling diode. 

					60.	A MOSFET is a current-controlled device with a very low input impedance.

					61.	The IGBT is a voltage-controlled device and is inherently faster than the BJT.

					62.	The IGBT depicts a high impedance gate. 

					63.	The current flow through a triac can be controlled in either direction.

					64.	The triac is a bidirectional semiconductor device.

					65.	The triac has a control terminal.

					66.	The SCR is more efficient than the triac.

					67.	As compared to SCRs, triacs are available in much higher power ratings.

					68.	The diac is a unidirectional semiconductor device.

					69.	The diac does not have any control terminal.

					70.	The diac in its construction, resembles the bipolar transistor.

					71.	The diac is also known as a bidirectional avalanche diode.

					72.	The doping levels at the two junctions of a diac are different.

					73.	The V-I characteristics of the diac are alike in both the first and third quadrants.

					74.	The diac during its conduction state exhibits negative resistance characteristics.

					75.	A relaxation oscillator using a UJT generates square waves.

					76.	A UJT relaxation oscillator is a non-sinusoidal oscillator.

					77.	A UJT relaxation oscillator is used for triggering an SCR.

					78.	A UJT does not exhibit the transistor action and, therefore, cannot be used as a switch.

					79.	From the peak point to the valley point, a UJT has a negative resistance characteristic. 

					80.	Reverse-biased leakage current is sufficient for the conduction of a UJT.

					81.	A UJT after reaching the valley point goes to its saturation state.

					82.	The critical grid voltage of a thyratron is defined as the negative grid voltage, for a given plate potential, at which ionisation of the gas starts.

					83.	The main reason for using a large grid cylinder around the thyratron cathode is to hold the heat inside.

					84.	A thyratron should not be used if the anode current is less than 1/10 A.

					85.	The grid has the same ability to start a thyratron as it has to start a vacuum 
tube.

					86.	In a tube containing mercury or gas, anode current flows only as long as the grid remains above the critical grid potential.

					87.	A thyratron has twice as much voltage drop (anode-cathode) when passing twice as much anode current.

					88.	While conducting, a thyratron has about ten times as much voltage drop as an SCR.

				REVIEW QUESTIONS

					1.	(a)	Explain the constructional details of an SCR. Sketch its schematic diagram and symbol.

						(b)	Define latching and holding currents as applicable to an SCR. Show these currents on the static volt-ampere characteristic curve of an SCR.

						(c)	Describe the effect of gate current on the forward breakover voltage of an SCR. (WBDEE 1999)

					2.	(a)	Briefly explain the different methods of turning on of an SCR.

						(b)	Can a forward voltage be applied to an SCR soon after its anode current has fallen to zero? Explain. (WBDEE 1999)

					3.	(a)	Draw the circuit diagram of a single-phase half-wave SCR controlled rectifier circuit using a resistive load.

						(b)	Obtain an expression for the average load voltage in terms of the source voltage and firing angle of the above circuit. (WBDEE 1999)

					4.	(a)	Draw a two-transistor representation of the SCR and describe the conditions for its conduction. (WBDEE 1998)

						(b)	Draw the volt-ampere characteristic of an SCR and discuss the different methods of triggering the SCR into conduction. (WBDEE 1998)

					5.	(a)	Explain the constructional features and working principle of the silicon controlled rectifier.

						(b)	Discuss the following with reference to an SCR:

							(i) Breakdown voltage, (ii) Forward current rating, and (iii) Effect of gate current on trigger voltage. (WBDIT 1998) 

					6.	(a)	How does an SCR differ from an ordinary rectifier?

						(b)	Why is an SCR always turned on by a gate current?

						(c)	It is said that, “Once an SCR starts conducting, the gate loses control over it.” Justify this statement.

						(d)	Explain the action of the SCR as a switch and discuss some applications of SCRs.

					7.	(a)	Explain with a circuit diagram the self-commutation process and mention the applications of this process.

						(b)	Explain the gate triggering process of firing an SCR.

					8.	(a)	Define turn-on and turn-off time periods of an SCR.

						(b)	State the various ways of triggering an SCR and briefly describe any one of them.

					9.	(a)	What is the maximum and minimum value of the turn-off time of the SCR?

						(b)	What is the difference between forced and natural turn-off of an SCR?

						(c)	How is class D turn-off more versatile?

						(d)	Why is natural commutation not possible in dc circuits?

						(e)	Why is parallel capacitor commutation also known as complementary commutation?

					10.	(a)	With a neat circuit diagram, explain how regulated dc supply can be obtained using two SCRs and a centre-tap transformer.

						(b)	Also discuss the problems that may arise because of the inductive load and explain how they can be overcome.

					11.	(a)	With the help of a circuit diagram, explain the working principle of a single-phase full-wave half-controlled bridge rectifier using two SCRs and two diodes. 

						(b)	Why is a separate freewheeling diode not needed in the case of a single-phase full-wave, half-controlled bridge rectifier?

					12.	(a)	Explain the construction and characteristics of (i) the diac and (ii) the triac. Draw the SCR crow-bar protection circuit. (WBDEE 1998)

						(b)	What is the difference between an SCR and a triac? (WBDEE 1999)

						(c)	State some important applications of the triac and the diac.

						(d)	Is it possible to replace a triac by a suitable combination of SCRs? Explain, only if this replacement is possible. 

					13.	(a)	Draw the circuit diagram of a single-phase full-wave SCR controlled rectifier circuit. Obtain the expression for the dc output voltage. (WBDEE 1998)

					14.	(a)	Briefly describe the basic structure of a power transistor.

						(b)	Explain the principle of operation of the IGBT and its advantages over the power transistor. (WBDETC 1999)

					15.	(a)	Explain the construction and working principle of the SCR.

						(b)	Draw a two-transistor analogy of the SCR and explain the condition for conduction.

						(c)	Explain the methods adopted for the protection of SCRs against overloads. (WBDETC 1999)

					16.	(a)	What is meant by commutation?

						(b)	Briefly explain the difference between the self and natural commutation of an SCR.

						(c)	Briefly discuss the commutation circuits of the SCR. (WBDETC 1999)

					17.	Draw the circuit diagram of a single-phase full-wave control rectifier with resistive and inductive loads. Explain its principle of operation with the help of waveforms. (WBDETC 1999)

					18.	(a)	What are the different types of power diodes?

						(b)	Explain the following terms in connection with power diodes:

							(i) Reverse recovery time (ii) Reverse recovery current

						(c)	Explain why it is necessary to use fast recovery diodes for high-speed switching. (WBDETC 1998)

					19.	(a)	Draw the volt-ampere characteristic of an SCR. Indicate the different regions in the characteristic curve.

						(b)	Briefly explain the commutation circuits of the SCR.

						(c)	What is the purpose of the di/dt protection in the case of an SCR?
(WBDETC 1998)

					20.	(a)	Explain with a neat circuit diagram and voltage waveforms the principle of  operation of a three-phase full-wave bridge rectifier.

						(b)	Deduce the expression for the average dc voltage and the ripple factor for the above circuit. (WBDETC 1998)

					21.	(a)	Explain with the help of a diagram the principle of operation of a full-wave controlled rectifier circuit with inductive and resistive loads.

						(b)	Explain the function of a freewheeling diode. (WBDETC 1998)

					22.	(a)	Briefly explain the construction and volt-ampere characteristic of the IGBT. What are its advantages over power BJTs and MOSFETs.

						(b)	Discuss how the firing pulses for an SCR can be generated using a time delay circuit. (WBDETC 1997)

					23.	(a)	Draw and explain with the help of waveforms the operation of a three-phase rectifier circuit with resistive load.

						(b)	Discuss the suitability of the polyphase rectifier compared to the single-phase rectifier in relation to (i) rectified voltage and (ii) ripple factor. 
(WBDETC 1998)

					24.	(a)	Explain with the help of a diagram the construction of a UJT.

						(b)	What is the difference between the UJT and the conventional bipolar 
transistor?

						(c)	Explain the working principle of the UJT and mention its important 
applications.

						(d)	Define the intrinsic stand-off ratio of the UJT.

					25.	(a)	Describe the construction and working of a thyratron.

						(b)	Draw the firing characteristics of a thyratron.

					26.	(a)	Explain the theory of tubes using mercury-pool cathodes.

						(b)	What is the difference between a thyratron and an ignitron? 

				PROBLEMS

					5.1	The SCR in Fig. 5.53 has a latching current of 300 mA. Neglect the forward voltage drop across the SCR from the instant of commencement of the gate pulse. Determine the minimum duration of the gate pulse necessary to ensure turn-on.

				[image: Fig-5-53.eps]

				Fig. 5.53

					5.2	The SCR in Fig. 5.54 has a holding current of 150 mA. When it was turned on, resistance R was at a low value. Now if R is progressively increased, at what value of R will the SCR turn off? Neglect the on-state forward drop. 

				[image: Fig-5-54.eps]

				Fig. 5.54

					5.3	The transistor in the circuit of Fig. 5.55 has the following data: 

				VCE, sat = 1.5 V;  hFE = 50;  VBE, sat = 1.8 V.

				(a)	Determine the minimum value of Vin necessary to ensure a satisfactory ON-state.

				(b)	Determine the total ON-state power dissipation in the switch and calculate the values of its collector dissipa	tion and base dissipation components.

				(c)	A transient overvoltage spike occurs in this circuit because of external causes, resulting in VCC going up from 100 V to 150 V for a short interval. Since the collector current is limited by IB , assume that there is no significant change 
in IC. What will be the power dissipation in the device under these conditions?

				[image: Fig-5-55.eps]

				Fig. 5.55

					5.4	The specified di/dt for an SCR in Fig. 5.56 is 50 A/ms. The inductance L is included in the circuit for the purpose of protecting the SCR from damage owing to excessive di/dt. Find approximately the minimum value of L required. 

				[image: Fig-5-56.eps]

				Fig. 5.56

					5.5	The SCR in Fig. 5.57 has a dv/dt rating of 500 V/ms. Determine the minimum value of C needed to avoid erratic turn-on when the power circuit is energised by closing the switch S.

				[image: Fig-5-57.eps]

				Fig. 5.57

			

		

	
		
			
				Chapter 6

				INVERTERs, DUAL CONVERTERs, CHOPPERS, AND CYCLOCONVERTERS

				6.1 INVERTERS

				Inverters perform the task of converting dc power to its ac equivalent at a desired output voltage and frequency, statically, i.e. without any rotating machines or mechanical switches. AC output voltage is made by using transistors or SCRs as switches. For low and medium power outputs, transistorised inverters are suitable but for high power, SCRs are used. Simple inverter circuits with fewer components produce a non-sinusoidal output waveform. It is possible to obtain a near sinusoidal output voltage by adding circuit complexities. Inverter circuits with large harmonic content are cheaper to build but circuits with reduced harmonic content are costlier because of the need for more components. Basically, all rectifier circuits can be made to operate as inverters with some modification. The controlled rectifier circuit with inductive load and values of the triggering angle beyond 90° acts as an inverter. Inverters on the basis of commutation can be classified into two types. 

				
						(a)	Line-commutated inverters

						(b)	Forced-commutated inverters

				

				Applications of inverters

				Inverters are used in the following systems:

				
						Variable speed ac motor drives

						Aircraft power supplies

						Induction heating

						Uninterruptible power supply

						HVDC (high voltage direct current) transmission

						Regenerative dc/ac drives.

				

				6.2 LINE-COMMUTATED INVERTERS

				For values of the triggering angle greater than 90°, the average value of the output voltage is negative. In other words, the energy is transmitted from dc side to ac side. Such an operation is called inversion and the converter is then referred to as a line-commutated inverter. In the line-commutated circuits, as the ac voltage available across the device passes through natural zero, the device is customarily turned off. However, such type of inverter circuits can only operate into an ac system where the voltage waveshape is maintained relatively independent of the circuit operation. The following assumptions are made in the analysis of the line-commutated converters.

				
						The dc current is assumed to be constant over each cycle.

						The current is continuous at all times between the ac and dc terminals.

						If the triggering of one set of the SCRs is delayed, the other set must continue its conduction.

						When the ac source reverses its polarity, the forward bias on the SCRs to maintain conduction will be supplied by the inductor in the circuit.

				

				6.2.1 Single-phase Line-commutated Full-controlled Inverter 

				A line-commutated converter can be used either as a rectifier or as an inverter depending on the triggering angle a. In the inverter mode, the flow of power is from the dc side to the ac side. If the triggering angle a for the bridge circuit is more than p/2, the dc output voltage will be negative. Thus, if such a dc source of negative polarity is connected to the output terminals, it will feed back power to the ac system through the controlled circuit. Since the switching elements of the converter are unidirectional, the direction of current flow through them cannot change. This in effect means that the direction of current at the output terminals cannot change and must be the same as that of the rectification mode. Therefore, for reversed power flow, the dc source must be connected with a reversed polarity as shown in Fig. 6.1(a). In the case of ac circuits, when the ac line voltage passes through the natural zero, the SCR is turned off. So this type of inverter is called the line-commutated inverter. 

				[image: Fig-6-1a.eps]

				Fig. 6.1(a) Single-phase full-controlled bridge rectifier.

				The voltage at the dc terminals will not be a perfect dc, but will have a significant amount of ac ripple. An iron-cored inductor Ld which is used as a filter, brings this ripple component down to acceptable limits. This inductor must be capable of handling the full-rated dc current of the inverter without magnetic saturation.

				Principle of operation of the line-commutated inverter

				The SCR pair T1-T2 can be triggered at any instant during the positive half-cycle of the input. On being triggered, the pair of SCRs T1-T2 will reverse bias the other pair T3-T4 and turn it off. For the triggering angles greater than p/2, the dc output voltage vdc will be negative and the input power factor angle will be more than p/2. Thus the dc power output vdciT1-T2 or vdciT3-T4 and the ac power input (viniL cos a) will also be negative. This means 
that power will flow from the dc side to the ac side through the bridge circuit. The output power factor will be leading. The reactive power will increase as the triggering angle a approaches p/2.

				In Fig. 6.1(b), since the smoothing inductor is very large, current iT1-T2 or iT3-T4 in the steady state will be pure dc. Therefore, even when the input voltage polarity is reversed, the current will continue to flow through the SCR pair T1-T2 till the other pair T3-T4 is triggered symmetrically in the negative half-cycle. The load current iL will then shift from the SCR pair T1-T2 to the other SCR pair T3-T4. This is referred to as line commutation. Current 
iT1-T2 or iT3-T4 flows through the load in same direction. However, the current on the input side will flow in the reverse direction when the SCR pair T3-T4 conducts, that is, the input current iL will be a rectangular ac wave. The output voltage is shown by hatched lines in Fig. 6.1(b). In this mode of operation, the available ac line voltage is used for commutation. Hence, the bridge circuit can also be referred to as a line-commutated inverter. In the bridge circuit, the conversion from ac to dc or dc to ac is also known as the two-quadrant operation of the converter circuit. In a line-commutated converter performing 

				[image: Fig-6-1b.eps]

				Fig. 6.1(b) Waveforms of single-phase full-controlled bridge rectifier.

				as a rectifier, the reactive power is lagging (inductive) and for the inverter operation it is leading (capacitive). The average value of the output current is given by 

					(VS – vdc)/RL = iT1-T2 = iT3-T4 = iL………(6.1)

				where VS is the dc source voltage.

				The dc source voltage is more negative than vdc for forcing current iT1-T2 or iT3-T4 through the bridge. Hence, the SCRs can be turned on in such a way that the conduction for each ac phase occurs when the segment of that ac phase voltage waveform has the reverse polarity. The use of the reversed polarity of the dc source voltage makes the SCRs forward-biased so as to conduct in opposition to the instantaneous ac voltage. In this way, power flows in the reverse direction on the ac side. The triggering angle is limited to a value (p – g), where g is called the margin angle, and corresponds to the safe minimum time required for proper turn-off of the outgoing SCRs. The half-controlled bridge cannot operate in the inversion mode.

				The average dc output voltage (neglecting source inductance and assuming a largeLd) is given by 

					Vdc =	[image: Biswanath__Eq-6-1.wmf]

					=	[image: Biswanath__Eq-6-2.wmf]………(6.2)

				where Vm is the  peak value of the ac input voltage.

				The fundamental rms value of the alternating line current iL is given by 

					[image: Biswanath__Eq-6-3.wmf]………(6.3)

				Thus, the reactive power input is given by

					[image: Biswanath__Eq-6-4.wmf]………(6.4)

				Effect of source impedance

				When the source impedance LS is present, the SCRs T1 and T2 in Fig. 6.1(a) will not turn off immediately after the SCRs T3 and T4 are triggered. Inductance LS will maintain the current flow through the SCRs T1 and T2 for some more time, even though the supply voltage polarity has been reversed. Therefore, the current will shift gradually from the SCR pair T1-T2 to the other SCR pair T3-T4. This duration is known as the overlap period m, and during this period the output voltage will be zero as shown in Fig. 6.1(b). 

				If the ac source inductance LS is neglected, the output current will be rectangular. With source inductance LS, the current waveform will be distorted and the power factor angle will also change. The average dc output voltage is then given by

					[image: Biswanath__Eq-6-5.wmf]………(6.5)

				where [image: Biswanath__Eq-6-6.wmf] is the dc equivalent voltage drop because of the presence of source 

				inductance LS. 

				If m is the overlap angle between the phases, then the average dc output voltage is given by

					[image: Biswanath__Eq-6-7.wmf]………(6.6) 

				For rectifier operation (when a < p/2), the SCR will experience a reverse voltage for a period (p – m – a) after the commutation has taken place. For inverter operation as well, the reverse voltage will appear for the same period. Since a for this operation is more than 
p/2, the duration for which the SCR is reverse biased, will be less in the case of an inverter than that in the case of a rectifier. Hence, the triggering angle a will be limited to a value such that the angle (p = m – a) is enough for proper commutation.

				Applications of the line-commutated inverter

				The operation of a line-commutated bridge circuit as a rectifier and as an inverter can be conveniently used to provide an electrical link for bidirectional power flow between two ac systems. One important application of this link is in the high voltage dc transmission.

				6.2.2 Three-phase Line-commutated Full-controlled Inverter or Six-pulse Converter

				Figure 6.1(c) is the circuit diagram of a three-phase full-controlled inverter or six-pulse converter, and Fig. 6.1(d) shows the waveforms for a triggering angle a = 5p/6 = 150°. If the triggering angle a is approached beyond 90°, a source of negative voltage would be available to supply the energy to the ac lines. This is possible only when a negative voltage (– VS) is connected to the output with proper polarity. 

				[image: Fig-6-1c.eps]

				Fig. 6.1(c) Three-phase full-controlled bridge inverter or six-pulse converter.

				It may be seen that with a greater than 90°, an SCR in the bridge circuit conducts longer during the negative part and, therefore, the average output voltage is negative. It could be well said that power flows from the dc side to the ac side and the bridge converter is inverting. With source inductance LS, the average dc output voltage is given by

					[image: Biswanath__Eq-6-8.wmf]………(6.7)

				[image: Fig-6-1d.eps]

				Fig. 6.1(d) Waveforms of a three-phase full-controlled bridge inverter.

				If m is the overlap angle between the phases, then the average dc output voltage is given by

					[image: Biswanath__Eq-6-9.wmf]………(6.8)

				Applications of the line-commutated full-controlled bidirectional converter

				The three-phase full-wave bidirectional converter can be used in dc motor drives with regenerative capability. It is also used in the speed control of slip-ring induction motors. This converter also finds applications in high voltage dc transmission systems.

				6.3 FORCED-COMMUTATED INVERTERS

				In the forced-commutated circuit, some external means are needed to forcefully turn off the device. Inverter circuits based on this principle are known as force-commutated inverter circuits. Compared to line-commutated circuits, forced-commutated circuits independently provide an ac output of variable frequency and thus have much wider applications. But as the device has to be turned off forcefully, it involves many more electronic circuits than those used by the line-commutated inverters. Depending on the connections of the SCRs and the commutating components, the forced-commutated inverter circuits can be further classified into:

				(a)	Parallel-capacitor commutated inverters

				(b)	Series-commutated inverters.

				6.3.1 Single-phase Parallel-capacitor Commutated Inverter (Resistive Load)

				Parallel inverters having a capacitor connected in parallel with the load are a well-known class of forced-commutated inverter circuits. The capacitor connected in parallel with the load is used to turn off the conducting SCR by applying reverse voltage across it. This is referred to as impulse or voltage commutation. An inductor L is also connected to prevent excessive capacitor current during the switching interval from one SCR to the other, as shown in Fig. 6.2(a). This circuit uses a centre-tap transformer. The two SCRs are never allowed to conduct simultaneously as in that case there would not be any induced voltage across the transformer (the two voltages VA and VB with respect to the centre-tap point C are equal but opposite in direction). This condition would destroy the SCRs.

				[image: Fig-6-2a.eps]

				Fig. 6.2(a) Single-phase parallel-capacitor commutated inverter.

				Principle of operation of the single-phase parallel-capacitor commutated inverter 

				Initially, SCR T1 is triggered, resulting in flow of current through inductor L and portion CA of the transformer primary winding. This current accompanied by its magnetic flux will 
rise in portion CA of the transformer primary. Since this flux is common to both halves 
of the transformer winding, the source voltage V would be induced in portion CB of the transformer primary and the commutating capacitor C would have a voltage of 2V across it. The SCR T2 has to withstand this voltage. This state continues for the half period till T2 is triggered. As soon as T2 is turned on, the commutating capacitor C causes a voltage of 2V to appear across T1 as a reverse bias and thus turns it off. The commutating capacitor discharges and recharges through the transformer in the opposite direction to 2V. Capacitor C and the primary winding of transformer form a tank circuit. When T1 is OFF and T2 ON, the supply voltage V applied across portion CB of the transformer primary results 
in a change of polarity so that there is an alternating current in the transformer. At the next trigger pulse, T1 will again be turned on and T2 off. Thus, if trigger pulses 
are periodically applied to the alternate SCRs, an approximately rectangular voltage wave will be obtained at the secondary winding of the transformer. The waveforms are shown 
in Fig. 6.2(b). 

				[image: Fig-6-2b.eps]

				Fig. 6.2(b) Waveforms of the parallel-capacitor inverter.

				Advantages of the parallel-capacitor commutated inverter

					(i)	It is the simplest form of a forced-commutated circuit.

					(ii)	Reasonable sinusoidal output can be obtained by the use of an output filter.

				Disadvantages of the parallel-capacitor commutated inverter

					(i)	The values of L and C are large and, therefore, the circuit is not suitable to handle large powers.

					(ii)	The circuit is suitable for a fixed load only and, therefore, the output waveform changes owing to variations in load.

					(iii)	The circuit is not designed to accommodate voltage changes; the performance of the inverter is thus adversely affected.

				Inverter with inductive load

				If the turn-off time of SCRs in an inverter is negligible compared with half the time period, the output waveform is almost a square wave. If the load of such an inverter is inductive, the current waveform becomes progressively more triangular for high inductive loads, i.e. when the load inductance is much larger than the resistive part. The load inductance behaves like a generator for some period of the output waveform and can feed back energy to the supply.

				In Fig. 6.2(c), it is observed that the current from the dc supply is also periodic and some part of the waveform is negative signifying an energy flow into the supply source. With the increasing value of the load time constant (= L/R), the average current of the supply decreases and for a purely inductive load the input current waveform becomes symmetrical about the zero line and the average current becomes zero.

				[image: Fig-6-2c.eps]

				Fig. 6.2(c) Voltage and current waveforms due to inductive load in the inverter.

				Feedback diodes are incorporated in the circuit to provide a return path for the current back to the supply. Apart from this, the feedback diodes also help to prevent the load voltage from increasing towards its no-load value.

				6.3.2 Single-phase Parallel Inverter with Feedback Diodes

				In Fig. 6.2(d), SCRs T1 and T2 are the main load carrying SCRs. The commutating components are L and C. Diodes D1 and D2, called feedback diodes, permit the load reactive power to be fedback to the dc supply. These feedback diodes help in returning the current to the supply and prevent the no-load voltage from increasing. 

				Principle of operation of the single-phase parallel inverter with feedback diodes

				If T1 conducts, neglecting the small voltage drop across L, the supply voltage V will 
appear across portion OA of the transformer primary winding as shown in Fig. 6.2(d). 
By transformer action, terminal B will be at a potential of +2V with respect to terminal A. Thus, the commutating capacitor C will get charged to twice the supply voltage, i.e. 2V, 
the polarity of which is shown. The primary current iT1 flows through OA of the primary winding, SCR T1, inductor L, and negative supply. The load voltage will be positive (i.e. the point P of the secondary winding is positive with respect to the point Q) and of magnitude V if the ratio of turns PQ and OA is unity. The current through the load will have a magnitude iL flowing downwards.

				[image: Fig-6-2d.eps]

				Fig. 6.2(d) Single-phase parallel inverter with feedback diodes.

				At the end of the half-period, SCR T2 is triggered. Capacitor C will immediately apply a reverse voltage of 2V across T1 and turn it off. When T1 is turned off, capacitor C will discharge through SCR T2, inductor L, diode D1, and a portion of the transformer primary winding NA. Thus, the energy stored in the capacitor will be fed back to the load through the transformer coupling of the windings NA and PQ. During this period, the potential of point N will be fixed by the DC input supply and the load voltage will still be positive but more than V. As long as the capacitor voltage is more than the voltage at point N, diode D will remain forward biased. The current will now flow through a portion of the transformer winding ON and diode D1 to the negative input terminal. The discharging current of the capacitor is more than the load current. As the potential of point N increases sufficiently to reverse bias D1, the capacitor will no longer discharge through SCR T2 and point N will not get connected to the negative supply terminal. At this instant, the polarity of the inductor L changes. The current through inductor L will flow through diode D2, a portion MB of the transformer primary, and SCR T2. In other words, the energy trapped in inductor L will be fed back to the primary as well as to the secondary winding of the transformer. The current which was earlier flowing through the portion ON of the transformer primary, will now flow from point M to point B through SCR T2 and diode D2. The load reactive energy will be returned to the DC supply. 

				The point M is now connected to the negative supply terminal, the load voltage polarity will reverse and be more than V. Also, the capacitor C will be charged in the opposite direction to slightly greater than twice the supply voltage. The current through the load will have a magnitude iL flowing upwards. The SCR T2 will stop conducting after all the energy in the commutating inductor L has been completely dissipated.

				Immediately following the commutation of SCR T1, energy is transferred from the capacitor and the inductor to the load. During this period, high frequency oscillations will be superimposed on the normal rectangular waveform of the load voltage. After this transient period, only the diode D2 will continue to conduct. This will cause application of a reverse voltage across SCR T2 and thereby help in turning it off. When the load current becomes zero, diode D2 will be blocked and SCR T2 will have to be triggered again to reverse the direction of the load current. When SCR T2 starts conducting, the load voltage will again equal the supply voltage V.

				If the diodes are connected to points A and B instead of N and M, respectively, then the load voltage waveform will be rectangular. But such a connection will require the energy trapped in the commutating components to be dissipated as heat in the SCRs and diodes, thereby necessitating the derating of the components. Thus, the efficiency of the circuit can be increased by connecting the diodes to the points N and M.

				6.3.3 Single-phase Series Inverter

				In a series inverter circuit shown in Fig. 6.3(a), capacitor C is connected in series with the load. This circuit uses class A type of commutation and is called bilateral series inverter 

				[image: Fig-6-3a.eps]

				Fig. 6.3(a) Single-phase series inverter circuit.

				because load current iL flows in both the directions. Commutating components L and C form an underdamped circuit. This circuit is excited by triggering the SCR, the current in the circuit passes through a zero value after it has reached the maximum. When the forward current of the SCR touches zero, the device will go into the blocking state. This method of turn-off is called resonant turn-off since the forward current is made zero by the resonant circuit and is also known as current commutation. It is also referred to 
as self commutation as no other SCR needs to be fired for commutating the conducting SCR. 

				Principle of operation of the series inverter

				Assume that the load is resistive and the initial voltage of the capacitor C is V with the polarity as shown in Fig. 6.3(a). When SCR T1 is triggered, a series R-L-C resonant circuit is connected across the dc voltage V and the capacitor voltage will start building up along with the current. The current iT1 = iL will reach its maximum value when the capacitor voltage vC is V (i.e. the capacitor C discharges from – V to zero and recharges to +V) and after which the load current starts decreasing till it reaches zero. When the load current approaches its maximum value, the induced voltage in the inductor opposes the flow of current (according to the Lenz’s law). After the load current has reached a maximum value, the induced voltage in the inductor changes its polarity. Eventually, the capacitor charges approximately to 2V and the load current starts falling towards zero. To make the circuit underdamped, the condition R2 < 4L/C must be satisfied. The time period of oscillations is given by

					[image: Biswanath__Eq-6-10.wmf]………(6.9) 

				The output frequency is given by 

					[image: Biswanath__Eq-6-11.wmf]………(6.10)

				where tOFF is the time period between the turn-off of one SCR and the turn-on of the other SCR. At point ‘a’, the load current iL is zero as shown in Fig. 6.3(b) and SCR T1 will be turned off. If the current remains at zero for a sufficiently long time, SCR T1 will regain its blocking capacity. The time duration ‘ab’ is the OFF period when the load is open-circuited. So, the capacitor will maintain the voltage vC to 2V. At point ‘b’, SCR T2 is triggered. As SCR T1 had already been turned off, tOFF (duration ‘ab’) should be more than the turn-off time that SCR T1 requires. Capacitor C will now discharge from 2V through SCR T2 and the underdamped series circuit. Load current iL = iT2 will flow in the opposite direction, which again becomes zero at point ‘c’. SCR T2 will then be turned off. A similar operation will occur when SCR T1 is turned on. The current pulse will be sinusoidal. Variable frequency output can be obtained by changing the OFF time.

				If the load is inductive, its inductance can be considered as a part of the commutating inductance L since both are connected in series. No separate feedback diodes are required for inductive loads as in parallel inverters. Generally, it is possible to obtain a close sinusoidal output from the circuit when the condition XL = XC is met. The inverter operating frequency will then be [image: Biswanath__Eq-6-12.wmf]

				[image: Fig-6-3b.eps]

				Fig. 6.3(b) Voltage and current waveforms of a series inverter.

				Disadvantages or limitations of the series inverter

				The basic series inverter circuit suffers from a number of disadvantages as listed below:

				(a)	SCR T2 can only be triggered when SCR T1 is OFF and vice versa, otherwise a dead short circuit will take place across the dc supply and prevent commutation of SCRs. As a result, the circuit will not operate as an inverter. This limits the maximum possible output frequency of the inverter to the resonant frequency, i.e. ringing frequency 

					[image: Biswanath__Eq-6-13.wmf]………(6.11)

				(b)	For output frequencies much lower than the resonant frequency, the distortion in the load voltage waveform is high. This is because the OFF time is large in comparison with the duration of conduction of the SCRs.

				(c)	High ratings for the commutating components are required because they carry the load current continuously and the capacitor supplies the load current during every alternate half-cycle.

				(d)	The power flow from the dc source is not continuous. This is because current is supplied to the load, only when SCR T1 is triggered. Therefore, the dc supply has to have a large peak current rating, resulting in a high ripple content in input current.

				Example 6.1

				Determine (i) the time period of oscillations and (ii) the resonant frequency of a series inverter which has an output frequency of 50 Hz. The time period between turn-off of one SCR and turn-on of the other SCR is 0.012 s.

				Solution The output frequency of a series inverter is given by 

					[image: Biswanath__Eq-6-14.wmf]

				where tOFF is the time period between the turn-off of one SCR and the turn-on of the other SCR and T is the time period of oscillations. Therefore,

					[image: Biswanath__Eq-6-15.wmf]	

				Again, the time period of oscillations is given by

					T = p/fr	

				where fr is the resonant frequency. Therefore,

					0.016 = p/fr  or    [image: Biswanath__Eq-6-16.wmf]

				Example 6.2

				A series inverter operating under resonant condition has a frequency of 2 kHz. Calculate the value of the capacitor if an inductor of 6 mH is connected in the circuit.

				Solution  The operating frequency is given by

					[image: Biswanath__Eq-6-17.wmf]	

				or

					[image: Biswanath__Eq-6-18.wmf]

				Therefore, the value of the capacitor, [image: Biswanath__Eq-6-19.wmf]

				Example 6.3

				Calculate the output frequency of a series inverter in which inductance, capacitance, and load resistance are 5 mH, 1 mF, and 100 W, respectively. The time period between the turn-off of one SCR and the turn-on of the other SCR is 0.2 ms. If the load resistance varies between 50 W and 125 W, find the output frequency range.

				Solution  The resonant frequency is given by

				[image: Biswanath__Eq-6-20.wmf]

				The time period of oscillations is given by

					T =	p/fr

					=	p/10,000 = 3.14  10–4 s = 0.314 ms

				The output frequency is given by

					[image: Biswanath__Eq-6-21.wmf]

				When the load resistance, R1 = 50 W, the resonant frequency is given by

					[image: Biswanath__Eq-6-22.wmf]

				The time period of oscillations is given by

					T =	p/fr 

					=	p/(13.23  103) = 0.237  10–3 s = 0.237 ms

				The output frequency is given by

					[image: Biswanath__Eq-6-23.wmf]

				When the load resistance, R2 = 125 W, the resonant frequency is given by

					[image: Biswanath__Eq-6-24.wmf]

				The time period of oscillations is given by

					T =	p/fr 

					=	p/(6.614  103) = 0.475  10–3 s = 0.475 ms

				The output frequency is given by

					[image: Biswanath__Eq-6-25.wmf]

					[image: Biswanath__Eq-6-26.wmf]

				Hence the range of output frequency is between [image: Biswanath__Eq-6-27.wmf]

				6.4 VOLTAGE-SOURCE INVERTER

				A voltage-source inverter is a constant voltage source which supplies ac to the output. The output voltage is maintained constant independent of the load. For this purpose a large capacitor is connected at the dc input side of the inverter. The input is from a dc voltage source. A series or parallel inverter is known as voltage-source or voltage-control inverter. The output voltage can be controlled by changing any of the following parameters:

					(i)	The power factor of the circuit 

					(ii)	The frequency of the inverter 

					(iii)	The pulse width

				6.5 CURRENT-SOURCE INVERTER

				This type of inverter functions as an ac constant current source on the output side. It is also called a dc-link inverter. Figure 6.4 shows a current-source inverter which is usually a bridge inverter. A large inductor L is used to maintain constant current. The inductor also smoothens the fluctuations in current caused by the switching of SCRs to reverse the direction of current flow through the load. Capacitor C acts as a commutating element and improves the power factor of the load and is connected in parallel to the inductive load. The two SCR pairs T1-T4 and T2-T3 when triggered produce positive and negative half-cycles, respectively.

				Principle of operation of the current-source inverter

				When the SCR pair T1-T4 is triggered, capacitor C charges through T1, C, and T4 to the dc supply voltage V. At the same time, load current iL = iT1-T4 passes through T1, load, and T4 as shown in Fig. 6.4. This constitutes the positive half-cycle of the output.

				When the other SCR pair T2-T3 is triggered, capacitor C discharges through T2, C, and T3 and recharges through the same path to the opposite polarity. At the instant of discharging, capacitor C provides positive voltage to the cathode of T1 and negative voltage to the anode of T4 which immediately turn these SCRs off. The load current iL = iT2-T3 passes through T2, load, and T3. The direction of the load current iL = iT2-T3 is now opposite to that of iL = iT1-T4. This constitutes the negative half-cycle of the output. When the SCR pair 
T1-T4 is triggered again, the voltage across the capacitor turns off the SCRs T2 and T3 immediately.

				Applications of current-source inverters

				The current source inverters are used for

					(i)	high frequency application in induction heating, and

					(ii)	power transfer from solar cells.

				[image: Fig-6-4.eps]

				Fig. 6.4 Circuit diagram of a current-source inverter.

				6.5.1 Differences between Voltage-source and Current-source Inverters

				
					
						
								
								Voltage-source Inverter 

							
								
								Current-source Inverter

							
						

						
								
								The output voltage is maintained constant  and is independent of the load.

							
								
								It provides a constant current output. 

							
						

						
								
								A  large  capacitor  is  connected  at  the dc   input side of the inverter. 

							
								
								A large inductor is connected in series  with the dc input voltage.

							
						

						
								
								A series resonance or tank circuit is required. 

							
								
								No resonant circuit is required.

							
						

					
				

				6.6 THREE-PHASE FORCED-COMMUTATED BRIDGE INVERTERs

				Three-phase inverters are used to convert dc input voltage into symmetrical three-phase ac voltage. The bridge configuration in Fig. 6.5(a) is ideally suited for generating a polyphase output. Output transformers, such as those provided for the parallel inverters, are not required for this circuit. The trigger circuit for the inverter is often obtained from a ring counter. In this method, a maximum of three SCRs conduct at a time and each SCR conducts for p radians in every cycle of the output. This is called the 180°-mode operation. In the other method, each SCR conducts for 2p/3 radians in every cycle of the output and is called the 120°-mode operation. Both these methods employ class D type commutation. The triggering frequency of the SCRs will decide the output frequency. The control of the output voltage is obtained by varying the dc input voltage.

				[image: Fig-6-5a.eps]

				Fig. 6.5(a) Three-phase forced-commutated bridge inverter.

				Principle of operation of the three-phase forced-commutated bridge inverter

				The SCRs are triggered in a sequence to produce positive phase sequence output voltages VRY, VYB, and VBR at the output terminals R, Y, and B. The voltages of the incoming and the outgoing SCRs are +V and 0, respectively. From Fig. 6.5(b) it can be seen that T1 conducts from 0° to 180°, and T4 conducts from 180° to 360°. This condition depends onT1 being commutated prior to triggering of T4. If there is a time delay in the turn-off of T1, a short circuit can be caused between the positive and negative supply rails through T1 
and T4.

				Figure 6.5(c) shows the load connections for the 0°–60° time interval, with SCRs T1, T3, and T5 conducting. The two windings (i.e. phase-R and phase-B) of the star-connected load are always in parallel, and one winding (i.e. phase-Y) is in series with the parallel pair. Thus as a voltage divider, the parallel pair drops (1/3)V while (2/3)V is dropped by the single winding. Figures 6.5(d), 6.5(e), 6.5(f), 6.5(g), and 6.5(h) indicate the subsequent conduction intervals together with their conducting SCRs.

				The line-to-line voltage output of the inverter is given by

				Vrms =	[image: Biswanath__Eq-6-28.wmf]………(6.12)

				=	[image: Biswanath__Eq-6-29.wmf]

				The output power for a balanced star-connected load will be given by

					[image: Biswanath__Eq-6-30.wmf]………(6.13)

				From Fig. 6.5(b), 

					VRN =	V/3 	when 	0 	wt  p/3

				 	=	2V/3	when 	p/3 	wt  2p/3

					=	V/3 	when 	2p/3 	wt  p

				Substituting these values in Eq. (6.13), the output power is given by

					P = 2V2/3R………(6.14)

				[image: Fig-6-5b.eps]

				Fig. 6.5(b) Waveforms of a three-phase six-step inverter or forced-commutated inverter.

				[image: Fig-6-5ctoh.eps]

				Fig. 6.5(c), (d), (e), (f), (g) and (h)

				6.7 FUNCTIONAL CIRCUIT BLOCKS OF A LINE-COMMUTATED CONVERTER

				The input to the static converter block (SC) which contains the switching elements, is a three-phase ac as shown in Fig. 6.6(a). The control circuit block (CC) provides the triggering pulses to the SCRs inside the block (SC). The triggering angle a is adjusted by varying the control voltage, VC. The triggering circuit also needs the timing inputs from the ac supply, because it has to have the reference instants in every ac cycle with respect to which the triggering angle delays are to be implemented. The timing reference instants are obtained from the timing transformer block (TT) which provides a low voltage replica of the input ac waveform to the triggering circuit.

				[image: Fig-6-6a.eps]

				Fig. 6.6(a) Functional blocks of a typical line-commutated converter.

				The output voltage at the terminals A and B is not a perfect dc, but has a significant amount of ripple. A filter which is an iron-cored inductor L is used to bring this ripple component well within the acceptable limits.

				6.7.1 The Inversion Mode of Operation

				If all the switching elements in a converter are SCRs, the same converter can be used as a rectifier as well as an inverter. For the inverter mode, the flow of current is from the dc side to the ac side. To supply power from the dc side to the ac side, a dc voltage will be needed on the dc side. Since the switching elements of the converter are unidirectional, the direction of the current flow through them cannot change. This in effect means that the direction of current at the terminals A and B cannot change and must be the same for the rectification mode. 

				In the rectification mode of operation, the direction of power flow is from the ac side to dc side as shown in Fig. 6.6(b). Therefore, for reversed power flow, the dc source VS must be connected with reverse polarity as shown in Fig. 6.6(c). The SCRs are turned on in such a way that the conduction for each ac phase occurs when the segment of the ac phase voltage waveform has the reversed polarity. The reversed polarity of the dc source voltage can be used to forward bias and make the SCRs conduct to oppose the instantaneous ac phase voltage. This is how, power flows in the reversed direction on the ac side.

				The function of the iron-cored inductor is to absorb the ripple, which is the voltage difference between the constant dc side voltage and the instantaneous value of the conducting ac phase voltage that is presented across AB through the SCR switches that are ON.

				[image: Fig-6-6b.eps]

				Fig. 6.6(b) Block diagram of a phase-controlled converter (rectification mode).

				[image: Fig-6-6c.eps]

				Fig. 6.6(c) Block diagram of a phase-controlled converter (inversion mode).

				6.7.2 Two-quadrant Operation of a Phase-controlled Converter

				An operation with a particular value of dc voltage and a particular value of dc current can be located on the graph using the respective axes for these two quantities. The horizontal axis for the positive dc current and the vertical axis for the positive dc voltage are used. On the basis of reference polarity for voltage and reference direction of current as stated above, all the operating points in the rectification mode will be located in the first quadrant—the quadrant for positive voltage and positive current as shown in Fig. 6.6(d). 

				For the inversion mode, all the operating points will be in the fourth quadrant—the quadrant for positive current, but negative voltage. The control circuit of a phase-controlled converter can be designed to cater for operation in both modes, and to facilitate changover from one mode to the other. Such a converter is known as the two-quadrant converter.

				An example of a two-quadrant phase-controlled converter—HVDC power link

				An important example of the two-quadrant phase-controlled converters is in the area of bulk power HVDC transmission. It is more economical to use dc at high voltage to interconnect two ac power systems and transmit power from one system to the other. A classical example of this is the underwater high voltage dc cable across the English

				[image: Fig-6-6d.eps]

				Fig. 6.6(d) Two-quadrant operation of a phase-controlled converter.

				Channel, which interconnects the ac electrical power networks of the UK and France. This cross-channel dc cable is being used to supply electric power from the British power network to the French network and vice versa during the hours of the day when peak demands of power occur. Figure 6.7(a) shows the block schematic diagram of the main features of an HVDC link between two ac power networks, labelled British power grid and French power grid. The three-terminals labelled R1, Y1, and B1 constitute the three-phase bus of the ac network of the British power grid. Similarly, R2, Y2, and B2 constitute the three-phase bus of the ac network of the French power grid. The inductance L outside the converter block absorbs the ripple.

				[image: Fig-6-7a.eps]

				Fig. 6.7(a) Two-quadrant operation of the phase-controlled converters for power transmission by HVDC.

				The blocks labelled ‘Converter at British power grid’ and ‘Converter at French power grid’ consist of transformers and SCR bridges. When the power flow is to be from the British power grid network to the French power grid network, the converter on the British side will be working in the rectification mode, i.e. in quadrant 1, and the converter on the French side will be working in the inversion mode, i.e. in quadrant 4. The operating modes of the two converter stations will be reversed when power flow from the network in France to the network in Britain is required.

				Another example of the two-quadrant phase-controlled converter—dc motor drive with regenerative braking

				In dc motor drives, the converter is used not only for driving the motor at an adjustable speed but also for braking it electrically when moving at a lower speed, or while stopping. The field circuit of the motor is not shown in Fig. 6.7(b). A small converter which is designed for the rectification duty only, supplies the field current of the dc motor. 

				The driving mode is shown in Fig. 6.7(b). The converter is operated as a rectifier to deliver dc power into the motor armature terminals, A1 and A2. The speed of the motor

				[image: Fig-6-7b.eps]

				Fig. 6.7(b) Two-quadrant phase-controlled converter for a dc drive with regenerative braking.

				is controlled by varying the dc output voltage of the rectifier which in turn is adjusted by phase control. When the motor rotates, it generates an induced dc voltage in the armature circuit, which is known as the back e.m.f. According to the Lenz’s law, this back e.m.f opposes the dc voltage across the terminals A and B of the converter. The dc current has to be driven into the armature circuit against the back e.m.f. This is how the electrical power is pumped into the armature for converting to the mechanical power needed to drive the load.

				To brake the motor that is rotating at a certain speed, the armature terminals of the motor are first disconnected from the converter and then reconnected with the terminal connections reversed as shown in Fig. 6.7(c). This can be done by using a fast-acting contactor as a reversing switch. At the same time, the firing angles of the converter change in such a way that it operates in the inversion mode. The machine will, therefore, now function as a generator and not as a motor. The generator receives its driving power from the stored kinetic energy of the mass of the flywheel coupled to its shaft and from its own rotational inertia. This energy flows back into the ac bus through the converter, which is now made to function in the inversion mode. This type of braking is called the regenerative braking.

				[image: Fig-6-7c.eps]

				Fig. 6.7(c) Two-quadrant phase-controlled converter for a dc drive with regenerative braking.

				As the motor slows down, the e.m.f. induced in its armature decreases, but the adjustment of phase control continues the regenerative braking and lowers the speed.

				6.7.3 Static Four-quadrant Operation

				Figure 6.8(a) shows the connections of the motor armature terminals A1 and A2 to the converter dc terminals A and B when the motor is being driven in the forward direction. The smoothing inductor L is necessary to absorb the ripple voltage which is present in the dc output voltage of the converter. The inductance L may be treated as a part of the motor circuit or the converter circuit.

				[image: Fig-6-8a.eps]

				Fig. 6.8(a) Motoring operation (driving) in the forward direction.

				The positive voltage to the terminal A1 of the motor with respect to A2 is assigned as a reference polarity to locate a motor operating point on the four-quadrant graph. The motor current is assigned positive direction when the current flows in the motor from terminal A1 to terminal A2. Therefore, for the motoring operation (driving) in the forward direction, 
the operating quadrant is quadrant-1 (positive voltage and positive current) as shown in Fig. 6.9.

				To slow down the motor and bring it to rest, while still rotating in the forward direction, the motor terminals are reversed as shown in Fig. 6.8(b) by means of a fast-acting reversing switch. The converter can be operated in the inversion mode by changing the firing angles of the SCRs. Consequently, the voltage polarity of the converter reverses. The dc voltage source, which is the e.m.f. of the machine when the motor is working as a generator, is used to force the current through the ac phases when their polarities are actually opposite to the rectification mode. In this way, power flows into the ac bus and the reversal of dc voltage occurs across the converter output terminals A and B. Therefore, for the motoring operation (braking) in the forward direction, the operating quadrant is quadrant-2 (positive voltage and negative current) as shown in Fig. 6.9. From the point of view of a motor, its voltage polarity is not reversed, as the terminal A1 continues to be positive with respect to terminal A2. But the direction of current has reversed which is now negative, i.e. from terminal A2 to terminal A1.

				[image: Fig-6-8b.eps]

				Fig. 6.8(b) Motoring operation (braking) in the forward direction.

				To rotate the motor in the reverse direction after the motor has come to rest, the converter can be operated in the rectification mode by changing the triggering angles accordingly. The motor will now have dc voltage impressed across its terminals with reverse polarity (terminal A2 positive with respect to terminal A1), which is opposite to that 
of Fig. 6.8(a). Therefore, the motor will rotate in the reverse direction. By doing so, it will develop a back e.m.f. that makes the terminal A2 positive with respect to the terminal A1. So, both the motor voltage and motor current will be negative. For the motoring operation (driving) in the reverse direction, corresponding to Fig. 6.8(c), the operating quadrant for the motor is quadrant-3. As for the converter, the operating quadrant will now be quadrant-1, corresponding to the rectification mode shown in Fig. 6.9.

				[image: Fig-6-8c.eps]

				Fig. 6.8(c) Motoring operation (driving) in the reverse direction.

				For regenerative braking while rotating in the reverse direction, the reversing switch is operated again to reverse the connections of the motor terminals A1 and A2, to the converter terminals A and B as shown in Fig. 6.8(d). Simultaneously, the triggering angles of the SCRs are changed to force the converter into the inversion mode. Therefore, for motoring operation (braking) in the reverse direction, the motor operating quadrant is quadrant-4 (negative voltage and positive current) as shown in Fig. 6.9. The converter is now in the inversion mode.

				[image: Fig-6-8d.eps]

				Fig. 6.8(d) Motoring operation (driving) in the reverse direction.

				[image: Fig-6-9.eps]

				Fig. 6.9 Four-quadrant operation.

				In this manner, operation in all the four quadrants can be achieved, for a reversible dc motor drive with regenerative braking, as shown in Fig. 6.9.

				6.8 DUAL CONVERTERs

				A dual converter is a converter which can handle a load with all four combinations of voltage polarity and current direction. Therefore, with a suitable design of the control circuit, the converter can be operated in such a way that the current supplied to the load is alternating. The positive current converter is operated to supply positive current to the load. Then the negative current converter is operated for negative load current. These operations can be repeated cyclically at a low frequency, so that the current supplied to the load is alternating in nature. Since all combinations of voltage polarity and current direction are possible, it is not necessary that the load current be in phase with the load voltage. 

				Applications of dual converters

				A dual converter can be used to reverse the speed of a dc motor. Regenerative braking can also be achieved by a dual converter.

				6.8.1 The Phase-controlled Dual Converter

				A static four-quadrant converter is also known as a dual converter, because it is essentially a combination of two ‘two quadrant converters’—one to control positive currents and the other negative currents. The two converters are connected in antiparallel as shown in 
Fig. 6.10(a), by which arrangement their terminal polarities are reversed with respect to each other. Dual converters are also called reversible thyristor converters.

				[image: Fig-6-10a.eps]

				Fig. 6.10(a) Phase-controlled dual converter.

				For driving in the forward direction, the positive current converter (PCC) operates in the rectification mode and all the gate pulses to the SCRs of the negative current converter (NCC) are blocked. To brake the motor while rotating in the forward direction, the gate pulses to the SCRs of the PCC are stopped and the NCC operates in the inversion mode. This is how the current through the motor is reversed statically without the use of a reversing switch. The NCC continues to operate in the reverse direction, but changes in the rectification mode. To brake the motor while rotating in the reverse direction, the gate pulses to the SCRs of the NCC are stopped and the PCC operates in the inversion mode. These operating sequences are also indicated in Fig. 6.10(b).

				[image: Fig-6-10b.eps]

				Fig. 6.10(b) Phase-controlled dual converter for static four-quadrant operation.

				6.8.2 Single-phase Dual Converter

				In Fig. 6.10(c), the Bridge 1 consists of SCRs TP1, TP2, TP3, and TP4. The Bridge 1 operates like a single-phase full-wave rectifier. Similarly, the Bridge 2, which is connected in 
opposite mode to that of Bridge 1, consists of SCRs TN1, TN2, TN3, and TN4. To minimise the ripples in the rectified dc, an L-C network is used. The rectified dc fed to the load is the input of the Bridge 2 which acts as a single-phase inverter. The output of the inverter (Bridge 2) is ac.

				[image: Fig-6-10c.eps]

				Fig. 6.10(c) Single-phase dual converter circuit.

				Principle of operation of the single-phase dual converter

				In the positive half-cycle of the ac input to Bridge 1, SCRs TP1 and TP2 are gated simultaneously. SCRs TP3 and TP4 are triggered in the negative half-cycle. In both the cases, the load current IL flows downwards as shown in Fig. 6.10(c). The full-wave rectified dc voltage across the load is controlled by varying the triggering angles of the SCRs. Hence Bridge 1 operates as a full-wave, full-controlled single-phase rectifier and Bridge 2 acts like an inverter when Bridge 1 is triggered.

				If Bridge 1 is not triggered, Bridge 2 can be used as a rectifier by feeding it with 
single-phase ac. In this case, the load current IL flows upwards as shown in Fig. 6.10(c). So Bridge 2 operates as a full-wave, full-controlled single-phase rectifier and Bridge 1 acts like an inverter when Bridge 2 is triggered.

				Applications of dual converters

				A single-phase dual converter can be used to achieve plugging (dynamic braking) and speed reversal of dc motors. 

				6.8.3 Types of Three-phase Dual Converters

				There are two different types of dual converters. These are of:

				
						circulating current type

						circulating current-free type or non-circulating current type.

				

				6.8.4 Circulating Current Type Dual Converter (Mid-point Configuration)

				Figure 6.11(a) shows the circulating current type dual converter in which each of the two converters is a mid-point converter. The SCRs TPR, TPY, and TPB constitute the positive current converter (PCC), which has the common cathode configuration, the terminal K being the common cathode. The SCRs TNR, TNY, and TNB constitute the negative current converter (NCC). This converter has the common anode configuration, the terminal A being the common anode. The two converters are operated in such a way that the dc voltages of both are the same.

				[image: Fig-6-11a.eps]

				Fig. 6.11(a) Three-phase mid-point dual converter with circulating current.

				Let ap be the triggering angle of the PCC and an that of the NCC. Assuming that 
the PCC is in the rectification mode, so that ap is less than 90°, its dc output voltage is given by 

					[image: Biswanath__Eq-6-31.wmf]………(6.15)

				where Vm is the peak voltage per phase.

				The dc output voltage of the NCC is given by 

					[image: Biswanath__Eq-6-32.wmf]………(6.16) 

				The negative sign indicates the converter has a common anode configuration. If the triggering angle an of the NCC is such that ap + an = 180°, then 

					cos an = cos (180 – ap) = – cos ap 

				Therefore, the dc terminal voltage of the NCC becomes

					[image: Biswanath__Eq-6-33.wmf]………(6.17)

				Therefore, both the positive current and negative current converters have exactly the same voltage, with the same polarity, if the condition ap + an = 180° is satisfied. This condition implies that if one of the converters is in the rectification mode, then the other is in the inversion mode. Although their dc voltages are the same, the two converters are still unable to connect solidly in parallel, because, besides the dc voltage, each converter has an ac ripple voltage as well. The ripple voltages may not be the same. Therefore, the two voltages will not match at every instant. The unequal instantaneous voltage difference can cause an excessive current to flow between the converters if both are in operation, unless steps are taken to limit this current. However, an iron-cored inductor L between K and A limits the ripple current to a small value. The output voltage is taken at point M which is the mid-point of the inductor.

				Figure 6.11(b) shows the output voltage waveform of the positive current converter at the terminals K–N for the triggering angle 30° and the output voltage waveform of the negative current converter at the terminals A–N for the triggering angle of 150°. From the waveform, it is seen that the dc voltages are the same for both the converters. During the interval t1 to t2, the SCR TPB is conducting in the positive current converter and the SCR TNR is conducting in the negative current converter. In the first-half of this interval, the voltage of phase-B is more positive than the voltage of phase-R, and therefore a circulating current will build up in the direction K to A. In the second-half of this interval, the voltage of phase-R becomes higher than the voltage of phase-B. Hence the circulating current that had built up, will now fall to zero. But it cannot reverse, because current can only flow in one direction owing to the unidirectional nature of the SCRs. It is observed that had it not been for the inductance L, there would occur a direct short-circuit between the phase-B and the phase-R during the first half of the interval t1 to t2. The circulating current in this interval is limited to a low value because of the presence of inductor L.

				In the interval t2 to t3, the SCRs TPR and TNR are in conduction in the positive current converter and the negative current converter, respectively. Therefore, both K and A are at the same potential and the voltage across L is zero. There will be no circulating current during this interval.

				During the interval t3 to t4, the situation is similar to that in the interval t1 to t2. The phase that would be connected is the phase-R in the positive current converter and the phase-Y in the negative current converter. In the first-half of this interval, the voltage of phase-R is higher, and a circulating current will build up. This current will decay to zero in the second-half of this interval, because the voltage of phase-Y will be higher during this half. The current cannot reverse, because the circulating current can flow only in one direction.

				The voltage waveform appearing across L as shown in Fig. 6.11(b) is obtained by taking the instantaneous voltage difference between the waveforms of the positive current converter and the negative current converter. The voltage across L will be zero when the 

				[image: Fig-6-11b.eps]

				Fig. 6.11(b)	Output voltage waveforms for positive and negative current converters along with voltage waveform across inductor L.

				same phase conducts in both the converters. The voltage will be the line voltage between the two phases during the interval when the conducting phases are different in the two converters.

				6.8.5 Circulating Current Type Dual Converter (Dual-bridge Configuration) 

				A transformer is needed for the mid-point configuration to provide the neutral terminal, which is one of the output terminals of the dual converter [see Fig. 6.11(a)]. The bridge configuration does not need a transformer. For this reason, the bridge configuration is often a more convenient choice than the mid-point configuration.

				The bridge configuration is actually a combination of two mid-point dual converters. It is necessary to have two circulating current reactors—one for each mid-point dual converter as shown in Fig. 6.12(a). If only one circulating current reactor is used, a short-circuit can occur between the ac lines when two different phases are conducting in the other dual converter. A separate smoothing inductance L is used for the load.

				Beneficial effects of circulating current mode

				The beneficial effects of the circulating current mode are as follows:

				
						Discontinuity problem is excluded completely as there is always current flowing through the converter whose magnitude is independent of the load current.

				

				[image: Fig-6-12a.eps]

				Fig. 6.12(a) Three-phase dual-bridge converter with circulating current.

				
						Changeover from one quadrant of operation to the other is smooth and the triggering angle is automati	cally adjusted according to the control voltage. Thus, the converters do not have to pass through blocking, unblocking and through the safety interval of 5 millisecond. Hence control is never lost in this mode of operation.

				

				6.8.6 The Circulating Current-free Type or Non-circulating Type Dual Converter

				One such converter in Fig. 6.12(b) requires only one of the two converters to be operated at any given time to handle the load current. Therefore, the function of a dual converter can be served by operating only one converter at a time and keeping the other in readiness to take over when current reversal is needed. As such no circulating current can flow between the two converter circuits and, therefore, this mode is called the circulating current-free mode of operation. The positive current and negative current converters are solidly connected in antiparallel without any circulating current reactor in between. Only one converter carries the load current. If the load current is positive, the positive current converter is operated with the approximate triggering angle. The triggering pulses to the negative current converter can either be blocked or phased back so that it does not carry current.

				[image: Fig-6-12b.eps]

				Fig. 6.12(b) The circulating current-free type dual converter.

				If the positive current converter is in the rectification mode with a triggering angle less than 90°, the conduction in the negative current converter is prevented by either blocking or delaying the gate pulses to the SCRs so that the e.m.f. presented by it is in opposition to the flow of circulating current and is large enough to prevent any flow of circulating current. Whenever the drive is to be braked or to be driven in the other direction, the positive current converter is first blocked and the load current is reduced to zero. The pulses to the second converter are then released after a current-free safety interval of 4 to 6 millisecond. Irregular jumps must be avoided during changeover.

				Thus, such a mode of operation requires a sophisticated regulating system which has to not only sense the desired torque direction but also block/unblock both the converters suitably with a safety interval.

				6.8.7 Different Configurations Used for Dual Converters

				The dual converters can be connected in any one of the following ways:

				
						Antiparallel connection

						Direct antiparallel connection

						Cross connection

				

				Antiparallel connection

				The antiparallel connection is shown in Fig. 6.13(a).

				[image: Fig-6-13a.eps]

				Fig. 6.13(a) Reversible converter in antiparallel connection.

				The advantages of the antiparallel connection are:

					(i)	The design of the converter transformer is simple.

					(ii)	The circuit configuration is less expensive.

				The disadvantages of the antiparallel connection are:

					(i)	Reactances have to be provided to limit the loading of the SCRs caused by the arc voltage of the high speed circuit breakers.

					(ii)	The circuit configuration is expensive because of the use of dc high speed circuit breakers along with the reactances.

					(iii)	If the dc circuit breakers and the ac switchgear are opened simultaneously, devices may get punctured.

					(iv)	Only the circulating current-free type of operation is possible.

				Direct antiparallel connection (back-to-back connection)

				Figure 6.13(b) shows SCRs in direct antiparallel connection.

				[image: Fig-6-13b.eps]

				Fig. 6.13(b) Reversible converter in direct antiparallel connection.

				The advantages of the above connection are the following:

					(i)	It is economical and compact.

					(ii)	Loading of SCRs caused by the arc voltage of the circuit breakers is avoided.

					(iii)	The number of semiconducting fuses and circuit breakers used is halved.

				The disadvantages of the direct antiparallel connection are as follows:

					(i)	This connection cannot be used in high-rating loads.

					(ii)	Device capacity is not fully utilised because of poor heat transfer.

					(iii)	Only a circulating current-free type of operation is possible.

				Cross connection

				This connection is shown in Fig. 6.13(c).

				[image: Fig-6-13c.eps]

				Fig. 6.13(c) Reversible converter in cross connection.

				The merits of the cross-connection configuration are as follows:

					(i)	The circulating current type of operation is possible.

					(ii)	Each converter is provided with a circuit breaker.

					(iii)	Loading of the devices caused by the arc voltage of the circuit breakers is limited by using two reactances.

				The demerits of the cross-connection configuration are:

					(i)	It is the most expensive configuration.

					(ii)	More components are needed in the regulating system compared to the first two configurations.

					(iii)	A large converter transformer is needed.

					(iv)	During circulatory current type of operation, all items of electrical equipment have to be of higher rating (approximately 10% higher).

					(v)	Reactive power drawn from the system is very high.

				6.9 CHOPPERs

				In ac applications, the transformer serves to convert electric power efficiently from one voltage level to another. Static dc-dc converters by stepping-up or stepping-down a dc voltage source achieve a similar function in dc applications. In dc-dc converters, the voltage conversion is achieved by power semiconductors, functioning as static switches and performing switching operations at a high repetitive frequency. Static dc-dc converters using the switching principle are also known as choppers. The SCR is switched on and off rapidly to ‘chop’ the input voltage for adjusting the input load voltage. This means that, although the input voltage is constant, the average dc voltage can be varied.

				The circuit configuration of a chopper converter can thus be designed either to step up from a lower input voltage to a higher output voltage or to step down from a higher input voltage to a lower output voltage. When the voltage conversion ratio, K = output voltage/input voltage, is more than 1, the circuit is a voltage step-up chopper. If K < 1, it is a voltage step-down chopper. There are differences between the step-up and the step-down choppers in the internal circuit configurations of their static switches.

				In a two-quadrant chopper, the power flow is from the low voltage side to the high voltage side in the step-up mode, and reverse is the case in the step-down mode. Therefore, the input terminal pair and the output terminal pair interchange their roles when moving from one mode of operation to the other. In any chopper converter, the voltage conversion ratio K is determined by the switching times of the static switches that constitute the chopper. It is, therefore, easy to vary the voltage conversion ratio K smoothly and continuously, by means of an adjustable voltage input into the chopper control circuit that suitably modifies the timing of the switching control pulses to the power switching elements. The chopper circuit offers the following advantages:

				
						Greater efficiency 

						Faster response

						Lower maintenance 

						Smaller size

				

				Applications of choppers

				The main applications of choppers are as follows:

					(i)	Chopper circuits are used in the speed control of dc series motors in traction systems.

					(ii)	The speed of the wound rotor induction motor can be varied by varying its rotor resistance. The rotor resistance can be varied steplessly by using a simple chopper.

					(iii)	Choppers can be used as switched mode power supply (SMPS) regulators to convert an unregulated dc voltage to a regulated dc output voltage.

					(iv)	Choppers are used in battery-operated vehicles to provide smooth acceleration control, high efficiency, and fast dynamic response.

				6.9.1 Principle of Operation

				Figure 6.14(a) is a basic circuit diagram of the chopper. The SCR T is operated as a switch, which turns on and off the dc battery voltage V to the load. The SCR is triggered periodically and is kept conducting for a period tON and is blocked for a period tOFF as shown in 
Fig. 6.14(b). 

				The average dc output voltage Vout across the load is given by (assuming continuous current conduction)

					Vout = VL = [image: Biswanath__Eq-6-34.wmf]

					= [image: Biswanath__Eq-6-35.wmf]………(6.18)

				[image: Fig-6-14ab.eps]

				Fig. 6.14 DC chopper: (a) basic circuit and (b) output voltage waveform.

				where

				T is the time period = tON + tOFF, and D is the duty cycle.

				The chopper frequency can be determined by

					f = 1/T = 1/(tON + tOFF)

				Thus, the dc output voltage Vout can be varied by the following methods:

				
						tON may be varied while the periodic time T is held constant. This is known as pulse width modulation (PWM).

						tON may be kept constant while T is varied i.e. tOFF is varied. This is known as frequency modulation or pulse rate modulation.

						Combined pulse width modulation and pulse rate modulation.

				

				Figures 6.15(a), 6.15(b), and 6.15(c) illustrate, respectively, the chopper action for pulse width modulation, pulse rate modulation, and for a combination of both of these methods. The duty cycle D controls the average dc output voltage.

				[image: Fig-6-15a.eps]

				Fig. 6.15(a) Pulse width modulation.

				[image: Fig-6-15b.eps]

				Fig. 6.15(b) Pulse rate modulation.

				[image: Fig-6-15c.eps]

				Fig. 6.15(c) Combination of pulse rate and pulse width modulations.

				6.9.2 Chopper Control Technique

				The operation of the SCR in Fig. 6.14(a) can be controlled in the following two ways:

				
						Time ratio control (TRC)

						Current limit control (CLC)

				

				Time ratio control

				This principle is essentially the same as described under Section 6.9.1. However, it is clear from Fig. 6.14(b) that the output voltage is rich in the ripple content.

				Under the steady state condition:

					[image: Biswanath__Eq-6-36.wmf]………(6.19)

				Assuming negligible ripple component, the input power is given by

					Pin =	[image: Biswanath__Eq-6-37.wmf]

					=	VIdc………(6.20) 

				The output power is given by

					Pout =	[image: Biswanath__Eq-6-38.wmf]

					=	VLIL………(6.21)

				Assuming that no losses occur in the SCR and comparing Eqs. (6.20) and (6.21),

					VIdc = VLIL

				This relation shows that the time ratio control (TRC) also has the properties of a transformer. Again from Eq. (6.19),

					[image: Biswanath__Eq-6-39.wmf]………(6.22)

				where f is the chopper frequency.

				The load voltage can be varied either by varying the chopper frequency f or by varying tON. In the constant frequency TRC method, VL can be controlled by varying tON. This has the added advantage of low ripple and, therefore, a smaller size of the filter is required. This method is also preferred for faster response.

				The disadvantages of the time ratio control method are:

					(i)	The frequency f has to be varied considerably and it results in discontinuity and sluggishness at low frequencies.

					(ii)	Operation at higher frequencies is accompanied with higher losses in components. So this system cannot be optimised because of the variable frequency.

				Current limit control (CLC)

				In this method of control, the load current is allowed to vary only between predetermined maximum and minimum limits such that if the load current tends to increase beyond the maximum value, the SCR T as shown in Fig. 6.14(a) will be blocked and if the current 
tends to fall below the minimum value, the SCR will be turned on. Figure 6.15(d) shows the waveforms of the current limit control.

				As the chopper operates between the prescribed current limits, discontinuity cannot occur. The difference between Imax and Imin decides the switching frequency. If this difference is small, the ripple at the output will be small, however, the switching losses will increase because of higher chopper frequency.

				[image: Fig-6-15d.eps]

				Fig. 6.15(d) Waveforms of the current limit control.

				Example 6.4

				A chopper circuit is operating on the TRC principle at a frequency of 2 kHz on a 460 V dc supply. If the load voltage is 350 V, calculate the conduction and blocking periods of the SCR in each cycle.

				Solution  The output voltage of a chopper circuit is given by

					VL = VftON

				Hence the conduction period is

					[image: Biswanath__Eq-6-40.wmf]

				The time period is

					[image: Biswanath__Eq-6-41.wmf]

				Therefore, the blocking period tOFF of the SCR is

					tOFF = T – tON = 0.5 – 0.38 =  0.12 ms

				6.9.3 Voltage Step-down Chopper

				The chopper shown in Fig. 6.16(a) delivers adjustable dc power into a resistive load from a fixed dc voltage source V. The load resistance R is connected to the output through an inductance L. The purpose of this inductance is to smooth out the fluctuations in the output current that are caused by the switching process in the chopper. If the inductance L is sufficiently large, the voltage across the load and the current through it will be substantially dc, with negligible ac ripple. The inductor is usually iron-cored and should be capable of carrying the full load dc current without magnetic saturation.

				[image: Fig-6-16a.eps]

				Fig. 6.16(a) Circuit diagram of a voltage step-down chopper.

				When SCR T is turned on, the input dc voltage V is applied in reverse mode across the power diode, D. The power diode must stay OFF as long as SCR T remains ON. The growth of load current i occurs exponentially because of the inductance L. The SCR is kept ON for a time interval tON, and then turned off.

				At the instant when SCR T is turned off, load current i has a finite value ip1 during the first chopper cycle as shown in Fig. 6.16(b). This current cannot instantly fall to zero because of the presence of the inductance L. The decay of load current i causes an induced voltage Ldi/dt to appear across the inductance. The polarity of the induced voltage changes at the instant when SCR is turned off. Because of this voltage, the diode gets forward biased and causes the freewheeling current iD to continue. The current iD decays exponentially and continues as long as T remains OFF, that is, for a duration tOFF. The lowest value to which the current falls at the end of the first chopper cycle is labelled in Fig. 6.16(b) as the valley magnitude iv1.

				[image: Fig-6-16b.eps]

				Fig. 6.16(b) Waveforms of the voltage step-down chopper.

				The second chopper switching cycle commences when SCR T is turned on again at the end of the first tOFF when the load current starts building up again. There is already an initial current iv1, and therefore the second peak ip2 will be larger than ip1. Consequently, the valley magnitude iv2 at the end of the second cycle will also be larger than iv1. In this way, as the switching progresses, both the peak and the valley magnitudes progressively increase. The differences between the successive cycles, therefore, becomes less and less. After several cycles, these differences becomes negligibly small. The circuit conditions are then said to have reached the repetitive state or steady state. This means that the peak current is effectively the same in successive cycles.

				The magnitude of the output dc voltage at the load terminals will be given by the average height of the waveform of Fig. 6.16(b). The average output voltage is thus given by 

					[image: Biswanath__Eq-6-42.wmf]………(6.22)

				where D = tON/T = the switching duty cycle.

				Therefore, the voltage conversion ratio K of the chopper, defined as the ratio of the output voltage to the input voltage, is given by 

					K = VL/V = D

				It can be derived that the repetitive value of the valley current is given by

					[image: Biswanath__Eq-6-43.wmf]………(6.24)

				where T = L/R = time constant of the load.

				The value of the peak current is given by

					[image: Biswanath__Eq-6-44.wmf]………(6.25)

				The peak-to-peak ripple current is given by

					ipp = ip – iv

				The dc component of the load current is given by

					[image: Biswanath__Eq-6-45.wmf]………(6.26)

				Example 6.5

				The input voltage to a step-down chopper is 220 V. When the chopper switch is ON, the voltage drop across it is 2 V and the duty cycle is 50%. Determine the average output voltage.

				Solution Since voltage drop across the switching element is 2 V, the effective dc supply voltage is given by

					V1 = 220 – 2 = 218 V

				Load voltage (average output voltage) of a step-down dc chopper is given by 

					[image: Biswanath__Eq-6-46.wmf]

				6.9.4 Voltage Step-up Chopper

				Figure 6.16(c) provides output voltages higher than the source voltage V and, therefore, this circuit is known as step-up chopper circuit. When SCR T conducts, the current Idc passes through inductor L and electromagnetic energy is stored in it. The induced voltage in the

				[image: Fig-6-16c.eps]

				Fig. 6.16(c) Circuit diagram of a step-up chopper.

				inductor opposes the applied voltage V. If SCR T is turned off, the capacitor C charges exponentially through diode D and inductor L, and the stored electromagnetic energy is converted to electrostatic energy. At the instant of switching off the SCR, the induced voltage in the inductor changes its polarity and adds to the source voltage.

				The diode D will allow the output voltage VL to be higher than the source voltage V. If the current Idc remains constant, then the energy stored Einduced in the inductor during the turn-on period tON of the SCR is given by 

					Einduced = VIdc tON………(6.27)

				During the turn-off period tOFF of the SCR, the energy Etransferred is transferred from the inductor to the load RL and capacitance C. Therefore, the energy transferred is given by 

					Etransferred = (VL – V)Idc tOFF………(6.28)

				But the energy transferred by the inductor during the period tOFF must equal the energy gained by it during the period tON. Comparing Eqs. (6.27) and (6.28),

					VIdctON = (VL – V)IdctOFF

				Therefore,

					[image: Biswanath__Eq-6-47.wmf]………(6.29)

				If tON = tOFF, the load voltage VL is twice the source voltage V (i.e. VL = 2V). Thus, this circuit gives a voltage that is higher than the source voltage. The output voltage VL can be varied by controlling tON and tOFF. 

				Example 6.6

				A step-up chopper with a pulse width of 200 ms is operating on 220 V supply. Calculate the load voltage if the non-conduction time of the device is 50 ms.

				Solution 	According to the problem:

					Supply voltage, V = 220 V

					Pulse width, tON = 200 ms = turn-on time

					Non-conduction time = turn-off time = tOFF = 50 ms

				The output voltage (load voltage) of a dc step-up chopper is given by

					[image: Biswanath__Eq-6-48.wmf] 

				6.9.5 Jones Chopper

				The Jones chopper circuit in Fig. 6.17(a) controls the mean load voltage by varying the ratio of the ON-time to the OFF-time (pulse width modulation). This chopper circuit is based on class D commutation. The auxiliary SCR T2 connects a charged capacitor C across the 
load-carrying SCR T1. Because of this additional SCR T2, tON and tOFF can be independently controlled. 

				Assume that capacitor C is charged with its top plate positive as shown in 
Fig. 6.17(a). If SCR T1 is triggered, load current iT1 flows through T1, inductor L1, and the series load as shown in Fig. 6.17(b). By this time, the capacitor C discharges through L2 and diode D2. After complete discharge, the capacitor C recharges resonantly through L2 and diode D2 to its peak positive voltage. This peak positive voltage is equal but opposite to the peak negative voltage found on the capacitor C just before T1 is triggered. Inductors L1 and L2 are closely coupled to form an autotransformer. When T1 is ON, the load current iL = iT1 flows through L1 and induces a positive voltage at the top end of L2 that charges the commutating capacitor C.

				[image: Fig-6-17ab.eps]

				Fig. 6.17(a) and (b) Jones chopper: (a) basic circuit and (b) circuit operation with SCR T1 in triggered state.

				When the auxiliary SCR T2 is triggered, the capacitor C gets effectively connected across T1. This reverse biases the SCR T1, and turns it off. The load current iL = iT2 is now supplied by V and the capacitor C as shown in Fig. 6.17(c). The capacitor discharges completely and recharges again to an opposite polarity as the load current continues to flow. When the capacitor voltage reaches the supply voltage, the charging current decreases and eventually goes below the holding current for T2. Consequently, SCR T2 turns off. When the load current iL = iT2 reaches zero, the induced voltage in the inductance part of the load changes its polarity as shown in Fig. 6.17(d). Diode D1 is forward biased which allows the energy stored in the inductance of the load to be dissipated. All currents cease, and the circuit is ready for a gate pulse to arrive at T1 to begin another cycle.

				[image: Fig-6-17cd.eps]

				Fig. 6.17(c) and (d) Jones chopper: (c) circuit operation with SCR T2 in triggered state and (d) freewheeling current.

				The Jones chopper circuit provides an efficient control of motor speed by varying the duty cycle. To increase the motor speed, the time between T1’s gating pulse and T2’s gating pulse is increased. This allows load current (motor current) to flow for a greater period of time and raises the average load voltage. The different waveforms are shown in Fig. 6.18.

				[image: Fig-6-18.eps]

				Fig. 6.18 Jones chopper: voltage and current waveforms.

				Applications of Jones choppers

				Jones choppers are widely used for the following applications.

					(i)	Smooth acceleration control, braking, and current limiting of dc motors

					(ii)	Forward and reverse operations of dc motors

					(iii)	Control of dc series motors in electric traction systems

					(iv)	Regulating dc power supplies

				Advantages and disadvantages of Jones choppers

				Advantages. (i) Unlike other chopper circuits, Jones chopper circuits provide good commutation even when capacitor C is not fully charged. This is due to the presence of an autotransformer in the circuit. (ii) The output voltage can be controlled by varying the chopper frequency or the pulse width. (iii) The Jones chopper circuit can be used for control of both dc series and shunt motors.

				Disadvantages. The only disadvantage of the Jones chopper circuit is that SCRs require a high PIV.

				Example 6.7

				A 60 V battery supplies an inductive load through a chopper circuit. The load inductance and resistance are 30 mH and 5 W, respectively. The load has a freewheeling diode across it. What should be the time ratio of the chopper, if it is required to vary the load current between the limits 8 A and 10 A?

				Solution The average value of the load current is given by

					[image: Biswanath__Eq-6-49.wmf]

				But the maximum value of the load current is given by

					Im = V/R = 60/5 = 12 A

				The average value of the load voltage is, therefore, given by

					[image: Biswanath__Eq-6-50.wmf]

				Again, the average load voltage is given by

					[image: Biswanath__Eq-6-51.wmf]

				or,

					[image: Biswanath__Eq-6-52.wmf]

				Therefore, 	

					tON = 0.75(tON + tOFF)

				or

					[image: Biswanath__Eq-6-53.wmf] 

				6.9.6 Two-quadrant Chopper or Reversible Chopper

				In a two-quadrant chopper, the polarity of the load current can be reversed, i.e. the direction of power flow between the input and output terminals is reversed. Figure 6.19(a) shows a circuit where bidirectional flow of power is accomplished. In the driving mode of the motor, the principle of the step-down chopper is applied whereas the principle of 
step-up chopper is applied for reversing the flow of power. For normal operation, SCR T1 is triggered to apply voltage V to the load (i.e. the armature winding of the motor). So power flows from the source to the load. When SCR T2 is gated, it will turn off SCR T1. This is a class B type forced commutation in which the conducting SCR T1 is turned off by the discharging current of the capacitor passing through it. As a result, no power flows in any direction, i.e. the load voltage is zero. Since the load is a dc motor with separate excitation, regenerative braking can be provided if the power flow through the chopper is reversed. This is done by SCRs T3 and T4.

				[image: Fig-6-19a.eps]

				Fig. 6.19(a) Circuit diagram of a two-quadrant chopper.

				Initially, SCR T4 is fired to charge the capacitor C2. It will turn off when the charging current becomes zero. To reverse the direction of power flow, i.e. from the load to the source, SCR T3 is triggered, the armature is short circuited through the inductor Ld and current will, therefore, build up in this inductor. If SCR T4 is again triggered, it will turn off SCR T3 as it would do so in a normal oscillating chopper circuit. The inductor Ld will now force the current into the main supply V through the feedback rectifier D2, and thus return its inductive energy which it had stored, to the supply. Thus, the motor is subjected to regenerative braking. By controlling the triggering instants of SCRs T3 and T4, the required amount of power can be made to flow from the load to the supply. The load voltage polarity of the two-quadrant chopper remains the same for both directions of power flow, though the direction of current is reversed. The load should contain a dc voltage source to supply the necessary amount of power. Figure 6.19(b) shows the operating quadrants of a two-quadrant chopper.

				[image: Fig-6-19b.eps]

				Fig. 6.19(b) Operating quadrants of a two-quadrant chopper.

				6.9.7 AC Chopper

				A simple and very convenient way of controlling power is by using line commutation where the instant of triggering the SCR is varied to change the rms value of the load voltage. The main disadvantage of such a scheme is that its input power factor is poor, particularly with large triggering angles. This drawback can be overcome by using forced commutation. A voltage changing circuit employing SCRs is known as the ac chopper. Here, C1 and C2 are the commutating capacitors which are initially charged to the peak value of the ac input voltage with polarities as shown in Fig. 6.20(a). The SCRs T1 and T2 are responsible for 
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				Fig. 6.20(a) Circuit diagram of a single-phase ac chopper.

				generating the positive and negative halves of the load voltage vL, whereas SCRs T3 and T4 are the auxiliary SCRs used for commutating the main SCRs T1 and T2.

				Principle of operation of the ac chopper

				In the positive half-cycle of the ac input voltage, when point A is positive relative to point B, SCR T1 is gated at instant t1 corresponding to triggering angle a as shown in Fig. 6.20(b). The current iT1 flows through T1 and load as shown by the blue arrows. At instant t2, 
SCR T3 is gated. As soon as T3 is fired, capacitor C1 starts to discharge through T3, T1, and C1. The discharging current of C1 opposes the load current iL = iT1 passing through T1. As this discharging current equals the load current iL = iT1, SCR T1 will be turned off. The discharging time constant is so small that SCR T1 will be commutated just after t2. The load voltage will be zero until the next SCR T2 is triggered.

				[image: Fig-6-20b.eps]

				Fig. 6.20(b) Output voltage waveform of a single-phase ac chopper.

				During the negative alteration of ac input voltage (when point A is negative relative to point B), SCR T2 is gated at the instant t3(i.e. when wt = p + a). The load current flows through the load and T2 (which is opposite to the direction of T1) as shown by the magenta arrows. At wt = p, capacitor C1 starts charging (which was previously discharged to commutate T1) through R1, D1, and C1 as shown by the dotted green arrows. At instant t4, SCR T4 is gated. As soon as T4 is fired, capacitor C2 starts discharging through the conducting SCR T2, SCR T4, and C2. The discharging current of C2 opposes the load current iL = iT2 passing through T2. When this discharging current equals the load current iL = iT2, SCR T3 will be commutated just after t4.

				Again, at instant t5, SCR T1 is gated to produce the next positive alteration. At 
wt = 2p, capacitor C2 starts charging (which was previously discharged to commutate T2) through D2, R2 and C2.

				The principal advantage of an ac chopper is that the fundamental input power factor is always unity irrespective of the conduction interval b.

				6.10 CYCLOCONVERTER

				The cycloconverter, also called cycle converter, converts ac power of certain frequency to ac power of much lower frequency without the help of an intermediate dc link. The output voltage and frequency of the cycloconverter can be varied continuously and independently by means of a control circuit. In other words, the cycloconverter is a direct frequency converter that converts an ac input, which is typically the three-phase fixed frequency utility bus, to an adjustable ac output, whose voltage and frequency are independently adjustable. If a dual converter is operated to provide a low frequency ac output, then it is referred to as a phase-controlled cycloconverter. Although the frequency of the ac output of the cycloconverter is adjustable, this frequency has to be considerably less than the frequency of the ac input. For satisfactory operation of the converter, the realistic upper limit of the output frequency is about one-third the input frequency. Therefore, when working from a 50 Hz ac supply, reasonably good operation will not be possible for outputs above 16-2/3 Hz. 

				The cycloconverter is essentially a dual converter, the triggering angles of which are varied continuously maintaining the relation ap + an = p (where ap is the triggering angle of the positive current converter when the converter develops positive voltage and an is the  triggering angle of the negative current converter when the converter develops negative voltage), such that the average output voltage of the dual converter system varies alternately from positive to negative and vice versa with time. By controlling the frequency in phase modulation of the triggering angles in converters, the output frequency of the cycloconverter can be varied continuously. Since the dual converter has four quadrants of operations, the cycloconverter is, therefore, capable of handling loads of any power factor, and regenerative operations are also possible. The cycloconverter can convert power from a single-phase supply, producing either single-phase or three-phase power and also from a three-phase supply, giving out either single-phase or three-phase power.

				Applications of cycloconverters

				Cycloconverters are widely used as the power converters for the following applications.

					(i)	Variable frequency supply for aircraft

					(ii)	Adjustable-speed induction motor drives

					(iii)	The speed control of synchronous motors

				6.10.1 Types of Cycloconverters

				Cycloconverters are classified as:

					(i)	Single-phase cycloconverters

					(ii)	Three-phase cycloconverters

				There are two configurations in a single-phase cycloconverter:

					(i)	Mid-point configuration

					(ii)	Bridge configuration

				6.10.2 Single-phase/Single-phase Cycloconverter (Mid-point Configuration) 

				The circuit shown in Fig. 6.21(a) consists of a centre-tap transformer and two SCR groups— one group of SCRs (TP1 and TP2) produces the positive half-cycle of the output voltage and the other group of SCRs (TN1 and TN2) produces the negative half-cycle of the output voltage. Depending on the polarity of the input, any one of these two groups will conduct. The natural commutation process is used to turn off the SCRs. This configuration is used for traction purposes.

				[image: Fig-6-21a.eps]

				Fig. 6.21(a) Circuit diagram of a single-phase/single-phase cycloconverter (mid-point configuration).

				Principle of operation of the single-phase/single-phase cycloconverter

				It is assumed that the load is resistive. If point A is positive with respect to centre-tap 
point C during the positive half-cycle, TP1 is triggered and TP2 is automatically turned off as the voltage at point B is negative with respect to centre-tap point C. The load current iP1 flows through point A, TP1, limiting reactor L, the load, and centre-tap point C. In the negative half-cycle, point A is negative and point B positive. TP2 is triggered and TP1 will be turned off by natural commutation. The load current iP2 flows through point B, TP2, limiting reactor L, the load, and centre-tap point C. The direction of flow of current in the load remains the same in both the half-cycles. At the next instant, point A becomes positive again and point B negative, thus TP2 is turned off due to natural commutation and TP1 is triggered. Again, the direction of flow of current in the load remains the same in all its three half-cycles. These three positive half-cycles across the load produce a combined positive half-cycle as the output. By changing the triggering angle a, the duration of conduction in each SCR (and thereby the magnitude of the output voltage) can be varied.

				At the end of each half-period of the output, the triggering angles to the SCRs of the positive group will be stopped and the SCRs TN1 and TN2 of the negative group will be triggered. Similarly, in the next half-cycle of the ac input when B is again positive and A negative, TP1 is automatically turned off. Now, TN1 is triggered instead of TP2. The load current iN1 flows through point C, the load, limiting reactor L, TN1, and point A. Thus, the direction of flow of current through the load is reversed. In the next half-cycle of the ac input, A is positive and B negative. TN1 is turned off by natural commutation and TN2 is triggered. Now, the load current iN2 flows through point C, the load, limiting reactor L, TN2, and point B. Hence, the direction of load current remains the same. Again, during the next half-cycle of the ac input when B is positive and A negative, TN2 is turned off and TN1 is triggered. The direction of load current again remains unchanged. Thus, these three negative half-cycles across the load produce one combined negative half-cycle as the output. As a result, three cycles of the ac input produce one cycle at the output. This indicates that the input frequency is reduced to 1/3 (i.e. sub-multiple of the input frequency) in the output across the load as shown in Fig. 6.21(b).

				[image: Fig-6-21b.eps]

				Fig. 6.21(b) Waveforms of a single-phase/single-phase cycloconverter.

				Problem which arises when the output frequency is not a sub-multiple of the input frequency

				If the output frequency is not a sub-multiple of the input frequency, the triggering of SCRs TN1 and TN2 will start even before the last half-cycle of conduction in the SCRs of the positive group is completed. That is, SCR TN1 or TN2 will be triggered when TP1 or TP2 is still conducting. This will produce a short circuit on the input and reduce the load voltage to zero. The path of short-circuit current is shown in Fig. 6.21(a). The duration of the short circuit will be less than one-half the period of the input and take place once in every half-cycle of the output. A current limiting reactor L is introduced in the input lines to reduce the short-circuit current.

				Effects of inductive load

				If the load is inductive, then the SCRs will not turn off at the end of every half-cycle of the input voltage. Current will continue to flow even after the completion of a half-cycle because of stored energy in the inductor. For example, TP1 which was triggered in the positive half-cycle will continue to conduct during the negative half-cycle because of the load inductance, making the load voltage negative, and will turn off when TP2 is triggered. The load voltage will again become positive. At the beginning of the negative half-cycle when SCR TN1 in the negative group is triggered, TP1 will still be conducting in the negative half-cycle and so, the SCRs in the negative group, being reverse-biased, will not turn on. Therefore, no voltage will appear across the load until after TP1 is turned off by natural commutation. The load will get open-circuited for a maximum duration of one-half the input period. This will occur at every half-cycle of the output when the conduction shifts from one group of SCRs to the other as shown in Fig. 6.21(b). Thus, the load voltage waveform will get distorted. An inductive load causes poor lagging power factor. The larger the inductive load, the more lagging will be the power factor and higher will be the distortion in the output wave.

				If an SCR of the negative group starts conducting before an SCR in the positive group is turned off, the input will experience a short circuit causing zero voltage across the output. This short circuit, although existing for a very small period of time, will cause distortion in the output wave. A large inductor L is used to minimise the short-circuit current. Such an inductor will also reduce the ripple component.

				Development of waveforms

				A simple method of improving the output voltage waveform when the output frequency is one-third the input frequency is to connect SCRs TP2 and TN2 to a higher tap on the secondary winding of the input transformer. An almost ideal sinusoidal wave can be obtained by making the positive amplitude due to TP2 to be double of that due to TP1, and similarly, the negative amplitude due to TN2 to be double of that due to TN1. This may be done by connecting one terminal of the load to a new point on the secondary winding of the transformer (not the centre point) so that the voltage across CB is twice the voltage across CA as shown in Fig. 6.21(c). The output waveform will be more like a sinusoidal wave as shown in Fig. 6.21(d).

				[image: Fig-6-21c.eps]

				Fig. 6.21(c)	Circuit diagram of a single-phase/single-phase cycloconverter with SCRs TP2 and TN2 connected to a higher tap on the secondary winding.

				[image: Fig-6-21d.eps]

				Fig. 6.21(d) Improved output voltage waveforms of the single-phase/single-phase cycloconverter.

				6.10.3 Single-phase/Single-phase Cycloconverter (Bridge Configuration) 

				Two single-phase full-controlled converter bridges are connected in opposite directions like the dual converter as shown in Fig. 6.22(a). Bridge 1 is responsible for producing 

				[image: Fig-6-22a.eps]

				Fig. 6.22(a) Circuit diagram of a single-phase/single-phase cycloconverter (bridge configuration).

				the positive alterations of the output wave whereas the negative alterations of the output wave are produced by the Bridge 2. However, the input transformer is not required in this configuration. The two bridges are not allowed to conduct together as this will produce a short-circuit current on the input. When the load current is positive, the triggering pulses to the SCRs of Bridge 2 will be inhibited and bridge 1 will be triggered. Similarly, when the load current reverses, Bridge 2 will be triggered and the triggering pulses will not be applied to the SCRs in Bridge 1. The triggering angles of SCRs in the two bridges are kept the same so that the output voltage is symmetrical.

				Principle of operation of the single-phase/single-phase cycloconverter (bridge configuration)

				During the positive half-cycle of the ac input, SCRs T1 and T2 are triggered. The load current iT1-T2 flows through T1, the load, and T2. In the negative half-cycle, SCRs T1 and T2 are turned off by natural commutation and SCRs T3 and T4 are triggered. Again, the load current iT3-T4 flows through T3, the load, and T4. In both the half-cycles the direction of the load current through the load remains the same. This indicates that the combination of the first positive and negative half-cycles of the ac input produces the positive one-half of the output. Similarly, the negative one-half of the output will be produced by triggering the pair of SCRs formed by T8-T7 and T6-T5, respectively, of the Bridge 2. Figure 6.22(b) shows the input and output waveforms. The output frequency in this case will be half the input frequency, i.e. the output frequency is 25 Hz corresponding to the input frequency 
of 50 Hz. 

				[image: Fig-6-22b.eps]

				Fig. 6.22(b) Input and output waveforms of the single-phase cycloconverter.

				6.10.4 Three-phase/Single-phase Cycloconverter

				The three-phase bridge circuit cycloconverter as shown in Fig. 6.23(a) consists of two identical phase-controlled SCR converters (one is positive current converter and the other negative current converter). The average dc voltage of a three-phase line-commutated converter is given by (3[image: Biswanath__Eq-6-54.wmf] Vm/p) cos a, where Vm and a are the maximum voltage per phase and the triggering angle, respectively.

				If the positive current converter operates at a triggering angle ap and the negative current converter at a triggering angle (p – ap), then the dc output voltages of the positive current bridge and negative current bridge will be given, respectively, by (3[image: Biswanath__Eq-6-54.wmf] Vm/p) cos ap and ( 3[image: Biswanath__Eq-6-54.wmf] Vm/p) cos (p + ap), i.e. (–3[image: Biswanath__Eq-6-54.wmf]Vm/p) cos ap. Both outputs have the same magnitude of the dc voltage, but with mutually reversed polarity. The range of triggering angle is ideally from 0° to 180°. In this range, any one converter can operate with both 
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				Fig. 6.23(a) Circulating current type cycloconverter circuit.

				positive and negative voltages. But each converter can conduct current in one direction only. Therefore, two converters are required to enable load current flow in both directions— one converter for each direction of current flow. The positive current converter handles the positive load current and the negative current converter handles the negative load current. In this way, the parallel combination can provide an alternating current output. 

				6.10.5 Types of Three-phase/Single-phase Cycloconverters

				There are two types of three-phase/single-phase cycloconverters:

					(i)	Circulating current type

					(ii)	Circulating current-free type or non-circulating type.

				6.10.6 Three-phase/Single-phase Cycloconverter (Circulating Current Type)

				Figure 6.23(a) is the circulating-current  type cycloconverter. Though each converter has a ripple voltage and a dc component at its output, the ripple voltages never tend to be the same. The ripple voltages will not be balanced because the triggering angles for the positive current and negative current converters are different and the terminal polarities are reversed. If a direct parallel connection, i.e. without any inductor between the converters is used and the two converters are simultaneously operated, there will be a large flow of ripple current in the loop consisting of the two converters, because the instantaneous voltages of the two converters do not balance.

				To limit the circulating current and keep both bridges operating simultaneously, two reactors are needed for the bridge configuration, because the circulating current has to be limited on both ends of the bridge. The circulating current has to be unidirectional, because each bridge can carry current in only one direction. Since the ripple voltage is alternating in nature, this will mean a discontinuous flow of the circulating current.

				If the positive current converter (PCC) bridge is operated with a triggering angle of 0°, its dc output voltage will be maximum and equal to ( 3Vm)/p because cos a = cos 0° = 1. When the triggering angle increases slowly, the output voltage will decrease in magnitude until ap becomes 90°, when any further increase in ap causes the voltage to reverse according to the cosine law, and the voltage reaches the negative maximum at ap = 180° under the ideal assumption that 180° trigger delay is possible. In this way, by 
slowly varying the triggering angle between 0° and 180°, and back again to 0°, it is 
possible to vary the dc voltage to a complete ac cycle between the positive maximum 
and the negative maximum, and then back again to the positive maximum. This is how the cycloconverter provides a low frequency ac output as shown in Fig. 6.23(b). This ac is a slow varying dc, within the positive and negative maximum limits of the two individual converters.

				[image: Fig-6-23b.eps]

				Fig. 6.23(b) Instantaneous and mean voltage waveforms of a cycloconverter output.

				6.10.7 Three-phase/Single-phase Cycloconverter (Non-circulating Current Type)

				Figure 6.24(a) shows the non-circulating type or the circulating current-free type cycloconverter. In this configuration, the SCR gate pulses will be provided only to the converter that needs to conduct the load current, and the other converter will be made inoperative by blocking the gate pulses to its SCRs. This means that when supplying an alternating load current, the switching between the bridges will have to be made after
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				Fig. 6.24(a) Non-circulating current type cycloconverter.

				every half-cycle of the load current. The control circuit has to detect the instant when the current becomes zero, and decide if a current reversal is needed, and then implement the channelling of the gate pulses as required. Figure 6.24(a) does not show the logic channelling of the gate pulses, but the same is incorporated in the controller. In this method, no circulating current can flow as the two converters are not operated at the same time. It is for this reason that, no current limiting reactor is used. Hence, this arrangement is more popular at present.

				6.10.8 Three-phase/Three-phase Cycloconverter

				In three-phase motor control applications, the cycloconverter provides a three-phase output. The three-phase output can be obtained by having three cycloconverter blocks, and controlling them in such a way that their outputs have the 120° phase difference between them as shown in Fig. 6.24(b). A three-phase cycloconverter operates on the same principle as a single-phase cycloconverter. In the three-phase cycloconverter, the amount of the ripple component is reduced more compared to that in a single-phase cycloconverter.

				In Fig. 6.24(b), there are three dual converter bridge pairs, each bridge pair functioning as one of the ac output. It is necessary to provide electrical isolation between the inputs to the three cycloconverter phases. This is achieved by the use of a three-phase transformer with three isolated secondaries, which provide three separate three-phase supplies with electrical isolation between them. Each three-phase secondary is used as the input to one cycloconverter. If this isolation is not provided, there will be circulating current between the phases, without any means of limiting it.
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				Fig. 6.24(b) Circuit diagram of a cycloconverter with three-phase output.

				The triggering of the SCR is such that, phase commutation is achieved all the time, i.e. the commutation of current from one SCR to the next is natural owing to the voltage difference between the SCRs being of the correct polarity. The anode of the SCR next in order of triggering is always at a higher potential in the direction of current flow than that of the conducting SCR.

				Advantages of the cycloconverter

					(i)	The cycloconverter is a single-stage conversion equipment which converts frequency in one stage and also improves the overall efficiency.

					(ii)	The function of the cycloconverter is based on the principle of line commutation. No forced commutation circuits are necessary and, therefore, there are no losses associated with such circuits.

					(iii)	Load commutation is possible.

					(iv)	It delivers a high-quality sinusoidal waveform at low output frequencies as it is fabricated from a large number of segments of the supply waveform. It is preferred for low-speed operations.

					(v)	The cycloconverter continues to function with a slightly distorted waveform even if an SCR blows off. Hence complete shutdown of the system is not necessary.

					(vi)	It has an inherent capability of transferring power from supply to the load and vice versa and can supply power of any power factor. Hence four-quadrant operation is also accomplished.

				Disadvantages of the cycloconverter

					(i)	It offers a very poor power factor.

					(ii)	It requires a large number of SCRs and, therefore, its control circuitry is very complex.

					(iii)	The failure of commutation short circuits the source.

					(iv)	In order to obtain a reasonable waveshape of the output voltage, its frequency can only be a fraction of the input frequency.

				MULTIPLE CHOICE QUESTIONS

					1.	An inverter converts 

						(a)	ac into dc.	

				(b)	ac into ac of higher frequency.

						(b)	ac into ac of lower frequency.	

				(d)	dc into ac.

					2.	The number of main blocks in an inverter circuit is

						(a)	two.	

				(b)	three.

						(c)	four.	

				(d)	five.

					3.	The heart of an inverter is the 

						(a)	oscillator circuit.	

				(b)	rectifier circuit.

						(c)	step-up transformer.	

				(d)	filter.

					4.	The value of output frequency of an inverter circuit depends on the

						(a)	voltage ratio of the step-up transformer.

						(b)	level of the dc voltage applied.

						(c)	type of circuit used.

						(d)	values and combinations of the resonant elements.

					5.	Thyristors are used for developing mostly 

						(a)	low power inverters.	

				(b)	very low power inverters.

						(c)	medium and high power inverters.	

				(d)	medium power inverters.

					6.	SCR inverters can be mainly classified into

						(a)	three categories.	

				(b)	two categories.

						(c)	five categories.	

				(d)	four categories. 

					7.	According to its connections, an SCR inverter can be of 

						(a)	series type.	

				(b)	parallel type.

						(c)	bridge type. 	

				(d)	all the types mentioned above.

					8.	A single-phase full-controlled bridge inverter can operate in the load commutation mode if the load consists of an

						(a)	R-L combination.	

				(b)	R-L-C underdamped combination.

						(c)	R-L-C overdamped combination.

					(d)	R-L-C critically damped combination.

					9.	A single-phase bridge inverter delivers its output to a series connected R-L-C load with R = 2 W , XL = 8 W. For this inverter, load commutation is possible in case the magnitude of XC is

						(a)	10 W.	

				(b)	6 W.

						(c)	8 W.	

				(d)	zero. 

					10.	The condition of making the series inverter circuit underdamped is

						(a)	R2 > 4L/C. 	

				(b)	R2 < 4L/C.

						(c)	R2 = 4L/C.	

				(d)	none of the above.

					11.	The commutation method used in a three-phase forced commutated bridge inverter is

						(a)	Class A.	

				(b)	Class B.

						(c)	Class C.	

				(d)	Class D.

					12.	A dual converter circuit has two bridges, out of which one bridge works as

						(a)	a rectifier, the other as a chopper.

						(b)	a rectifier, the other as an inverter.

						(c)	an inverter, the other as an amplifier. 

						(d)	an inverter, the other as an oscillator.

					13.	A dual converter is generally used where 

						(a)	reversible dc is required.	

				(b)	ac of higher frequency is required.

						(c)	ac of lower frequency is required.	

				(d)	ripple-free dc is required.

					14.	A four-quadrant operation requires

						(a)	two full-controlled converters in series. 	

						(b)	two full-controlled converters connected back-to-back.

						(c)	two full-controlled converters in parallel.	

						(d)	two semi-converters connected back-to-back.

					15.	A full-controlled single-phase dual converter uses 

						(a)	4 SCRs. 	

				(b)	6 SCRs.

						(c)	8 SCRs.	

				(d)	12 SCRs. 

					16.	A full-controlled three-phase dual converter uses 

						(a)	6 SCRs.	

				(b)	6 or 12 SCRs.

						(c)	8 SCRs.	

				(d)	12 SCRs.

					17.	For the circulating-current mode operation of a dual converter 

						(a)	both the bridges are gated simultaneously.

						(b)	both the bridges are gated but with a little time difference between the two.

						(c)	only one bridge is gated at a time.

						(d)	the first bridge is gated and after some time it is turned off and then the second bridge is gated.

					18.		For an ideal dual converter, if the triggering angle of the positive current converter is ap, then the triggering angle for the negative current converter will be equal to

						(a)	180° – ap.	

				(b)	90° + ap.

						(c)	90° – ap.	

				(d)	1800 + ap. 

					19.	In a dual converter bridge, if the triggering angle of the negative current converter is 60°, then for achieving the best possible control the triggering angle of the positive current converter should be

						(a)	120°. 	

				(b)	60°.

						(c)	180°. 	

				(d)	90°. 

					20.	In HVDC transmission lines, high-power SCRs are used as

						(a)	inverters. 	

				(b)	converters.

						(c)	both inverters and converters.	

				(d)	voltage boosters. 

					21.	The control of a dc chopper circuit can be achieved by

						(a)	keeping tON constant and varying tOFF.

						(b)	keeping tOFF constant and varying tON.

						(c)	varying the ratio tON/tOFF.

						(d)	all of the above.	

					22.	The ON-OFF frequency of a chopper depends on 

						(a)	the applied voltage.	

				(b)	the load current.

						(c)	the type of chopper. 	

				(d)	all of the above.

					23.	In a chopper circuit, the device is switched off at regular intervals by adopting

						(a)	the forced commutation process.

						(b)	the natural commutation process. 

						(c)	either the natural or the forced commutation process.

						(d)	a combination of natural and forced commutation processes.

					24.	In a single SCR chopper circuit, the discharge current of the capacitor is

						(a)	oscillating but decaying in nature.

						(b)	pulsating in nature.

						(c)	alternating in nature.

						(d)	unidirectional in nature.

					25.	In a dc chopper circuit, the load voltage is governed by the 

						(a)	number of SCRs used in the circuit.

						(b)	type of connection used in the circuit.

						(c)	duty cycle of the circuit.

						(d)	dc voltage applied to the circuit.

					26.	The duty cycle of a chopper circuit is expressed as

						(a)	tON + tOFF.	

				(b)	tON/tOFF.

						(c)	1/(tON + tOFF). 	

				(d)	(tON + tOFF)/tON.

					27.	The frequency of a chopper circuit is given by

						(a)	1/(tON + tOFF). 	

				(b)	tOFF/tON.

						(c)	tON/tOFF.	

				(d)	tON + tOFF. 	

					28.	In dc choppers, the waveforms for input and output voltages are

						(a)	discontinuous and continuous, respectively.

						(b)	both continuous.

						(c)	both discontinuous.

						(d)	continuous and discontinuous, respectively.

					29.	In dc choppers, if tON is the ON period and f is the chopping frequency, then the output voltage in terms of the input voltage V is given by

						(a)	VtON/f.	

				(b)	(V/f)tON.

						(c)	VftON.	

				(d)	none of the above.

					30.	In a single-phase ac chopper circuit, there 

						(a)	is one main SCR and three auxiliary SCRs.

						(b)	are three main SCRs and one auxiliary SCR.

						(c)	are four main SCRs.

						(d)	are two main SCRs and two auxiliary SCRs.

					31.	A cycloconverter is a device which 

						(a)	measures the frequency of the ac mains.

						(b) converts ac into dc.

						(c)	converts ac of one frequency into ac of some other frequency.

						(d) converts dc into ac.

					32.	A cycloconverter is a frequency changer

						(a)	from a higher to a lower frequency with one stage conversion.

						(b)	from a higher to a lower frequency with two stage conversion.

						(c)	from a lower to a higher frequency with one stage conversion.

						(d) either of (a) or (c) type.

					33.	Cycloconverters are used for situations demanding

						(a)	very high frequency. 	

				(b)	low frequencies.

						(c)	very low frequencies.	

				(d)	high frequencies. 	

					34.	The main application of cycloconverters is found in

						(a)	traction systems.	

				(b)	speed control of synchronous motors.

						(c)	speed control of dc shunt motors. 	

				(d)	lifts and hoists.	

					35.	Cycloconverters are more efficient than dc link converters because they

						(a)	produce the output frequency only in one stage.

						(b)	do not use any rotating parts.

						(c)	use very low power.

						(d)		produce very low frequency at the output.

					36.	The number of possible configurations in a single-phase cycloconverter circuit is

						(a)	two.	

				(b)	three.

						(c)	four. 	

				(d)	five.

					37.	A bridge configuration of a single-phase cycloconverter uses

						(a)	two SCRs.	

				(b)	four SCRs.

						(c)	six SCRs.	

				(d)	eight SCRs.

					38.	A bridge configuration of a single-phase cycloconverter (input frequency is 50 Hz) is used for producing an output frequency of

						(a)	25 Hz.	

				(b)	16-2/3 Hz.

						(c)	75 Hz.	

				(d)	none of the above.

					39.	A mid-point configuration of a single-phase cycloconverter is used for producing an output frequency of

						(a)	75 Hz.	

				(b)	16-2/3 Hz.

						(c)	25 Hz.	

				(d)	12.5 Hz.

					40.	The input power factor of a cycloconverter is

						(a)	high.	

				(b)	low.

						(c)	always unity.	

				(d)	leading.

					41.	A phase-controlled cycloconverter employs

						(a)	line commutation.	

				(b)	load commutation.

						(c)	forced commutation. 	

				(d)	no commutation.

					42.	At low output frequencies, the voltage waveform at the output of a cycloconverter is

						(a)	a stepped voltage waveform.

						(b)	a rectangular voltage waveform.

						(c)	a high quality sinusoidal waveform.

						(d)	a waveform rich in harmonics.

				TRUE OR FALSE STATEMENTS

				State whether the following statements are true or false.

					1.	SCR inverters usually have higher power ratings compared to transistor inverters. 

					2.	The efficiency of an inverter decreases as its input voltage is raised. 

					3.	The resistor, capacitor, inductor, etc. used for building up the oscillator circuit in an inverter, are called the resonant elements. 

					4.	Thyristors are mostly used for developing medium and high power inverters. 

					5.	In the case of an SCR inverter, the oscillator circuit is build up by using a suitable power transistor and proper resonant elements. 

					6.	The resonant elements in the SCR inverter circuits are known as the commutating elements.	

					7.	Transistor inverters are preferred over the SCR inverters because of their superior performance. 

					8.	The current drawn from the dc source in the case of a series inverter circuit is intermittent in nature.

					9.	Natural-commutated inverters need more complicated circuitry compared to that of forced-commutated inverters. 

					10.	A series inverter produces distortion in the output waveform. 

					11.	A series inverter can produce a resonant frequency which is grteater than its output frequency. 

					12.	In a series inverter, the load current flows continuously through the commutating elements.

					13.	In a series inverter circuit, very less ripple is present in the dc input. 

					14.	The load current in a series inverter is of alternating nature because of the underdamped circuit formed by the commutating elements. 

					15.	Series inverters are also known as self-commutated inverters. 

					16.	In a parallel inverter, the capacitor is connected in series with the load. 

					17.	Parallel inverters are also known as forced commutated inverters. 

					18.	The output voltage waveform of a parallel inverter can be improved by using load inductance.

					19.	The main advantage of a bridge inverter is that it does not use any transformer. 

					20.	The disadvantages of a bridge inverter are the poor voltage control and the limited range of frequency control obtainable at the output. 

					21.	Bridge inverters can be designed for both single-phase and three-phase circuits. 

					22.	Current source inverters are mainly used for high frequency applications. 

					23.	Regenerative braking can be achieved by a dual converter. 

					24.	Dual converter circuits are designed only for three-phase type. 

					25.	A dual converter is fed with an ac input. 

					26.	The mode of connections of the SCRs for bridge 1 (positive current converter) and bridge 2 (negative current converter) are the same as in the case of a dual converter. 

					27.	In a single-phase dual converter, if the bridge 1 acts as a rectifier then the bridge 2 will operate as an inverter. 

					28.	In dual converters, inductors are used to minimise the ripple content. 

					29.	In a dual converter, the dc voltage available across the load can be controlled by varying the triggering angles of the SCRs.

					30.	For achieving the speed reversal of a dc motor using a dual converter, bridge 1 is gated and after sometime this bridge is turned off and bridge 2 is gated. 

					31.	For achieving plugging with the help of a dual converter, bridge 1 and bridge 2 are triggered simultaneously. 

					32.	Regenerative braking can be achieved by a three-phase dual converter. 

					33.	In the case of a three-phase dual converter, the triggering angles of both the bridges must be controlled in such a manner that their output voltages are equal in magnitude but opposite in sign.

					34.	In the non-circulatory current mode of operation, a little time gap must be allowed between commutation of bridge 1 and triggering of bridge 2.

					35.	The circulatory current flows in a dual converter because of the difference between the ac ripple voltage of the two converter bridges. 

					36.	In the circulatory-current mode of operation, if both the bridges of a dual converter are working in the same mode, it will lead to a short circuit between the two bridges. 

					37.	Controlled rectifiers provide a variable dc output voltage from a fixed ac voltage, whereas choppers provide a variable dc voltage from a fixed dc voltage. 

					38.	Chopper drives are widely used in traction applications all over the world. 

					39.	A chopper can be either of dc type or of ac type. 

					40.	A chopper is a kind of switch which allows a circuit to be energised for a required duration. 

					41.	Choppers using SCRs provide static switching. 

					42.	In a chopper circuit, the average voltage across the load can be controlled by changing the supply voltage. 

					43.	In a chopper circuit, the type of control adopted for overload/underload protection is known as current limit control. 

					44.	In the case of a dc chopper, the average voltage across the load depends on the values of the ON and OFF durations. 

					45.	A single SCR chopper circuit employs the forced commutation process. 

					46.	The conduction time for a chopper circuit is not decided by the values of its commutating elements. 

					47.	The auxiliary SCR in a chopper circuit is used to commutate the main SCR. 

					48.	A step-up chopper is a type of ac chopper circuit. 

					49.	The output of a step-up chopper can be increased by varying the duty cycle of the chopper circuit. 

					50.	In a step-up chopper, the energy stored in the inductor is equal to the energy transferred to the capacitor. 

					51.	In the case of an ac chopper, the frequency of the output ac voltage depends on the rate of switching. 

					52.	In the case of an ac chopper, the conduction angle for the two pairs of SCRs must be maintained same throughout, in order to produce a good shape of the output waveforms.

					53.	A cycloconverter converts input power of one frequency to output power at a different frequency. 	

					54.	A cycloconverter is a frequency changer from a higher to a lower frequency with two stage conversion. 

					55.	Speed reversal of electric motors is not possible with the help of cycloconverters.

					56.	Regenerative braking cannot be achieved with the help of a cycloconverter. 

					57.	A cycloconverter can produce a variable frequency output by making use of a phase-controlled converter. 

					58.	A device which produces a constant low frequency output is called an envelope cycloconverter. 

					59.	A cycloconverter produces the output frequency in one stage whereas a dc link converter requires two power conversion stages. 

					60.	A cycloconverter employs the forced commutation process. 

					61.	The basic principle of the cycloconverter is similar to that of the dual converter. 

					62.	The centre-tap transformer configuration of a single-phase cycloconverter is meant for producing one-third the input frequency at the output across the load. 

					63.	An inductive load will cause poor lagging power factor and cause distortion in the output waveform of a cycloconverter using centre-tap transformer. 

					64.	An input transformer is required for a bridge configuration of a cycloconverter.

					65.	A bridge configuration cycloconverter circuit functions like a circulating-current mode dual converter. 

					66.	The amount of ripple content can be reduced by increasing the number of pulses used in the case of a three-phase cycloconverter. 

				REVIEW QUESTIONS

					1.	(a)	What is the principle of operation of an inverter? State its applications. (WBDETC1999)

						(b)	Explain with neat circuit diagrams and waveforms the working of a line-commutated inverter.  (WBDETC 1999)

						(c)	Discuss the main difference between the voltage-source and the current-source inverters.  (WBDETC 1997)

					2.	(a)	What is forced commutated inverter?

						(b)	Explain with a neat circuit diagram and waveforms the working principle of the parallel capacitor commu	tated inverter.  (WBDETC 1998)

						(c)	What are the advantages of the parallel inverter? What is voltage commutation of this circuit?

					3.	(a)	With the aid of a circuit and wave diagrams, describe the working principle of the three-phase full-controlled inverter.

						(b)	Discuss the working of a single-phase series inverter. 

						(c)	What are the limitations of a series inverter? What is current commutation of this circuit?

					4.	(a)	Explain the process of inversion in an SCR converter.

						(b)	What is a two-quadrant converter? Give an example of a two-quadrant phase-controlled converter. Discuss the difference between the two-quadrant and four-quadrant operations. 

					5.	(a)	Briefly describe the working principle of the voltage-source inverter.

						(b)	Explain with the help of a circuit diagram the working principle of the current-source inverter.

					6.	(a)	What is a dual converter? State its areas of application. 

						(b)	What are the different types of dual converters?

						(c)	Draw the circuit diagram of a circulating-type dual converter using mid-point configuration.

						(d)	Describe with the help of a circuit diagram the working principle of the dual converter bridge. 

					7.	(a)	State the basic differences between the circulating-current type and the non-circulating type dual converters from the viewpoint of their working principles.

						(b)	Explain how regenerative braking can be achieved by means of a dual converter bridge.

					8.	(a)	Briefly explain the principle of operation of the dc chopper.  (WBDETC 1998)

						(b)	Mention some applications of choppers in industry.  (WBDETC 1998) 

					9.	(a)	What are the techniques used to control the operation of a chopper circuit?

						(b)	How would you execute current limit control with the help of a chopper circuit?

						(c)	Explain (i) duty cycle and (ii) chopper frequency.

					10.	(a)	Draw the wave patterns for (i) load voltage, (ii) load current, and (iii) chopper current obtained by chopper switching.

						(b)	Explain the term time ratio control (TRC) with the help of a chopper circuit.

					11.	(a)	With the help of a circuit diagram, describe the operation of a single SCR chopper.

						(b)	Explain the circuit operation of a voltage step-up chopper and derive an expression for its output voltage.

					12.	(a)	Explain how a voltage step-down chopper works.

						(b)	Describe with the help of a circuit diagram and necessary waveforms the operation of a Jone’s chopper. Discuss its advantages and disadvantages. (WBDETC 1997)

					13.	(a)	Briefly explain the operating principle of the reversible chopper.

						(b)	Why is a reversible chopper called a two-quadrant chopper?

						(c)	How does an ac chopper work? Explain.

					14.	(a)	Briefly explain the principle of operation of the cycloconverter. Mention some applications of the cycloconverter.  (WBDETC 1999)

						(b)	What are the advantages and disadvantages of cycloconverters? (WBDETC  1997)

					15.	(a)	Explain with the help of a circuit diagram the operation of a single-phase cycloconverter using centre-tap transformer. State its applications.

						(b)	What problem is faced in a single-phase cycloconverter when the output frequency is not a submultiple of the input frequency?

						(c)	What are the effects of the inductive load in a cycloconverter?

						(d)	How can the output waveform be improved in a cycloconverter?

					16.	(a)	Explain the circuit operation of a cycloconverter whose output frequency is half the input frequency.

						(b)	What are the different types of three-phase/single phase cycloconverters?

						(c)	Draw the circuit diagram of a three-phase/single-phase cycloconverter (non-circulating type) and explain its working principle.

				PROBLEMS

					6.1	The resonant frequency and time period between the turn-off of one SCR and the turn-on of the other SCR of a series inverter are 174 Hz and 0.011 s, respectively. Calculate the output frequency.

					6.2	Calculate the value of inductance in a series inverter circuit having a frequency of 5 kHz and a capacitance of 1mF if the inverter operates under the resonance condition. 

					6.3	The output frequency of a series inverter circuit varies from 3.144 kHz to 2.285 kHz corresponding to a change in the load from 50 W to 125 W. The time period between the turn-off of one SCR and the turn-on of the other SCR is 0.2 ms. Calculate the inductance and capacitance of the series inverter.

					6.4	Determine the value of load voltage of a chopper circuit operating on the TRC principle. It works at a frequency of 2 kHz on a 460 V dc supply. The conduction and blocking periods of the SCR in each cycle are 0.38 ms and 0.18 ms, respectively.

					6.5	The input and average output voltages of a step-down chopper are 220 V, and 
99 V, respectively. Calculate the duty cycle of the chopper if the voltage drop across the switch is 2 V.

			

		

	
		
			
				Chapter 7

				MOTOR CONTROL

				7.1 INTRODUCTION

				There are various methods by which thyristor (SCR) control of ac lines is possible, namely zero voltage switching, synchronous tap changing, and ac chopper control. AC line voltage controllers are employed to vary the rms value of the alternating voltage applied to a load by using SCRs as switches. The following are the applications of the ac line voltage controllers.

				
						Zero voltage switching

						Transformer tap changing

						Lamp dimmer control

						Speed control of induction motors

						Heating control

				

				7.2 AC VOLTAGE CONTROLLER OR VOLTAGE CONTROL AT CONSTANT FREQUENCY

				An ac voltage controller is interposed between the source and the load as shown in 
Fig. 7.1(a). The control of the voltage controller provides a variable voltage across the load.

				[image: Fig-7-1a.eps]

				Fig. 7.1(a) Circuit diagram of an ac voltage controller (phase control method).

				A smooth variation of voltage at constant frequency is required for speed control of single- and three-phase motors in the area of electric drives. The rms value of the output voltage of an ac voltage controller can be varied by changing the triggering angle. The ac voltage controller consists of two SCRs connected in antiparallel to each other. There are two methods of control:

					(i)	Phase control

					(ii)	Integral cycle control or ON-OFF control

				7.2.1 Phase Control

				In ac circuits, the SCR can be turned on by the gate pulse at any angle a with respect to the applied voltage. This angle a is called the triggering or firing angle. Power control is obtained by varying the triggering angle, and is known as phase control. The controller connects the supply and load for a definite period in a cycle. Normally, the portions of half-cycles across the load are identical. These can be different; in such a case, control is asymmetrical and it is called sequence control. In sequence control, the ratio of the blocked and the unblocked portions of half-cycles are marked. The sequence control method is used where the time constant of the load has a large value.

				Principle of operation of ac voltage controller with resistive load using phase control

				In Fig. 7.1(a), SCRs T1 and T2 are connected in antiparallel to each other. The SCR T1 conducts during the positive half-cycle when a triggering pulse is applied to its gate at 
wt = a. In the negative half-cycle, SCR T2 conducts at wt = p + a . When  an SCR conducts, the voltage across the SCR is zero and all the voltage is available across the load (from a to the end of that respective half-cycle). By changing the value of the triggering angle a, the voltage supplied to the load can be controlled both in the positive and negative half-cycles. In the pure resistive load, the load voltage vL and load current iL are in phase. The triggering angle can be varied from 0 to p. Figure 7.1(b) shows the output voltage vL and load current iL for the resistive load.

				[image: Fig-7-1b.eps]

				Fig. 7.1(b) Waveforms of an ac voltage controller for resistive load (phase control method).

				The supply voltage is given by

				[image: 7-1.eps]

						

				From the equations of load voltage vL and load current iL , the average value of the load voltage taken over one half-cycle is given by

				[image: 7-2.eps]

				The operation of the ac voltage controller with inductive load using phase control method is explained in Section 5.12.4. 

				Example 7.1

				A single-phase voltage controller is connected to a load of resistance 15 W and a supply of 325 sin 314t volts. Calculate the average thyristor current for a firing angle of 90°.

				Solution The average thyristor current is given by

				[image: Biswanath__Eq-7-5.wmf]

				Example 7.2

				In a phase-controlled circuit using single-phase 230 V, 50 Hz supply, the triggering angle is adjusted to 30° in both half-cycles of a resistive load. Calculate the rms value of the output voltage.

				Solution The peak value of the input voltage is given by 

					[image: Biswanath__Eq-7-6.wmf]

				The output voltage is equal to the supply voltage from p/6 to p in each half-cycle, and it is zero for the remaining period when the SCRs are blocked. Therefore, the rms value of the output voltage is given by

					[image: Biswanath__Eq-7-7.wmf]

				7.2.2 ON-OFF Control or Integral Cycle Control or AC Chopper Control

				The control of rms ac voltage to the load can be achieved by changing the ON and OFF periods of the ac input wave to the load. Figure 7.1(c) shows an ac voltage controller 

				[image: Fig-7-1c.eps]

				Fig. 7.1(c) Circuit diagram of an ac voltage controller (ON-OFF control method).

				using the ON-OFF control method. In the ON and OFF control, the controller is ON for a few cycles of the applied voltage and OFF for the next few cycles as shown in Fig. 7.1(d). The controller connects the supply voltage to the load when it is ON (this specified period is called the ON-time, tON ) and disconnects the load from the supply when it is OFF (this specified period is called the OFF-time, tOFF ). The average as well as the rms value of the voltage can thus be varied by changing the number of ON or OFF cycles. The duty cycle is the ratio of the ON-time to the sum of the ON-time and the OFF-time. A triac or two SCRs connected in antiparallel mode can be used in the ac ON-OFF control method. The duty cycle is thus given by

					[image: Biswanath__Eq-7-8.wmf]………(7.10)

				The variable speed of operation in an induction motor is also possible with phase or ON-OFF control. For the given ON and OFF durations, the level of the rms voltage applied to the stator per phase of an induction motor is given by

					[image: Biswanath__Eq-7-9.wmf]………(7.11)

				In the ON-OFF method of power control, also known as the time ratio control (TRC), the ON-time is varied, and the sum of the ON and OFF times is kept constant. This is called fixed frequency TRC since the frequency of application of voltage is constant. In variable frequency TRC, the ON-time is maintained constant and power variation is obtained by changing the sum of the ON and OFF times. Phase-controlled drives are applied only to motors of low horsepower.

				[image: Fig-7-1d.eps]

				Fig. 7.1(d) Waveform of an ac voltage controller (ON-OFF control method).

				If the load is resistive, it is advisable to build a zero crossing into the ON-OFF control, so that the ON-time always starts at the zero point of the input voltage wave. This avoids high di/dt. For motor control, the duration of the ON-time must be an integral multiple of the period of the input voltage. This is known as integral cycle triggering.

				Example 7.3

				In an ON-OFF control circuit using single-phase 230 V, 50 Hz supply, the ON-time is 
12 cycles and the OFF-time is 4 cycles. Calculate the rms value of the output voltage.

				Solution According to the given problem:

						Number of conducting cycles, NC = 12

						Number of non-conducting cycles, NNC = 4

						RMS value of the ac supply, Vrms = 230 V 

				The output voltage is equal to the supply voltage during ON-time and zero during OFF-time. Therefore, the rms value of the output voltage is given by

					[image: Biswanath__Eq-7-10.wmf]

				7.3 ZERO VOLTAGE SWITCH

				In some ac circuits it is necessary to apply voltage to the load when the instantaneous value of this voltage is passing through natural zero. In general, when an SCR is used to turn on a resistive load (e.g. furnace and lighting loads) late in the cycle, electromagnetic interference (EMI) is generated because of the very fast rise of current as shown at point C in Fig. 7.2(a). The electromagnetic interference (EMI) is objectionable to T.V., radio, digital computers, digital controllers, etc. The zero voltage switching circuit is used to avoid a high rate of current rise in the resistive load and thereby reduce the generation of radio noise. In a zero voltage switch, the switch is closed at the zero voltage point in the input waveforms. In the case of SCRs and triacs, the trigger pulses are applied a little before the zero voltage point and maintained a little after the zero point to achieve latching. The circuit diagram of a zero voltage switch or zero crossover switch is shown in Fig. 7.2(b).
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				Fig. 7.2(a) Circuit and waveforms of an SCR with resistive load.
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				Fig. 7.2(b) Circuit diagram of a zero voltage switch.

				Principle of operation of zero voltage switching circuit

				If either Q1 conducts or Q2 conducts, the collector voltage of these transistors (and hence the gate voltage of SCR T1) is too small to fire the SCR. Switch S may be closed to prevent Q1 from conducting. Transistor Q2 starts to conduct as soon as the voltage of the line terminal becomes 0.7 V more positive than that of the neutral, and is a voltage on the base of Q2. But just as the line terminal starts going positive and before the line terminal reaches 0.7 V, during these few microseconds Q2 does not conduct. Assuming that the switch S is open, the gate of T1 receives +10 V through R5 and D2. Thus T1 must either conduct within this first instant when the line terminal begins to go positive, or wait until the next cycle.

				Thus T1 will turn on the load for a complete positive half-cycle. While T1 is conducting, capacitor C will charge through D3, R2, C, and anode-cathode of T1 and cause the maximum positive voltage to appear across the load. When the line terminal is negative with respect to neutral, T2 conducts for the next half-cycle (i.e. negative half-cycle) and T1 stops conducting at the end of preceding half-cycle. Capacitor C is discharged by the gate of the conducting SCR T2. Resistors R2 and R3 decide the charging and discharging rates of capacitor C. Load currents (iL = iT1 and iL = iT2) for positive and negative half-cycles are shown in Fig. 7.2(b).

				7.4 SYNCHRONOUS TAP CHANGER

				A synchronous tap changer is a group of solid state controllers which control the setting of taps in the transformer secondary winding on load. Each controller consists of two SCRs connected in antiparallel to each other.

				7.4.1 Tap Changers for Single-phase Transformers (Synchronous Tap Changing of Transformers)

				If a variation in the ac output voltage vout is required, then the taps of a transformer on load can be changed by switching the thyristors in an organised manner. A typical circuit as shown in Fig. 7.3(a) provides a smooth variation in the output voltage of the transformer. The portions BC and CA of the transformer deliver v1 and v2, respectively. Controllers-1 and 2 are used to bridge the gap between CA and point D, and between CB and point D, respectively. The SCR tap changer circuit is not only capable of selecting the required tap but also of controlling the output voltage vout in a continuous manner.

				[image: Fig-7-3a.eps]

				Fig. 7.3(a) Synchronous tap changing of a transformer on load.

				Principle of operation of synchronous tap changer

				When one controller operates for the whole cycle and the other is OFF, the voltage corresponding to the tap of the conducting controller appears across the load. Changeover from one controller to the other is effected simply by shifting the triggering pulses from one controller to the other.

				If SCRs T1 and T1 of controller-1 (with controller-2 in open circuit) are switched in a proper manner, then a voltage v1 from the transformer secondary is applied to the load. The load voltage can be varied from 0 to v1 by changing the triggering angle. If T1 of 
controller-1 is conducting in the positive half-cycle and the triggering pulse is shifted 
from T1 to T2 of controller-2, then T2 will conduct and T1 will be commutated off by the reverse voltage v2 impressed across it. The load current is now taken up by SCR T2.

				If T2 and T2 of controller-2 are triggered at a and (p + a), respectively, the output voltage will increase above v1. For a = 0, the output voltage is (v2 + v1) and for a = p, the output voltage is v1. Thus the output voltage can be varied continuously from v1 to (v2 +v1) by varying a from p to 0. Thus by keeping the SCRs of controller-2 OFF and changing the triggering angles of T1 and T1, the output voltage vout can be varied from 0 to v1. The control used is also called sequence control or synchronous tap changing control.

				Now if T1 and T1 are turned on at the beginning of the cycle and T2 and T2 are triggered at wt = a and wt = p + a, respectively, T1 will be turned off at wt = a and T1 at wt = p + a because of the reverse bias of the tap voltage v2. Therefore T2 conducts from a to p, and T2 from (p + a) to 2p. The output voltage is, therefore, given by
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				The load current iL lags behind the voltage by angle f. The output voltage vout and load current iL for resistive load are shown in Fig.7.3(b).
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				Fig. 7.3(b)	Output voltage and current waveforms of a synchronous tap changer for resistive load.

				Problems of inductive load in a solid state tap changer

				In resistive loads, the load current becomes zero and the SCRs stop conducting as soon as the supply voltage reverses, i.e. in the negative half-cycle. In an inductive load, SCR T2 of controller-2 will continue to conduct even after reversal of the supply voltage. At natural zero, the induced voltage in the inductive load, 
vout = – L(diL/dt) changes its sign as shown in Fig. 7.3(a) and the load current in T2 continues to conduct during some period of the negative half-cycle. The SCR T1 of controller-1 cannot be turned on during some period of the negative half-cycle because T1 is reverse biased by T2. This results in either preventing a tap from changing because of reverse bias on the SCR to be triggered or causing a short- circuit between the taps through two SCRs. The duration of this reverse bias depends on the load power factor.

				The problem becomes disastrous while selecting a higher tap (A) from the lower 
one (B). If T1 was conducting during a positive half-cycle, it continues to conduct even after reversal of the supply voltage. At this instant if T2 is triggered in order to select tap A, 
a short-circuit current will flow through T1 and T2 which will lead to destruction of 
these SCRs. Figure 7.3(c) shows the output voltage and load current waveforms for an inductive load.
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				Fig. 7.3(c) Output voltage and current waveforms of a synchronous tap changer for inductive load.

				Overcoming the problems of inductive load in a solid state tap changer

				To overcome the above difficulty, the SCR T1 must be triggered at the beginning of the negative half-cycle to relieve SCR T2. Only then a normal changeover is possible almost from the beginning of each half-cycle. While designing the control circuit, care must be taken so that short-circuit between taps never occurs. It should be remembered while selecting the higher tap, that transition can only take place when the output voltage and output current are either both positive or both negative.

				7.5 PHASE CONTROL OF DC MOTORs

				The thyristor phase-controlled rectifier is widely used to obtain a variable dc voltage from a constant ac voltage and frequency source. The variable dc voltage from the phase-controlled rectifier is widely used for the speed control of dc motors. There are two basic categories of motor control—open-loop and closed-loop. A closed-loop system senses the motor output and uses this information to correct the drive to the motor to eliminate error. The open-loop motor control is adequate where the load on the motor is reasonably constant. Figure7.4(a) shows the block diagram of a closed-loop speed control scheme for dc motors using an SCR phase-controlled rectifier.
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				Fig. 7.4(a) Block diagram of a dc motor speed control scheme.

				7.5.1 Speed Control of Shunt-wound DC Motors (Armature Voltage Control)

				A full-wave bridge rectifier as shown in Fig. 7.4(b) consisting of diodes D4, D5, D6, and D7 supplies pulsating dc voltage Vdc, R to the motor field. Armature voltage is also derived from the rectifier, but the level of the armature voltage is controlled by SCR T, whose anode-cathode circuit is connected in series with the armature winding. Freewheeling diode D3 is connected across the armature winding to provide a discharge path for the energy stored in the inductance of the armature winding when the SCR turns off at the end of each cycle. A diac is used in conjunction with capacitor C to trigger the gate of the SCR. The automatic adjustment of the triggering angle to keep the speed constant at various loads is obtained by a feedback signal which is proportional to the actual speed of the motor. This signal can be obtained from a tachogenerator or from the back emf developed across the armature.
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				Fig. 7.4(b) Speed control circuit diagram of a dc shunt-wound motor.

				Principle of operation of speed control for dc shunt-wound motors

				Assuming that capacitor C is initially discharged, it begins to charge at the start of each half-cycle through resistance R1, diode D1, and armature winding. When capacitor C has charged to the forward breakover voltage of the diac, a trigger pulse is delivered by the diac to the SCR gate, thus turning on the SCR and completing the armature circuit. The pulsating voltage Vdc, R is then applied to the armature for the remaining half-cycle. The charge time for C that determines the triggering angle at which the SCR is turned on, depends on the charging time constant Tc = (R1 + Rf1 + Ra)C where Rf1 is the forward resistance of diode D1. The triggering angle is controlled by the variable resistance R1. The power delivered to the armature depends on the length of the SCR conduction interval. Therefore, the longer the conduction interval, i.e. the lower the value of R1, the faster the motor revolves.

				At the end of the half-cycle, capacitor C discharges through the field winding, current limiting resistance R2, and diode D2. The discharging time constant Td = (Rsh + R2 + Rf2)C for capacitor C must be made short enough to ensure that capacitor C is properly RESET at the start of the next half-cycle. Rf2 is the forward resistance of diode D2. 
Figure 7.4(c) shows the level of the output voltage across the armature.
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				Fig. 7.4(c) Voltage waveform across the armature of dc shunt-wound motor of Fig. 7.4(b).

				Effect of freewheeling diode

				Rectifier diode D3, in parallel with the armature winding, provides a discharge path for the energy stored in the inductance of the armature winding when the SCR turns off at the end of each half-cycle [see Fig. 7.4(b)]. It is that point at which the magnetic field around the armature winding collapses and is discharged through diode D3. Without D3, the inductive kick would develop a high voltage across the armature and keep the SCR conducting at the end of each half-cycle, thus defeating the effect of the gate control circuit.

				Effect of varying load on automatic speed control

				Assuming that R1 is set to operate the motor at a specified speed of 1000 rpm for a particular load. If the load is now increased, tending to slow down the motor to say, 
900 rpm, the reduced speed results in a lower back emf Eb (i.e. N  Eb) and accordingly in a higher voltage across the SCR (VSCR = Vdc, R – Eb). Hence, capacitor C charges more rapidly and turns the SCR on somewhat earlier than the increase in load takes place. This increased SCR conduction time increases the power delivered to the armature, bringing back the speed of the motor to 1000 rpm. Similarly, the speed will stay at its preset level, i.e. 1000 rpm, if the load decreases. In this manner, automatic regulation of speed is accomplished in spite of changes in the load.

				Effect of varying supply voltage

				An increase in supply voltage charges capacitor C to a higher voltage which is the voltage difference between the rectifier output Vdc,R and the back emf Eb across the armature. Consequently, the motor will tend to speed up. This tendency is partially counteracted by the fact that the increased voltage appears across the field winding, thus increasing the field current. An increase in field current will tend to slow down the speed of the motor. Therefore, there is a balancing process between the armature and field circuits.

				Why a three point starter is not used for the solid state control of a dc 
shunt-wound motor

				The armature current of a dc shunt-wound motor is given by

					[image: Biswanath__Eq-7-13.wmf]………(7.18)

				where

				V 	is the steady state voltage applied to the armature

				Eb	is the back emf

				Ra	is the armature resistance.

				At the moment of starting when the motor is at a standstill, there is no back emf in the armature winding. Since the armature resistance is very small, the motor will take an excess current which may burn out the armature winding if the full steady state voltage is applied at the time of start. Hence, it is necessary to connect a resistance in series with the armature circuit at this time. This resistance is then cut out in steps as the motor speeds up and finally when the motor attains its normal speed the whole of the resistance is cut out from the circuit. The back emf induced in the armature takes over the control of the armature current from the series resistance as the motor speeds up.

				In the case of a solid state motor control, a pulsating dc voltage Vdc, R is applied to the combination of armature and an SCR. At the instant of SCR conduction, a back emf is induced across the armature owing to the pulsating nature of the applied voltage. During the conduction interval of the SCR, this back emf across the armature opposes the pulsating dc voltage Vdc, R at all times. No excess current, therefore, flows through the armature during the conduction interval of the SCR. Hence, a three point starter is not used for the solid state control of a dc shunt-wound motor.

				7.5.2 Speed Control of DC Series Motors

				The automatic adjustment of the triggering angle to keep the speed constant at various loads is obtained by a feedback signal which is proportional to the actual speed of the motor. The signal can be obtained from a tachogenerator or from the back emf developed across the armature. A simple half-wave circuit for the speed control of a dc series motor is shown in Fig. 7.5(a). A universal motor can also be controlled by this circuit since it can be run on both ac and dc inputs.

				Principle of operation of speed control for dc series motors

				During the positive half-cycle, capacitor C charges through resistance R1 and variable resistance R2. When the capacitor voltage vC becomes equal to the breakover voltage VBO of the diac plus the back emf Eb of the armature, SCR T gets turned on. Now, the motor current flows through the series field, conducting SCR T, and armature of the motor. The speed of the motor can be changed by varying the resistance R2 which controls the 
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				Fig. 7.5(a) Half-wave feedback circuit for speed control of a dc series motor drive.

				charging time of capacitor C. When the SCR T is not conducting, the armature voltage is due to the residual flux. This is approximately proportional to the speed. Diode D is used to avoid negative excursions of capacitor voltage vC.

				Effect of varying load

				Assume that R2 is set to operate the motor at a specified speed of 1000 rpm for a particular load. If the load is increased, it will tend to slow down the motor to say, 900 rpm. The reduced speed results in a lower value of the back emf Eb. The increased difference between vC and Eb will trigger the SCR earlier than before in the next positive half-cycle. The capacitor voltage vC will become equal to the breakover voltage VBO of the diac plus the back emf Eb of the armature. Since the breakover voltage of the diac is constant and the back emf of the armature has decreased, the capacitor takes less time to reach (VBO+ Eb), and therefore, SCR T triggers earlier. As a result, the average dc voltage across the armature increases and so does the speed to 1000 rpm. Similarly, if the speed rises because of some load being thrown-off, the triggering angle will automatically advance and bring down the speed to its preset level, i.e. 1000 rpm.

					In the series motor drive, the current flows through the armature and the field when the SCR is triggered at an angle a. The current continues beyond wt = p until the stored energy of the armature is dissipated. The armature voltage is negative for some time beyond wt = p as shown in Fig. 7.5(b).

				Disadvantage of the dc series motor

				The disadvantage of the dc series motor is that the speed does not remain constant for all loads in this method of using proportional feedback.
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				Fig. 7.5(b) Waveforms of dc series motor of Fig. 7.5(a).

				7.5.3 Speed Control of Separately Excited DC Motors (Armature Voltage Control Method)

				The equations for instantaneous torque and voltage across the armature are given, respectively, by

					t  jia………(7.19)

				and

					va = Raia + L(dia/dt) + eb………(7.20)

				where 

				ia	is the instantaneous armature current

				eb	is the instantaneous back emf 	

				The equations for speed and average torque developed for a dc machine under steady state conditions are given, respectively, by

					[image: Biswanath__Eq-7-14.wmf]………(7.21)

				and

					T  jIa………(7.22)

				where

				Eb = Va – IaRa = back emf of the rotor

				j	is the flux produced by the field winding

				Ia	is the average armature current

				Va	is the average armature voltage to the motor

				Ra	is the armature resistance.

				The speed N of the motor is a function of the back emf Eb and flux j. From Eq. (7.22) the torque T is a function of flux j and the armature current Ia. If the available power source is dc, then dc-dc converters, i.e. dc choppers can be used. On the other hand, if the power is from a single-phase ac or three-phase ac supply, the converters will be line-commutated phase-controlled converters. Two separate converters, one of small capacity for the field current and the other of a larger capacity for the armature circuit, will be used as shown in Fig. 7.6(a). The field converter has to provide a variable output if the control scheme involves field adjustment. For adjustable speed applications, the main control is in the armature circuit, and therefore the armature converter is always designed for a variable output.
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				Fig. 7.6(a) Speed control circuit diagram of a separately excited dc motor.

				With sufficient inductance La in the armature circuit, this type of circuit provides continuous current conduction. The SCRs T1 and T4 are triggered at a delay angle of a. These two SCRs continue to conduct until (p + a), when SCRs T2 and T3 are triggered. The average armature voltage and average armature current waveforms are shown in Fig. 7.6(b). The average armature voltage is given by
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				If the delay angle a is greater than 90°, the average dc voltage Va is negative. In this mode of operation, the dc machine acts as a generator and it can feed back power to the ac source. This inversion mode of operation is used for regenerative braking of the motor.
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				Fig. 7.6(b) Armature voltage and armature current waveforms of separately excited dc motor of Fig. 7.6(a).

				7.6 AC POWER CONTROL OF A LAMP DIMMER

				It is desirable to control continuously the amount of power dissipated in a load. A single triac with a diac is used to control both the positive and negative half-cycles of the ac supply. Figure 7.7(a) shows a simple lamp dimmer. The output power, i.e. light intensity is varied by controlling the phase of conduction of the triac. Resistances R1, R2, and capacitor C1 form the triggering circuit of diac whereas the network of R3, C2, and C1 would bypass any spike in the ac supply. Resistance R3 operates as a current limiting resistance for the diac.
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				Fig. 7.7(a) A simple triac-diac lamp dimmer circuit.

				The resistance R2 controls the triggering pulse to the gate of the triac. In the positive half-cycle, capacitor C1 charges through R1 and R2 to the positive voltage + vA. When the voltage (+ vA) across C1 exceeds the breakover voltage of the diac, the diac switches on. Consequently, the gate of the triac receives a trigger pulse through the diac. So the triac is turned on (with very low resistance) to pass the ac power to the lamp. As the resistance R2 is increased, the time required to charge C1 to the breakover voltage of the diac increases. This causes the triac to fire late in each half-cycle.

				When the polarity of the input voltage reverses, capacitor C1 charges to the opposite polarity, i.e. –vA. Again, the diac and triac turn on in the reverse sequence and the current flows through the load in the opposite direction. Figure 7.7(b) shows the output voltage across the lamp load. This circuit can also be used for speed control of single-phase induction motors (fans), universal motors and for control of power in heater loads.
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				Fig. 7.7(b) Waveform across the triac-diac lamp dimmer circuit of Fig. 7.7(a).

				7.7 BASICS OF INDUCTION MOTOR

				The rotor current of an induction motor is given by

					[image: Biswanath__Eq-7-16.wmf]………(7.24)

				where

				Er	is the rotor emf per phase

				Zr	is the rotor impedance at slip s

				EBR	is the blocked rotor emf per phase

				XBR	is the rotor reactance at standstill.

				The torque developed by an induction motor is given by

				T  f Ir cos qr………(7.25)

				where f is the rotating stator flux per pole, and
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				Therefore,

					T  EBR Ir cos qr   (Q EBR  f)

				or
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				or
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				or

					[image: Biswanath__Eq-7-20.wmf]………(7.26)

				since EBR  V, where V is the stator (supply) voltage per phase. 

				At normal speeds, close to synchronism (i.e. s  0), the term sXBR is small compared to Rr. Therefore,

					[image: Biswanath__Eq-7-21.wmf]………(7.27)

				If the supply voltage V per phase and rotor resistance Rr are kept constant, then torque T is directly proportional to slip s, i.e. T  s for low values of slip. The torque-slip curve 
is approximately a straight line as shown in Fig. 7.8. As the slip increases because of increase in load on the motor, the torque will also increase and become maximum at s = smt = Rr/XBR (smt = slip at maximum torque). This torque is known as the stalling
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				Fig. 7.8 Torque-slip characteristic curves of induction motors.

				or breakdown or pull-out torque. When the slip further increases (s  1) with a further increase in load, i.e. when the speed of the motor falls, the rotor resistance Rr being small compared to sXBR , the torque becomes inversely proportional to slip s, i.e. T  (1/s) for high values of slip. Hence, the torque-slip curve is a rectangular hyperbola. If the rotor resistance per phase increases from Rr to 2Rr, the power factor and torque of the rotor will increase. Maximum torque occurs when smt = 2Rr/XBR.

				Equivalent circuit of rotor

				Figures 7.9(a) and (b) show the equivalent circuit and the modified equivalent circuit of the rotor, respectively, in which

				Rr is the actual rotor resistance per phase,

				[image: Biswanath__Eq-7-22.wmf] is the equivalent rotor resistance of the load per phase

				Ir is the rotor current per phase.
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				Fig. 7.9	Induction motor: (a) equivalent circuit diagram of rotor and (b) modified equivalent circuit diagram of rotor.

				From Fig. 7.9,
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				or
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				Therefore,

					Rotor power input (RPI) = Rotor copper loss (RCL) + Rotor power developed (RPD)

				Now, 

					 RPI = [image: Biswanath__Eq-7-25.wmf]

					[image: Biswanath__Eq-7-26.wmf]
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				Therefore, 

					RPI : RCL : RPD = 1 : s : (1 – s)………(7.29)

				Since the reactances do not absorb any average power, the total power absorbed by the rotor is given by 

					[image: Biswanath__Eq-7-28.wmf]………(7.30) 

				As the resistance of the rotor circuit is only Rr , the actual power dissipated in the rotor circuit is only Ir2Rr. The rest of the power that goes into the rotor gets converted to mechanical power. Therefore, the converted power per phase will be

					[image: Biswanath__Eq-7-29.wmf]………(7.31) 

				Synchronous watt is that torque which would develop a power of 1 watt at the synchronous speed of the machine. Synchronous wattage of an induction motor equals the power transferred across the air-gap to the rotor. Hence, the torque in synchronous watt per phase will be

					TS = RPI = RCL/s = RPD/(1 – s)………(7.32)

				Hence, synchronous torque developed by the rotor is

					[image: Biswanath__Eq-7-30.wmf] ………(7.33)

				Equivalent circuit of induction motor

				Figure 7.10 shows the equivalent circuit of the induction motor referred to the stator side in which 

				Rr is the actual rotor resistance per phase referred to the stator

				Rr [image: Biswanath__Eq-7-31.wmf] is the equivalent resistance of the load referred to the stator

				XBR is the blocked rotor reactance referred to the stator

				EBR is the blocked rotor emf referred to the stator. 
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				Fig. 7.10 Equivalent circuit of induction motor referred to the stator side.

				Classification by rotor of induction motors

				Based on the structure of the rotor, induction motors are classified into the following types:

				
						Squirrel cage type 

						Wound rotor type

				

				In the squirrel cage type, the rotor has conductors in the form of bars in the rotor slots, and all these bars are shorted together at each end of the rotor by an end ring to which the conductors are attached. The bars and the two end rings make the electrical contact look like a cage. Hence these motors are called squirrel cage type, or simply cage type.

				In the wound rotor type, there are three distributed phase windings (star connected) on the rotor, which are similar to the stator windings. The three ‘phase terminals’ are connected to slip rings mounted on the rotor. There is a stationary brush assembly with a brush for each slip ring. The slip rings and brushes are for the purpose of inserting additional resistance into rotor phase winding. The insertion of additional resistance increases the starting torque of the motor. After starting, the slip rings are short-circuited during normal operation. 

				7.7.1 Variable Speed Induction Motor Drives

				The methods used for the variable speed operation of induction motors are the following:

				
						Variable voltage control at fixed frequency supply to the stator, i.e. stator voltage control

						Chopper controlled resistance in the rotor circuit of a slip ring induction motor

						Variable voltage–variable frequency control using an inverter or a cycloconverter

				

				7.7.2 Speed Control of Induction Motors by Stator Voltage Control Method

				The speed of an induction motor may be continuously varied by controlling the voltage applied to the stator winding. The output torque of an induction motor at a given slip is proportional to the square of the voltage applied per phase to its stator according to 
Eq. (7.27). Steady state operation occurs when load torque is balanced by the motor torque. Thus, the speed of the motor (rotor) can be varied smoothly by changing the stator voltage without affecting the supply frequency. The torque developed by an induction motor in synchronous watt (T = TS ) is given by

					[image: Biswanath__Eq-7-32.wmf]………(7.34)

				where

				s	is the slip

				Rr	is the rotor resistance per phase referred to the stator

				Ir 	is the rotor current per phase referred to the stator

				For a fan load, the load torque TL  is approximately proportional to the square of the rotor speed. Therefore,

					TL  N2  (1 – s)2………(7.35)

				In the steady state operation, the motor torque becomes equal to the load torque. Therefore, the rotor current per phase referred to the stator side, and the stator current per phase [from Eqs. (7.34) and (7.35)] are given, respectively, by
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				and

					[image: Biswanath__Eq-7-33.wmf]………(7.37)

				where

				IS is the stator current per phase 

				Ir is the rotor current per phase referred to the stator side.

				Equation (7.37) indicates that the motor input current is inversely proportional to the square root of the rotor resistance and the current becomes maximum at s = 1/3. This means that the current attains a maximum value when the rotor speed reduces to 2/3 of the synchronous speed. For a constant load torque, the input current at the steady state is given by
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				The stator current varies inversely as the square root of the rotor resistance and is directly proportional to the square root of the slip. Therefore, the motor current continues to increase till the motor slip is reduced to zero.

				In Fig. 7.11, SCRs are connected in antiparallel and each group of two SCRs is triggered symmetrically at identical points in their respective anode-cathode voltage cycles. By controlling the conduction period of the SCRs, the level of the stator voltage can be varied from zero to full supply voltage. This method is simple, reliable, and offers a wide range of speed variation.
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				Fig. 7.11 Speed control circuit diagram of an induction motor (stator voltage control method).

				Disadvantages of the stator voltage control method

					(i)	During speed reduction, a heavy current flows through the stator thereby resulting in undue generation of heat in the stator winding.

					(ii)	This method is suitable only for small and medium sized induction motors as the supply current contains harmonic components.

				7.7.3	Speed Control of Slip Ring Induction Motors by Means of a Chopper-controlled Resistance in the Rotor Circuit (Rotor ON-OFF Control)

				The speed control of slip ring induction motors can be achieved by using ON-OFF control on the rotor side as shown in Fig. 7.12(a). The rotor windings are periodically subjected to open-circuit and short-circuit, and the voltage is continuously applied to the stator. The period during which the rotor windings are open-circuited (OFF time), the developed torque is zero. In the remaining period (ON time), the torque developed can be obtained from the equivalent circuit of the motor as shown in Fig. 7.10. By controlling the ON and OFF periods, the average torque can be changed, i.e. the speed can be adjusted by varying the control voltage VC which varies the duty cycle D of the chopper.

				In Fig. 7.12(a), the diode bridge rectifies the slip-frequency voltage induced in the rotor winding. The rectified slip-frequency voltage is applied to a filter which provides a steady dc output voltage to avoid the sudden chopping of the current in the rotor windings at the beginning of the OFF period. The SCR T is made to function as a chopper by operating 
it at a fixed frequency with an adjustable duty cycle. The average rotor resistance across the rotor slip rings will vary from 0 to R depending on the rate of switching of the rapidly pulsed SCR. R is a large resistance. The torque T2 with rotor ON-OFF control is given by

					[image: Biswanath__Eq-7-35.wmf]………(7.39)

				where T1 is the torque developed under normal operation that can be calculated from the equivalent circuit as shown in Fig. 7.10.

				[image: Fig-7-12a.eps]

				Fig. 7.12(a) Variable rotor resistance of a slip ring induction motor by pulse control.

				Operation of the slip ring induction motor using rotor ON-OFF control

				When the chopper is OFF, i.e. SCR T is OFF, the effective resistance of the rotor will be 
high and the torque-speed characteristic will be given by curve-4 as shown in Fig. 7.8. 
During the ON period, the SCR will be ON and the effective resistance of the rotor will be low since the SCR shunts R. The torque-speed characteristic in this case will be given by curve-1 in Fig. 7.8. Let T1 and T2 be the torques corresponding to the OFF and ON periods for a particular speed N1 as shown in Fig. 7.12(b). Then the net average torque will be given by

					[image: Biswanath__Eq-7-36.wmf]………(7.40)

				[image: Fig-7-12b.eps]

				Fig. 7.12(b) Torque-speed characteristics of induction motors for different stator voltages.

				Thus, by varying the ON and OFF periods the average torque for any speed can be changed. The power in R during the OFF period of the SCR is I2R and the power in R during the ON period of the SCR is zero. During the ON period, the energy dissipated in R becomes zero and the energy dissipated in R during the OFF period is I2RtOFF. The average power dissipated in R is, therefore, given by

					[image: Biswanath__Eq-7-37.wmf]………(7.41)

				where T (= tON + tOFF) is the time period of the chopper.

				Therefore, the effective value of the resistance with the chopper in operation is given by	

					[image: Biswanath__Eq-7-38.wmf]………(7.42)

				where D is the duty cycle of the chopper. 

				This shows that the effective value of Reff can be varied from R to 0 by changing the duty cycle of the chopper from 0 to unity. If a resistance R1 is connected between the points A and B as shown in Figure 7.12(a), then the effective value of the resistance with the chopper in operation is given by

					[image: Biswanath__Eq-7-39.wmf]………(7.43) 

				Salient features of rotor ON-OFF control

				The salient features of rotor ON-OFF control are as follows:

				
						Fast response

						Smooth variations of speed

						Better power factor at low speeds

						Wide range of speed control

						Speed can be varied from 1000 rpm to 3000 rpm

						Suitable for single motor drive and group drives

				

				7.7.4 Closed-loop Speed Control System for Three-phase Induction Motors

				Figure 7.13 shows the block diagram of a closed-loop speed control system. The motor speed is sensed by a dc tachogenerator. The required speed is proportional to a dc reference voltage of the inverter. A decrease in motor speed (increase in load) results in a reduction of the generated voltage by the tachogenerator (velocity transducer). The dc voltage of the tachogenerator fed back to the control logic and trigger circuit is compared with the reference dc voltage of the control logic. This provides an error voltage which is used to control the triggering angle of the inverter circuit and to adjust the frequency of the same. The inverter maintains the speed of the induction motor to a preset level. Hence the closed- loop control scheme automatically compensates for fluctuations in the load.

				[image: Fig-7-13.eps]

				Fig. 7.13	Block diagram of a speed control scheme for three-phase induction motors (closed-loop speed control system).

				7.7.5	Variable Voltage–Variable Frequency Control System for Three-phase Induction Motors

				Figure 7.14 shows the speed control circuit diagram for a three-phase induction motor. This type of control is achieved by square wave inverters. The dc voltage is obtained from a phase-controlled rectifier. This dc voltage is fed to a forced-commutated bridge inverter which generates the required variable voltage–variable frequency output, connected to the input of the delta-connected stator winding. The phase-controlled rectifier and inverter are inter-connected by a link inductor which smoothens out the ripple. The capacitor maintains the voltage of the dc link at a constant value. To vary the inverter voltage with frequency, the line-side converter is controlled for regulating the voltage and the machine-side converter for frequency. This inverter is called the voltage-source inverter as a filter capacitor is connected to the input of the inverter. 

				The dc link is made available across the phases of the load in a sequence by triggering the SCRs of the voltage-source inverter. The control of the phase-controlled rectifier and 
the voltage-source inverter provide the desired voltage and frequency, respectively, to the stator of the induction motor. A cycloconverter, which converts the line frequency to a 
low frequency at controlled voltage, can be used instead of the inverter. Normally, cycloconverters are used in very large horsepower applications.

				[image: Fig-7-14.eps]

				Fig. 7.14 Speed control of a three-phase induction motor (closed-loop control method).

				In the closed-loop system, the actual speed is compared with the desired speed of the induction motor. This arrangement makes use of feedback from the tachogenerator to achieve the desired speed of the motor. The speed loop error signal controls the inverter frequency and also generates a voltage signal through an amplifier to control the triggering angle of the phase-controlled rectifier. 

				Example 7.4

				A three-phase slip ring induction motor uses rotor ON-OFF control for variable speed operation. The effective rotor resistance is increased 10 times during the OFF period. If the motor develops 0.4 per unit torque at a slip of 1% for normal operation, calculate the average torque developed at the same slip for 50% duty cycle of the chopper. 
(WBDETC 1997)

				Solution	According to the given problem:

					Slip, s = 1% = 0.01

					Duty cycle, D = 50% = 0.5

					Torque developed for normal operation, T = Tnormal = 0.4 pu

					Rotor resistance during the OFF period = 10Rr

				The torque developed by an induction motor at low values of slip [Eq. (7.27)] is given by

					[image: Biswanath__Eq-7-40.wmf]

				or

					[image: Biswanath__Eq-7-41.wmf]

				The torque developed by an induction motor with chopper is given by

					[image: Biswanath__Eq-7-42.wmf]

				Example 7.5

				A single-phase circuit for temperature regulation uses ON-OFF control. The ac input is at 230 V and 50 Hz. The circuit has a variable (ON + OFF) time and a constant ON time. If the input voltage goes up by 5%, calculate the percentage change required in the triggering frequency of the chopper.

				Solution 	According to the given problem:

					RMS value of the input voltage, Vrms = 230 V

				The rms value of the input voltage when the supply voltage increases by 5% is 

				 	Vrms1 = (230  1.05) V 

				The level of the armature voltage when the supply voltage is 230 V will be given by

					[image: Biswanath__Eq-7-43.wmf]

				where f is the triggering frequency.

				The level of the armature voltage when the supply voltage increases by 5% will be given by

					[image: Biswanath__Eq-7-44.wmf]

				where f1 is the triggering frequency.

				Since the temperature is to be kept constant, Vrms(level) = Vrms(level1). Therefore,

					[image: Biswanath__Eq-7-45.wmf]

				Hence,

					[image: Biswanath__Eq-7-46.wmf]

				That is, the triggering frequency must be reduced to 97.6%.

				Example 7.6

				A three-phase, 400 V slip ring induction motor is controlled by the chopper TRC system. A resistance of 1.5 W is connected in the rotor circuit and a resistance of 3.5 W is additionally connected during the chopper’s non-conducting time tOFF of 1.5 ms. If the chopper frequency is 220 Hz and the motor slip is 3%, calculate the motor torque. The resistance values are referred to the stator side.

				Solution According to the given problem:

				Line voltage, VL = 400 V

					Stator voltage per phase, VS = VL /[image: Biswanath__Eq-7-47.wmf] = 400/[image: Biswanath__Eq-7-47.wmf] = 231 V	 

					Resistance connected to the rotor circuit, R1 = 1.5 W

					Additional resistance connected during the chopper’s non-conducting time, R2 = 3.5 W

					Slip, s = 3% = 0.03

					Chopper frequency, f = 220 Hz

					Non-conducting time of the chopper, tOFF = 1.5 ms

					Time period, T = tON + tOFF = 1/f = 1/220 = 0.0045 s = 4.5 ms

					Conducting time of the chopper, tON = T – tOFF = 4.5 – 1.5 = 3 ms

				The effective value of the resistance with the chopper in operation is given by

					[image: Biswanath__Eq-7-48.wmf]

				Torque of the motor per phase is given by

					[image: Biswanath__Eq-7-49.wmf]

				Hence, the torque of the three-phase slip ring induction motor = 3T = 3  601.82

					[image: Biswanath__Eq-7-50.wmf] 

				7.8 CHOPPER CONTROL (ON-OFF) OF DC SERIES MOTORs

				Figure 7.15(a) shows the basic chopper circuit for the control of a dc series motor. The chopper circuit is assumed to be working on the principle of time ratio control (TRC). During the ON period tON, SCR T remains conducting and the supply voltage V is applied to the motor. Motor current Ia flows during the turn-on time of the SCR. During the OFF period tOFF, SCR T is blocked and hence no voltage is applied to the motor. Thus, the voltage is applied to the motor in pulses. In presence of the inductance, the current waveform will not be rectangular as is shown in Fig. 7.15(b). Diode D provides the conducting path during the time interval tOFF and protects the motor from voltage peaks which would otherwise be caused by the inductive energy, had there been no diode. Motor current Iab flows through the series field, armature, and diode D during the turn-off time of the SCR. 

				[image: Fig-7-15a.eps]

				Fig. 7.15(a) Chopper control of a dc series motor.

				[image: Fig-7-15b.eps]

				Fig. 7.15(b) Voltage and current waveforms of a chopper-controlled dc series motor.

				The average voltage to the motor is given by

					Vav = Iav (Ra + Rf) + Ebav………(7.44)

				where Iav, Ra, Rf , and Ebav are the average current, armature resistance, field resistance, and average back emf of the motor, respectively.

				Also,

					[image: Biswanath__Eq-7-51.wmf]………(7.45)

				The average torque of a dc series motor is given by

					Tav  f Iav………(7.46)

				where f is the flux in the motor field.

				Therefore,

					Tav  I2av  (Q f  Iav)………(7.47)

				According to the Eq. (7.45), speed and torque can be controlled by varying tON or chopper frequency.

				Applications of the chopper-controlled dc series motor

				Chopper control is generally employed for battery-operated vehicles where a dc series motor is used for the main drive. Speed reversal is obtained by interchanging the terminals of the armature, keeping the field polarity the same.

				7.9 ADVANTAGES OF AC MOTOR CONTROL OVER DC MOTOR CONTROL

				Dc drives are still extensively used in industry for variable speed applications, though ac drives are now being increasingly inducted in this field. This is because the cage type induction motor has many other advantages over the dc machine. They are:

				
						improved ruggedness

						low cost

						small size

						higher efficiency

						increased reliability

						less maintenance because of the absence of commutators and brushes

						can be used in explosive environments

						working voltage can be as high as 1500 V and more

				

				Example 7.7

				A 225 V dc supply is used for the control of a dc series traction motor in a constant frequency TRC system. The motor circuit resistance is 0.03 W. The average current and chopper frequency are 90 A and 150 Hz, respectively. Determine the pulse width if the average back emf is 45 V.

				Solution	According to the given problem:

					DC supply voltage, V = 225 V

				 	Motor circuit resistance = armature resistance (Ra) + series field resistance (Rf ) = 0.03 W

					Average dc current, Iav = 90 A

					Chopper frequency, f = 150 Hz

					Average back emf, Ebav = 45 V

				The average voltage to the motor is given by

					Vav = Iav (Ra + Rf) + Ebav 

						= (90  0.03) + 45 = 47.7 V

				Also,

					[image: Biswanath__Eq-7-52.wmf]

				or

					47.7 = 225  tON  150

				The pulse width is, therefore,

					[image: Biswanath__Eq-7-53.wmf]

				7.10 STEPPER MOTORs

				According to the British Standard Specification, A stepper motor is a brushless dc motor whose rotor rotates in discrete angular increments when its stator windings are energised in a programmed manner. Rotation occurs because of magnetic interaction between rotor poles and poles of the sequentially energised stator windings. The rotor has no electrical windings, but has salient and/or magnetised poles.

				In other words, a stepper motor is a digital actuator whose input is in the form of programmed energisation of the stator windings and whose output is in the form of discrete angular rotation. There are a number of different types of motors available and each has its own advantages and disadvantages. Stepper motors may be divided into the following groups as far as their construction is concerned.

				
						Variable reluctance (VR) type or without permanent magnet type

						Permanent magnet (PM) type

						Permanent magnet hybrid (PMH) type	

				

				Industrial applications of stepper motors

				Stepper motors are used in floppy disk drives, hard disk drives, printers, plotters, electronic watches, cameras, electronic typewriters, teleprinters, and telex machines. The main reason for the use of stepper motors instead of the ordinary dc motors in disk drives is the requirement to position the read/write head. Stepper motors can be rotated at a fixed angle and their angular rotation can be converted into linear movements to move the read/write head over the disk surface in a fixed increment. Stepper motors are also used in peripherals, robotics, CNC systems, and instrumentation controls.

				7.10.1 Variable Reluctance (VR) Stepper Motor

				Construction

				There is no permanent magnet either on the stator or on the rotor in the VR stepper motor. The stator and rotor are of the salient pole type and made of soft iron stampings. The stator has a number of wound poles but the rotor has no windings and is cylindrical. The number of poles on the stator is an even multiple of the number of phases for which the stator windings are wound. The number of phases on the stator must be at least three for bidirectional control of the stepper motor. The construction of a three-phase variable reluctance stepper motor with 12 poles on the stator and 8 poles on the rotor is shown in Fig. 7.16(a).

				Principle of operation of the variable reluctance stepper motor

				When phase-A is energised, the rotor moves to the position in which the rotor teeth marked 1 align with the teeth of phase-A. This is the position in which the reluctance of the magnetic circuit is the minimum, i.e. a torque is developed in such a way as to turn the rotor to a position of minimum magnetic path reluctance.

				[image: Fig-7-16a.eps]

					Fig. 7.16(a) 	Schematic diagram of a three-phase single stack variable reluctance stepper motor when 
phase-A is energised.

				When phase-A is de-energised and phase-B energised, the rotor moves through 15o in the clockwise direction so as to align its teeth marked 2 with those of the phase-B as shown in Fig. 7.16(b). Next, de-energising phase-B and energising phase-C causes the stator to move through a further 15o in the clockwise direction as shown in Fig. 7.16(c). In this position, the rotor poles marked 1 and 1 are aligned with the teeth of phase-C. Like the permanent magnet stepper motor, the speed of the VR stepper motor is a function of the driver’s frequency. 

				Unlike the permanent magnet stepper motor, the VR stepper has a very little residual magnetism, so there will be no force on the rotor (detent torque) when the stator is not energised. The step angle (determined by the number of stator and rotor teeth) varies from 7.5o to 30o. The VR stepper exhibits relatively low torque and inertial load capacities. In order to increase the torque exerted by the motor, multiple stack construction is adopted as shown in Fig. 7.16(d).

				Applications of the variable reluctance stepper motor 

				Variable reluctance stepper motors are quite inexpensive and suitable for light duties such as those in computer and industrial instrument systems.

				Control of a variable reluctance stepper motor

				The control circuit for a three-phase variable reluctance motor drive is shown in Fig.7.16(e). Each phase requires two switching transistors and two diodes. Individual phases can be controlled independently. If transistors Q1 and Q2 are turned on, phase-A will be energised. 

				[image: Fig-7-16c.eps]

					Fig. 7.16(b) 	Schematic diagram of a three-phase single stack variable reluctance stepper motor when 
phase-B is energised.

				[image: Fig-7-16b.eps]

					Fig. 7.16(c) 	Schematic diagram of a three-phase single stack variable reluctance stepper motor when 
phase-C is energised.

				[image: Fig-7-16d.eps]

				Fig. 7.16(d) Multiple stack construction of a variable reluctance stepper motor.

				[image: Fig-7-16e.eps]

				Fig. 7.16(e) Control circuit of a three-phase variable reluctance stepper motor.

				In the conduction period of phase-A, the phase current is chopped only by opening and closing transistor Q1 while Q2 is kept closed. During the off-period of Q1, the trapped energy is dissipated through Q2, D2, and phase-A. The energy stored in the magnetic field at the end of torque producing period of a particular phase should either be dissipated or pumped back to the supply. When the pulse to Q2 is withdrawn, the stored energy in the off-going phase-A is dumped into capacitor C through diode D1.

				When phase-A is de-energised and phase-B energised, the rotor moves through 15o in the clockwise direction. The phase-B will be energised when transistors Q3 and Q4 are turned on. Next, the de-energising phase-B and the energising phase-C cause the stator to move through a further 15o in the clockwise direction. The conduction of Q5 and Q6 energises phase-C.

				7.10.2 Permanent Magnet or Bipolar Stepper Motor

				A two-phase bipolar stepper motor has two coils A and B which are wound around the upper and lower halves of the stator as shown in Fig. 7.17(a). The stator surrounds a rotor that contains specifically aligned permanent magnets. The number of steps per revolution is determined by the number of pole pairs on the rotor and stator. 

				[image: Fig-7-17a.eps]

				Fig. 7.17(a) Permanent magnet dc stepper motor.

				Once voltage is applied to the windings, the permanent magnet rotor of a stepper motor assumes its unloaded holding position. This means that the permanent magnet poles of the rotor are aligned according to the electromagnetic poles of the stator. The maximum torque with which the excited motor can be loaded without causing a continuous rotation is termed the stepper motor holding torque. A torque can also be perceived with a non-excited motor. This is because of the pole induction of the permanent magnet on the stator. This effect known as cogging, together with the motor internal friction, produces detent torque, which is the torque with which a non-excited motor can be statically loaded.

				Principle of operation of permanent magnet stepper motor

				If terminal A and terminal B are connected to the positive voltage (+V), then two stator magnetic field vectors FA and FB will be produced as shown in Fig. 7.17(b). The rotor will position itself in such a way as to lock its north pole to the resulting stator south pole and vice versa. The rotor will move in the anticlockwise direction.

				[image: Fig-7-17b.eps]

				Fig. 7.17(b)

				When the voltage polarity of coil A is reversed with coil B energised as before, the resulting stator magnetic field vector F will be at +90o from its former position. Hence the rotor will move through a fixed angle of +90o as shown in Fig. 7.17(c).

				[image: Fig-7-17c.eps]

				Fig. 7.17(c)

				With coil A energised as before [see Fig. 7.17(c)], the voltage polarity of coil B is reversed. The rotor will move through another 90o to align itself with the resulting stator magnetic field F as shown in Fig. 7.17(d).

				With coil B energised as before [see Fig. 7.17(d)], the voltage polarity of coil A is again reversed. The rotor will further move through another 90° to align itself with the resulting stator magnetic field F as shown in Fig. 7.17(e). With coil A energised as before [see Fig.7.17(e)], the voltage polarity of coil B is again reversed. The rotor will align itself as shown in Fig. 7.17(b). So the motor can be made to step in one direction by continuously changing the direction of current through these coils. To step in the reverse direction, the direction of 

				[image: Fig-7-17d.eps]

				Fig. 7.17(d)

				[image: Fig-7-17e.eps]

				Fig. 7.17(e)

				current should be changed in reverse order through these coils. This method is called two phase ON-full step drive since the two phases (coils) are energised together. In full-step drive, the step angle is 90o. The advantage of this motor is its low manufacturing cost and high torque.

				Applications of permanent magnet or bipolar stepper motor

				This motor is used as a paper feed motor of a printer or head drive motor of a floppy disk drive.

				Control of permanent magnet or bipolar stepper motor

				The motor will step in one direction if the voltages to the coil A and coil B are applied as shown in Table 7.1. If the voltages to the coil A and coil B are applied as shown in 
Table 7.2, then the motor will step in the reverse direction. Figure 7.18 shows the control circuit.
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				[image: Fig-7-18.eps]

				Fig. 7.18 Control circuit of a permanent magnet stepper motor.

				If the inputs C and E are driven high, while D and F are low in the first step, then transistor pairs Q1–Q6 and Q3–Q8 will turn on. This makes the current to flow in the downward direction in both the coil A and coil B. This causes the rotor to rotate one step. In the second step, D and E are driven high, while C and F are low. The transistor pairs Q2–Q5 and Q3-Q8 will now turn on. This reverses the direction of the current in coil A (upward direction), causing another increment of the rotor position.

				If the inputs D and F are driven high, while C and E are low in the third step, the flow of current in coil B will be reversed (upward direction) since the transistor pairs Q2–Q5 and Q4–Q7 conduct. This causes another increment of the rotor position. In the fourth step, C and F are driven high, while D and E are low. The transistor pairs Q1–Q6 and Q4–Q7 
will now conduct. The next step will follow the first step if the inputs C and E are driven high while D and F are low. Reversing the order of the applied input levels as shown in Table 7.3 causes the motor to rotate (step) in the opposite direction. Logic circuit for this control is not shown in Fig. 7.18.
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				7.10.3 Permanent Magnet Hybrid (PMH) Stepper Motor

				Constructional features of permanent magnet hybrid stepper motor

				This is the most popular type of stepper motor in which two coils are separately wound in the stator as shown in Fig. 7.19(a). The stator has four poles. Each pole carries a winding. Windings on poles 1 and 3 are connected in series to form phase-X. Similarly, windings on poles 2 and 4 are connected in series to form phase-Y. The axes of these windings are perpendicular to each other in space. The rotor is a bar magnet having N and S poles. This construction gives the PMH stepper motor a higher torque capacity with step accuracy of about ±3% and step angles that vary from 0.5o to 15o. The PMH designs offer excellent speed capabilities, i.e. 1000 steps/s, although their cost is relatively high.

				Principle of operation of permanent magnet hybrid stepper motor

				If terminal X of phase-X is connected to a positive voltage (+V), the stator pole-1 and pole-3 will be a north and south pole, respectively. This gives rise to a stator magnetic field vector FX as shown in Fig. 7.19(a). The rotor will position itself in such a way as to lock its north pole to the stator north pole, and vice versa.

				With phase-X energised, a positive voltage (+V) applied to point Y of phase-Y causes pole-2 to be a north pole and pole-4 to be a south pole. This produces another stator magnetic field vector FY as shown in Fig. 7.19(b). The resulting stator magnetic field vector F will be at +45o from its former position. Hence the rotor will move through a fixed angle of +45o as shown in Fig. 7.19(b).

				With phase-Y energised, the positive voltage of phase-X is withdrawn. FX becomes zero, leaving FY as before. The rotor, therefore, will move through another 45o to align itself with FY as shown in Fig. 7.19(c).

				With phase-Y energised as before, a negative voltage (–V) applied to phase-X reverses the stator magnetic field and vector F shifts by another 45o, causing the rotor to follow suit as shown in Fig. 7.19(d).

				Proceeding thus in the same manner, it can be seen from Figs. 7.20(a) to 7.20(d), how every change in the pattern of energisation of stator windings causes the stator field vector to shift by a further 45o.

				[image: Fig-7-19atod.eps]

				Fig. 7.19(a) to (d)

				Figures 7.19(a) to 7.20(d) illustrate the meaning of the term programmed sequence in stator windings energisation. Figures 7.19(a) to 7.20(d) contain three programmed sequences in stator windings energisation.

				
						Figures 7.19(a), 7.19(c), 7.20(a), and 7.20(d) represent a single-phase energisation sequence in as much as only one stator winding is energised at any time.

						On the other hand, Figs. 7.19(b), 7.19(d), 7.20(b), and 7.20(d) form a two-phase energisation sequence because both phases X and Y are energised with +V and–V at any time.

						Figures 7.19(a) to 7.20(d) constitute an eight-step sequence in which the rotor moves through 45o per step. Since one and two phases are alternatively energised, the sequence is known as hybrid (mixed) sequence. The method is known as half-step mode since the step angle is 45o. The rotation per step of a commercial PMH motor is 1.8o. The stator has 8 poles, each pole having 5 teeth and the rotor disc has 50 teeth.

				

				[image: Fig-7-20atod.eps]

				Fig. 7.20(a) to (d)

				7.11 SYNCHRO

				The term synchro is a generic name for a family of inductive devices which can be connected in various ways for shaft angle measurements. All these devices operate on the principle of the rotating transformer. A synchro, also called Selsyn, Autosyn, and Synchrotie, is an angular position transducer that consists of a rotor and a stator. (A transducer is a device that converts a physical quantity to its electrical equivalent signal.)

				In remote control applications, the angular motion of a shaft follows the motion of another shaft situated at a far away distance. Electromechanical systems are used for this purpose. In electromechanical systems, mechanical rotations are converted into electrical voltages as well as currents. These currents are thus transmitted to the required location and are reconverted into the desired rotation. Synchros are basically a class of ac electromechanical, variable coupling transformer devices, primarily employed for angular data transmission in computing systems. The angular shaft position data is transmitted from one location to another through converted electric signals.

				Constructional features of synchro generator

				Synchros have a rotor with one or three windings (depending on the synchro type) capable of revolving inside a fixed stator. There are two common types of rotors—the salient pole and wound rotor. During one complete cycle, the magnetic polarity of the rotor changes from zero to maximum in one direction, back to zero, then to maximum in the opposite direction, and again to zero. 

				The coil of a salient-pole rotor is connected to a single-phase 230 V, 50 Hz supply through two slip rings as shown in Fig. 7.21(a). In the wound-rotor type, the three coils are arranged in such a manner that their axes are displaced from each other by 120o. One end of each coil terminates at one of the three slip rings on the shaft, and the other ends are connected together. The stator of a synchro is a cylindrical structure of slotted laminations with three Y-connected coils wound with their axes 120o apart. The stator windings are not connected directly to the ac power source. Their excitation is supplied by the ac magnetic field of the rotor.

				[image: Fig-7-21a.eps]

				Fig. 7.21 Schematic diagram of a synchro.

				Principle of operation of synchro generator

				When an excitation voltage is applied to the rotor, the resultant current produces a magnetic field and by transformer action induces voltages in the stator coils. The effective voltage induced in any stator coil depends upon the angular position of the coil’s axis with respect to the rotor axis. Basically, the rotation of the rotor changes the mutual inductance (coupling) between the rotor coil and the stator coils. When the maximum coil voltage is known, the induced voltage at any angular displacement can be determined. The induced voltage in the stator coil is a cosine function of the angle between the axis of the stator coil and the rotor coil axis. The turn-ratio between the rotor and the stator is such that when single-phase 230 V excitation is applied to the rotor, the highest value of effective voltage induced in any coil is 104 V.

				Figure 7.21(b) shows the voltages induced in one stator coil as the rotor is turned 
to different positions. Because the common connection between the stator coils is 
not accessible, it is only possible to measure the stator coil-to-coil effective voltage. 
Figure 7.21(c) shows how these voltages vary as the rotor is turned. Values are shown above the reference line when the terminal-to-terminal voltage is in phase with the R1-to-R2 voltage and below the reference line when the terminal-to-terminal voltage is 180o out of phase with the R1-to-R2 voltage. Therefore, negative values indicate a phase reversal. 

				[image: Fig-7-21b.eps]

				Fig. 7.21(b) Curve of stator phase voltage versus rotor position.

				[image: Fig-7-21c.eps]

				Fig. 7.21(c) Waveforms of synchro stator output voltages (line to line) versus shaft rotation.

				In the initial position of the rotor, the rotor winding has maximum coupling with the stator winding S1 of the synchro. The other two stator winding S2 and S3 of the synchro do not have their axes aligned with that of the rotor winding. This angle is 60o for both S2 and S3. If V = 104 V (maximum) is the magnitude of the induced voltage in stator winding S1, then the induced voltage in S2 and S3 will be V cos 60o = V/2 = 52 volts. As an example, when the shaft is turned 30o from the reference position (zero degree) as shown in 
Fig. 7.21(d), the axis of the rotor is perpendicular to the axis of the stator winding S2. Therefore, the induced voltage in S2 will be zero since V cos 90o = 0. The voltages in S1 and S3 will each be V cos 30o or ([image: Biswanath__Eq-7-54.wmf]/2)V. The S1-to-S2 and S2-to-S3 voltage will each be about 90 V and in phase with the R1-to-R2 voltage. The S3-to-S1 voltage will be about 180V and 180o out of phase with the R1-to-R2 voltage.

				[image: Fig-7-21d.eps]

				Fig. 7.21(d) Schematic diagram of a synchro when the rotor is turned 30° counterclockwise.

				In a three-phase machine, there are three voltages equal in magnitude, displaced from each other by 120o electrical degrees. In the synchro, which is a single-phase device, the three stator voltages vary in magnitude, and one stator coil voltage is in phase or 180o out of phase with another coil voltage.

				Advantages of synchros

				The main advantages of synchros are the following:

					(i)	Infinite resolution

					(ii)	No wear during rotation, except at slip rings

					(iii)	System operating at much higher speeds

					(iv)	Relatively insensitive characteristics to stray cable capacitances

					(v)	High reliability and accuracy

					(vi)	Useful operating angle of 360o and capable of continuous rotation.

				7.12 SERVOMECHANISM

				The closed-loop system, referred to as a servosystem, can be used to control the position of a system, with the addition of a positive feedback element. Magnetic and electronic amplifiers in the control loop use feedback to control position, automatically and accurately. Such a system is called servomechanism. In other words, a servomechanism is a closed-loop system that moves or changes the position of a controlled object so that it will ‘follow up’ or agree with the position of a control device (that may be smaller and at a distance). It includes a motor to cause such mechanical movement.

				7.12.1 Positioning Servo System Using Control Synchro

				Figure 7.22(a) uses two identical synchros—one at the transmitting terminal (control transmitter or synchro generator) and the other at the receiving terminal (control transformer or synchro motor). The synchro motor is identical to the synchro generator. Three wires are used to connect the three stator winding ends of the two synchros. The rotor windings of both synchros are connected to an ac supply (reference voltage).

				[image: Fig-7-22a.eps]

				Fig. 7.22(a) Initial position of a synchro generator–synchro motor system.

				In the initial position of the rotor, the rotor winding has maximum coupling with the stator winding S1 of the control transmitter. The other two stator winding S2 and S3 of the control transmitter do not have their axes aligned with that of the rotor winding. The induced voltages in S2 and S3 will be a cosine function of the angle between the axis of the respective stator winding and the axis of the rotor winding. This angle is 60o for both S2 and S3 in the initial position of the rotor. If V is the magnitude of the induced voltage in stator winding S1, then the induced voltages in S2 and S3 will be each equal to V cos 60o = V/2.

				The induced voltages in S1, S2, and S3 of the control transformer are V, V/2, and 
V/2, respectively. Thus, the voltages in the stator windings of the two synchros are perfectly balanced. As long as their rotors remain in this position, no current will flow between the two synchros due to equal induced voltages.

				When the shaft of the control transmitter is turned to some angle, say q = 30o as shown in Fig. 7.22(b), the voltage balance immediately gets disturbed. The axis of the rotor is now perpendicular to the axis of the stator winding S2. Therefore, the induced voltage in S2 will be zero since V cos 90o = 0 volts. The voltages in S1 and S3 will each be V cos 30o or 
([image: Biswanath__Eq-7-54.wmf]/2)V. Thus, there occurs a voltage imbalance between the stator windings of the control transmitter and those of the control transformer. This imbalance causes a flow of current between the two synchros. If the control transformer is not at the input angle q = 30o, a voltage will be produced at the output of the control transformer rotor winding. To achieve balance, the rotor of the control transformer is rotated by any means to an angle q = 30o. The direction in which the control transformer turns towards angle q = 30o is determined by the phase of the control transformer rotor signal with respect to the reference voltage. The indicator at the control transformer is simply a pointer attached to the rotor which indicates the angular position of the rotor at the control transmitter.

				[image: Fig-7-22b.eps]

				Fig. 7.22(b) Final position of the synchro generator–synchro motor system.

				7.12.2 Principle of Operation of a Synchro Control System for Remote Indication or AC Positioning Telemetering System

				Figure 7.22(c) uses two identical synchros—one at the transmitting terminal, called synchro generator and the other at the receiving terminal, called synchro motor. The synchro motor is identical to the synchro generator. Three wires are used to connect the three stator winding ends of the two synchros. The two rotor windings of the synchro generator and synchro motor are connected to an ac supply directly. ‘Tele’ means ‘from a distance’, and ‘metry’ means ‘to measure’. Thus ‘telemetry’ means ‘to measure from a distance’. An angular position transducer is used for the position telemetering system.

				[image: Fig-7-22c.eps]

				Fig. 7.22(c) Circuit diagram of a servo system using control synchros.

				In the initial position of the rotor, the rotor winding has maximum coupling with the stator winding S1 of the synchro generator. The other two stator winding S2 and S3 of the synchro generator do not have their axes aligned with that of the rotor winding. The induced voltages in S2 and S3 will be a cosine function of the angle between the axis of the  respective stator winding and the axis of the rotor winding. This angle is 60o for both S2 and S3. If V is the magnitude of the induced voltage in stator winding S1, then the induced voltages in S2 and S3 will be each equal to V cos 60o = V/2.

				The induced voltages in S1, S2, and S3 of control transformer are V, V/2, and V/2, respectively. Thus, the voltage in the stator windings at the two sets of terminals are perfectly balanced. So long as the rotors of the control transmitter and control transformer remain in this position, no current flows between the two synchros because of the balanced induced voltages.

				When the shaft of the control transmitter is turned to some angle q = 30o as shown in Fig. 7.22(d), the voltage balance immediately gets disturbed. The axis of the rotor is now perpendicular to the axis of the stator winding S2. Therefore, the induced voltage in S2 will be zero. The voltages in S1 and S3 will each be V cos 30o or ([image: Biswanath__Eq-7-54.wmf]/2)V. Thus, there occurs a voltage imbalance between the stator windings of the synchro generator and those of the synchro motor. This imbalance causes a flow of current between the two synchros. If the rotor of the control transformer is not at the angle q = 30o, a voltage is produced at the output in the rotor winding of the control transformer. This signal (error) is amplified, phase detected and fed to a servo amplifier to cause the servo motor to position a load. 

				[image: Fig-7-22d.eps]

				Fig. 7.22(d)	Circuit diagram of a servo system using control synchros when the rotor of the control transmitter is turned 30° CCW.

				The rotor of the control transformer is put to a position where the rotor output of it is minimum (null). The direction in which the motor turns towards angle q is determined by the phase of the rotor signal of the control transformer with respect to the reference voltage. A pointer at the receiving terminal (synchro motor) indicates the angular position of the rotor at the transmitting terminal.

				7.13 PHASE-LOCKED-LOOP (PLL) CONTROL OF A DC MOTOR

				Figure 7.23 shows the phase-locked-loop control system of a dc motor, i.e. PLL control of a servosystem. The ac tachogenerator (speed encoder) produces a pulse train whose frequency is proportional to the motor speed. This is fed back to the phase detector and compared with the frequency of the reference signal. The phase detector provides an output voltage proportional to the difference in phase and frequency of the reference and feedback signals. The high frequency components of this voltage are filtered out by a low-pass filter. 

				[image: Fig-7-23.eps]

				Fig. 7.23 Phase-locked-loop motor speed control system.

				This output voltage is the control voltage for the drive control circuit. When the motor is running at the same speed as set by the reference signal, the shaft speed encoder (ac tacho- generator) also provides a signal of the same speed as set by the reference signal. Then the two signals will be locked together with a phase difference. Hence the output of the phase detector will be a constant voltage which is proportional to this phase difference. 

				Any disturbance which changes the speed of the motor will immediately result in a new phase angle position for the feedback signal. The resultant change in the output voltage of the phase detector will vary the output of the motor drive circuit in such a direction as to retain the locking of the reference and feedback signals. It is evident that the motor will always run at a fixed speed irrespective of the load on it, provided the phase difference between the two signals does not exceed 180o. By changing the frequency of the reference signal or by introducing a divide-by-N counter in the feedback path, the motor can be operated at any desired set speed.

				Applications of the phase-locked-loop control for a dc motor

				The PLL control is used in the computer floppy disk drive, hard disk drive, tape drive, and in many other position control systems. 	 

				MULTIPLE CHOICE QUESTIONS

					1.	Motor control using thyristors is advantageous because of 

						(a)	accuracy.	

				(b)	reliability.

						(c)	control capabilities.	

				(d)	all of the above.

					2.	One of the biggest achievements of the thyristor technology is the

						(a)	temperature control.

						(b)	illumination control.

						(c)	liquid level control.

						(d)	control of dc and ac motor drives.

					3.	A single-phase ac voltage controller feeding a power resistive load has a danger of

						(a)	high di/dt.	

				(b)	high dv/dt.

						(c)	both high di/dt and dv/dt.	

				(d)	none of the above.

					4.	The average value of voltage of a single-phase ac voltage controller is

						(a)	[image: Biswanath__Eq-7-55.wmf]	

				(b)	[image: Biswanath__Eq-7-56.wmf]

						(c)	[image: Biswanath__Eq-7-57.wmf]	

				(d)	[image: Biswanath__Eq-7-58.wmf]

					5.	A single-phase voltage controller is connected to a load of resistance 10 W and a supply of 200 sin 314t volts. For a firing angle of 90o, the average thyristor current in amperes is

						(a)	10.	

				(b)	10/p.

						(c)	5[image: Biswanath__Eq-7-59.wmf]/p.	

				(d)	5/[image: Biswanath__Eq-7-59.wmf].

					6.	The di/dt of an SCR in an ac voltage controller is high if the load is

						(a)	a pure inductance.

						(b)	an induction motor.

						(c)	a combination of resistance and inductance.

						(d)	a pure resistance.

					7.	An ac voltage controller is used to convert

						(a)	an ac supply of fixed frequency to a variable ac supply of the same frequency.

						(b)	an ac supply of the given frequency to a variable voltage–variable frequency supply.

						(c)	a variable frequency supply to a constant frequency supply.

						(d)	a variable frequency supply to a constant frequency–variable voltage supply.

					8.	A zero voltage switch is used to avoid a high rate of rise of current in the

						(a)	inductive load.	

				(b)	resistive load.

						(c)	capacitive load.	

				(d)	R-L load.

					9.	Each controller of a synchronous tap changer consists of

						(a)	two triacs in antiparallel.	

				(b)	two SCRs in antiparallel.

						(c)	six SCRs in antiparallel.	

				(d)	six triacs in antiparallel.

					10.	Armature voltage control method is applied to dc motors to attain

						(a)	a constant speed.	

				(b)	speeds below normal speed.

						(c)	speeds above normal speed.	

				(d)	speeds both above and below normal speed. 

					11.	Field current control method is applied to dc motors to get 

						(a)	speeds above normal speed.

						(b)	speeds below normal speed.

						(c)	speeds both above and below normal speed.

						(d)	a constant speed.

					12.	The speed of an SCR-operated dc motor can be controlled by varying the

						(a)	field voltage.	

				(b)	field resistance.

						(c)	armature resistance.	

				(d)	armature voltage.

					13.	The armature voltage of a dc motor can be controlled by means of

						(a)	an inverter.	

				(b)	an ac–dc converter.

						(c)	a cycloconverter.	

				(d)	a dual converter.

					14.	The firing angle of an SCR in an armature voltage controlled circuit is decided by the

						(a)	comparator.	

				(b)	thyristor bridge.

						(c)	phase control circuit.	

				(d)	error amplifier.

					15.	When the speed of the motor falls below the normal speed, the SCR fires

						(a)	earlier.	

				(b)	later.

						(c)	at the same angle.	

				(d)	according to its anode voltage. 

					16.	In designing an SCR-controlled dimmer circuit, the ratings of the SCR should be chosen as per

						(a)	supply voltage. 

					(b)	load specifications.

						(c)	supply frequency. 	

				(d)	UJT specifications. 

					17.	A triac can be used in a circuit to

						(a)	supply total power across the load.

						(b)	supply partial power across the load.

						(c)	disconnect the load from the supply.

						(d)	perform all the probable actions as mentioned above.

					18.	The procedure used for controlling the speed of a three-phase induction motor is:

						(a)	fixed voltage–variable frequency method.

						(b)	variable voltage–fixed frequency method.

						(c)	variable voltage–variable frequency method.

						(d)	fixed voltage–fixed frequency method.

					19.	The average voltage across the dc motor in a dc chopper circuit is controlled by

						(a)	controlling the supply voltage.

						(b)	controlling the field current.

						(c)	continuously switching on and off the motor for fixed durations of tON and tOFF, respectively.

						(d)	controlling the line current.

					20.	The most common use of the synchro is as

						(a)	an error detector.	

				(b)	an arithmetic data transmitter.

						(c)	an angular data transmitter.

					(d)	a synchroniser.

					21.	In a control system, the error is determined by the 

						(a)	comparator. 	

				(b)	error amplifier.

						(c)	ramp unit. 	

				(d)	tachogenerator.

					22.	The position telemetering system using synchros is

						(a)	a pulse telemetering system.	

				(b)	an rf telemetering system.

						(c)	an ac telemetering system.	

				(d)	a dc telemetering system.

					23.	The rotor winding of the transmitting synchro is positioned such that the induced voltage in one of the stator winding is zero. In this condition, the induced voltage in stator coils S2 and S3 will be in the ratio of

						(a)	1:1	

				(b)	1:2

						(c)	2:1	

				(d)	[image: Biswanath__Eq-7-60.wmf]:2

				TRUE OR FALSE STATEMENTS

				State whether the following statements are true or false:

					1.	Phase-controlled drives are applied only to motors of low horsepower. 

					2.	A convenient method for speed control of an ac motor is the phase control technique. 

					3.	The speed of a dc motor can be increased by decreasing the SCR triggering angles in the armature circuit of a phase-controlled converter. 

					4.	A zero voltage switch is used to avoid a high rate of rise of current in the resistive load. 

					5.	Each controller of a synchronous tap changer consists of two triacs in antiparallel. 

					6.	Speed control of a dc series motor cannot be achieved by employing a dc chopper. 

					7.	The level of load voltage depends on the duty cycle of a dc chopper. 

					8.	In an SCR-controlled motor drive, the output voltage across the armature is a steady state dc. 

					9.	An alternative name for the field current control method is the phase control method of speed control of dc motors. 

					10.	A comparator in an armature voltage control scheme of speed control is used to generate an error signal. 

					11.	An error of a system is always negative in nature. 

					12.	In the stator voltage control method of speed control for an induction motor, the SCRs in each phase are connected in antiparallel. 

					13.	The scheme for speed control of a slip ring induction motor using rotor ON-OFF control method is a very effective method and it results in better power factor at low speeds. 

					14.	A diac-triac circuit is employed to control the speed of a dc motor.

					15.	The widest range of speed control can be provided by a triac–diac pair. 

					16.	Maintenance cost of electronic control systems is more than that of conventional systems.

					17.	In a dc chopper speed control scheme, the ON-OFF durations for the SCRs are decided by the logic unit of the scheme.

					18.	Stepper motors can provide a precise position control of movement without the use of a feedback signal.

					19.	Stepper motors convert electrical pulses applied to them into discrete rotor movements called steps.

					20.	The three main types of stepper motors are permanent magnet motors, variable reluctance motors, and hybrid motors.

					21.	The stator windings S1, S2, and S3 of a synchro are connected to a three-phase source. 

					22.	A control transformer is used to input angular signals into a servo power system.

					23.	The control transformer error signal is composed of both voltage and phase signals.

					24.	If a synchro receiver follows the transmitter but with an error of 180o, it is an indication of reversal of the rotor connections.

				REVIEW QUESTIONS

					1.	(a)	What do you mean by integral cycle control and phase control?

						(b)	Distinguish between ON-OFF control and phase angle control.

					2.	(a)	What is the function of a zero voltage switch? 

						(b)	Explain with a neat circuit diagram the operation of a zero voltage switch. (WBDETC 1997)

					3.	(a)	What is a synchronous tap changer? Explain with a neat circuit diagram the operation of a single-phase transformer tap changer.  (WBDETC 1997)

						(b)	What are the problems of using inductive loads? How can these problems be overcome?

					4.	(a)	Explain the principle of operation of speed control of a dc motor using SCRs. (WBDEE 1999), (WBDETC 1999)

						(b)	What are the parameters to be varied for speed control of a separately excited dc motor?  (WBDETC 1999)

						(c)	Develop a lamp dimmer circuit using a triac–diac combination and explain the function of this combination.

					5.	(a)	Explain how the speed of a dc series motor can be controlled by using thyristors. How can this control circuit be modified for reversing the direction of rotation of the motor?  (WBDIT 1999)

						(b)	Explain how the speed of a slip ring induction motor can be controlled by using the ON-OFF control method.

					6.	(a)	Indicate with a neat sketch a speed control scheme for controlling the speed of an induction motor. Also, explain the principle of operation of this scheme with the help of a circuit diagram.

						(b)	How can self control be achieved on a varying load? 

					7.	(a)	Describe the constructional features of the synchro generator.

						(b)	Describe with the help of a simple block diagram, the principle of operation of a position control servosystem.  (WBDETC 1999)

					8.	(a)	Describe the operating principle of the stepper motor.  (WBDETC 1998) 

						(b)	Briefly explain with the help of a neat diagram the stepper motor control and mention some of its applications.	  (WBDETC 1998)

					9.	(a)	Describe with the help of a block diagram the PLL method for speed control of a servo system.  (WBDETC 1997)

						(b)	Mention the advantages of ac motor control in industry over the dc motor control. (WBDETC 1998)

				PROBLEMS

					7.1	If the rms value of the output voltage in a phase-controlled circuit using single-phase 230 V, 50 Hz supply is 229 V, determine the value of the triggering angle in both half-cycles of a resistive load. 

					7.2	In an ON-OFF control circuit using single-phase 230 V, 50 Hz supply, the OFF-time is four cycles. The rms value of the output voltage is 199 V. Calculate the number of cycles in the ON-time. 

					7.3	The effective rotor resistance of a slip ring induction motor is increased 10 times during the OFF-period. If the developed torques for normal operation and with chopper control are 0.4 per unit and 0.22 per unit, respectively, at a slip of 1%, determine the duty cycle of the chopper.

					7.4	A resistance of 1.5 W in a three-phase, 400 V slip ring induction motor is connected in the rotor circuit. The speed is controlled by the chopper TRC system. The total torque is 1805.5 synchronous watts. The effective value of the rotor resistance with the chopper in operation is 2.66 W. Calculate the additional resistance needed to be connected during the chopper’s non-conducting time tOFF of 1.5 ms. The chopper frequency and slip are 220 Hz and 3%, respectively. Resistances are referred to stator side.

			

		

	
		
			
				Chapter 8

				HEATING AND WELDING CONTROL

				8.1 INTRODUCTION

				Electrical heating is the most convenient method from its operational viewpoint. Here, the heat can be controlled accurately. In infrared heating, electromagnetic radiation at infrared frequencies radiating from the filament of an incandescent lamp is focused on the object to be heated. An industrial application of infrared heating is in quick drying of fresh layers. The infrared waves penetrate the layer resulting in quick and uniform drying without wastage of heat. Heating methods are broadly classified into:

					(i)	High frequency heating

					(ii)	Power frequency heating

				In high frequency heating, heat transfer takes place inside the material. Here, the heat transfer rate is as much as 10,000 W/cm2 which is very useful for high-speed production. High frequency heating can be applied to (i) ferromagnetic or nonmagnetic materials and (ii) insulating materials. High frequency heating is divided into:

					(i)	Induction heating

					(ii)	Dielectric heating

				8.1.1 Advantages of Electrical Heating

				There are various methods of heating a material but electrical heating is considered to be far superior because of the following advantages:

				Cleanliness

				Cleanliness in the charges (materials) to be heated can be maintained to a very high standard because of the absence of dust and ash. The material does not get contaminated. Because of the absence of flue gases, provision for their exit need not be provided and the atmosphere around, therefore, remains clean and pollution free.

				Ease of control

				It is possible to control and regulate the temperature of a furnace easily by the provision of automatic devices. 

				Uniform heating

				In all other methods of heating, a temperature gradient gets set up from the outer surface to the inner core, the core remaining relatively cooler. But in electric heating, the heat is uniformly distributed and the charge is evenly heated. Even nonconducting materials (insulators) can be heated uniformly.

				Low attention and maintenance

				Electric heating equipment does not normally require much attention and, therefore, the maintenance cost is very low.

				8.2 INDUCTION HEATING

				When a ferromagnetic material is subjected to an alternating magnetic field, it gets heated up by the eddy currents flowing through the charge and the hysteresis loss occurring in the charge. The hysteresis loss is due to the reversal of a magnetic field which brings about a magnetic molecular friction and results in the heating of the charge. The hysteresis loss increases with increase in frequency. The operating frequencies are in the order of 200 kHz to 500 kHz. The induction heating process has low efficiency because the circuit leads to a large amount of heat dissipation. 	 

				8.2.1 Theory of Induction Heating

				If a high frequency current flows through a coil surrounding a workpiece (magnetic material), there is a tendency of the resulting eddy current in the workpiece to concentrate near its surface. The eddy emf induced in the outer loop is more because of its higher inductance. In induction heating, as the frequency of the heating current increases, a greater part of the induced heating current tends to concentrate close to the metal surface (workpiece). This is referred to as the skin effect.

				Figure 8.1(a) illustrates the general pattern of the numerous closed and concentric inductive paths for eddy currents, i1, i2, i3, etc. induced in the cylindrical metal piece owing to current i in the workpiece. In any particular conducting path, the induced voltage is 

				[image: Fig-8-1a.eps]

				Fig. 8.1(a)	General pattern of the numerous closed and concentric inductive paths for eddy currents in a cylindrical workpiece (metal).

				caused not only by the current i in the workpiece but also by each of the numerous eddy currents themselves because of their mutual inductance.

				The flow of current through the inductive loops will produce magnetism perpendicular to the cross-sectional area enclosed by the inductive loops. Since the inductive loops are the secondaries of the transformer, the current that flows through them will produce demagnetisation. In Fig. 8.1(a), loop number-1 will produce its own magnetism whose phase will be decided by the resistance and inductance in the loop. The greater the inductance of a loop, the more is the phase angle difference of its flux, approaching 180° out of phase with that of the flux produced by the inductive loop-1. In other words, demagnetisation will be more effective. So the inductive loop-1 serves as a magnetic shield for the inner inductive loops. Therefore, the magnetic flux tries to pass through the outer cross-section of the workpiece. As a result, the eddy currents also pass in a similar fashion. The increase in frequency enhances the shielding effect. Therefore, the skin effect decreases the depth of penetration of current and thus increases the current density at the surface.

				The current density at any distance x from the surface is given by

					ix = i0 e– x/d A/m2………(8.1)

				where	

				i0	is the current density at the surface of the workpiece in A/m2

				d	is the depth of penetration in metres which depends upon the frequency

				The current density at the depth of penetration d will be given by

					id = i0 e– d/d = 0.368i0………(8.2)

				Since the current density at the depth of penetration is only 36.8% of that at the surface, heating effect will be (0.368)2 = 13.6%. Therefore, the current density is maximum at the surface and decreases exponentially with the distance normal to the surface as shown in Fig. 8.1(b). 

				[image: Fig-8-1b.eps]

				Fig. 8.1(b) Variation of current density with distance x from the metal surface.

				8.2.2 Principle of Induction Heating 

				Induction heating is based on the principle of transformer. There is a primary winding through which alternating current is passed. This winding is magnetically coupled with the metal piece to be heated. An eddy current is, therefore, induced in the metal piece when alternating current is passed through the primary heating coil. The value of the induced eddy current depends on 

					(i)	the magnitude of the primary current,

					(ii)	the ratio of the number of turns in the primary and secondary circuit, and

					(iii)	the coefficient of magnetic coupling.

				In order to analyse the factors that affect induction heating, consider a long solid metallic cylinder being heated by a long helical coil wound over it. The coil carries alternating current of IP amperes at frequency f Hz as shown in Fig. 8.1(c). Let there be N turns in the coil of length L metres and r be the resistivity of the material in ohm-metre. Assuming that the material to be heated comprises one-turn secondary as shown in Fig. 8.1(d) and as the skin depth is small compared to the diameter of the cylinder, the ampere-turns 

				[image: Fig-8-1c.eps]

				Fig. 8.1(c) Solid metallic cylinder heated by induction heating.

				[image: Fig-8-1d.eps]

				Fig. 8.1(d) Electrical representation of the circuit shown in Fig. 8.1(c).

				on the primary of the transformer should be equal to the ampere-turns on its secondary. Therefore,

					IP N = IS  1………(8.3)

				where IS is the secondary current and is equal to the sum of the eddy currents.

				Now, the secondary current is

					IS = IP N ………(8.4) 

				Power loss in the secondary or the heat generated in the cylinder is given by 

					P = IS2R

				where R is the resistance of the eddy current path.

				Again,	

					[image: Biswanath__Eq-8-1.wmf]………(8.5) 

				where

				D	is the diameter of the cylinder in metres

				d	is the depth of penetration in metres. 

				Power entering the material per square metre of the surface is given by

					[image: Biswanath__Eq-8-2.wmf]

				Therefore,

					[image: Biswanath__Eq-8-3.wmf]………(8.6) 

				The depth of penetration in metres is given by

					[image: Biswanath__Eq-8-3a.wmf]………(8.7)

				where mr is the relative permeability of the material.

				Substituting the value of d as given by Eq. (8.7), power entering the material per square metre of the surface is given by

					[image: Biswanath__Eq-8-5.wmf]………(8.8)

				The magnetic intensity or magnetising force is given by

					[image: Biswanath__Eq-8-6.wmf]………(8.9)

				Substituting the value of H in Eq. (8.8), power entering the material per square metre of the surface is given by

					[image: Biswanath__Eq-8-7.wmf]………(8.10)

				Power density per unit volume is given by

					PV =	[image: Biswanath__Eq-8-8.wmf]

					=	[image: Biswanath__Eq-8-9.wmf]………(8.11)

				Therefore,

					[image: Biswanath__Eq-8-10.wmf] ………(8.12) 

				In ferromagnetic materials, in addition to eddy current losses, hysteresis losses also contribute towards heating. Hysteresis losses are supposed to be due to friction between magnetic molecules caused by their repeated orientation to fluctuating magnetic field. Hysteresis loss is given by

					zWh  fB1.6………(8.13)

				where B is flux density in wb/m2.

				Power loss owing to eddy currents is given by

					We  f2t2 B2max………(8.14)

				where Bmax is the maximum flux density in wb/m2.

				8.2.3 Effects of Supply Frequency on Induction Heating 

				The effects of supply frequency on induction heating are enumerated below:

					(i)	From Eq. (8.11) it is clear that for a given magnetising force H, resistivity r, and relative permeability mr, heat input per unit volume is proportional to the square root of the frequency. 

					(ii)	At high frequencies, the heat contributed by the hysteresis losses becomes very small compared to that contributed by eddy currents [compare Eqs. (8.13)and(8.14)]. Heat contributed by hysteresis is up to a certain temperature.

					(iii)	The depth of penetration for a given material is inversely proportional to the frequency of supply [see Eq. (8.7)]. The penetration of flux at high frequencies into the workpiece is small owing to the shielding effect of the eddy currents. The flux density varies exponentially and drops rapidly from the surface to the interior. Therefore, hysteresis and eddy current losses are small because of the small depth of penetration.

					(iv)	The flux density in a magnetic material is higher than that in a non-magnetic material. Therefore, the frequency required to produce the same amount of heat in magnetic materials will be less.

					(v)	For a greater resistivity of the material, the frequency required will be less.

					(vi)	For a greater thermal conductivity of the material, the frequency required will be high.

				8.2.4 Effects of Source Voltage on Induction Heating

				The effects of increasing the source voltage on induction heating are given below:

					(i)	The flux owing to eddy currents in the workpiece will increase if the supply voltage is increased. So the power loss owing to the eddy currents which is proportional to the square of the maximum flux density, produces heat at the surface of the material. Hence the production of the surface heat will be more if the applied ac voltage is increased.

					(ii)	Hysteresis loss will be more if the applied ac voltage is increased.

				8.2.5 Choice of Frequency for Induction Heating

				Induction heating is used to heat metals for different purposes such as melting, forging, annealing, hardening, brazing, and soldering. The choice of frequency depends on the factors described below:

				Size of the object

				For a given current and frequency in the inductor coil, the flux density in the charge remains constant. Therefore, the induced emf is proportional to the square of the radius of the charge. The increase in radius increases the length and cross-sectional area of the eddy current path, proportionately. Thus the resistance offered to the path of flow of eddy current remains constant. In order to achieve the same amount of heat for a given material, the supply frequency should, therefore, be reduced with increase in size of the charge.

				Permeability

				The flux density in magnetic materials is high. Therefore, to produce the same amount of heat in magnetic materials compared to non-magnetic materials, the frequency required will be less.

				Depth of penetration

				Hardening of metals requires a very high frequency for shallow depths of penetration.

				Resistivity of material

				The frequency required is less for a higher resistivity of the material.

				Thermal conductivity

				The greater the thermal conductivity of the material, the higher will be the frequency needed as heat gets conducted quickly.

				8.2.6 Advantages of Induction Heating

				Induction heating is superior to the conventional methods of heating used in industry. The chief advantages of induction heating are as follows:

					(i)	The heat is concentrated near the surface of the workpiece. This characteristic is useful in surface hardening of steel.

					(ii)	The rate of heating the workpiece is very high. It is of the order of 0.5 W/m2.

					(iii)	The extent of the heating surface can be controlled rigidly, resulting in less wastage of heat.

					(iv)	The heat transferred to the workpiece can be controlled by electronic timers.

					(v)	Induction heating of metals can be satisfactorily done in vacuum, or in an inert gas or any other gas.

					(vi)	The temperature of the workpiece can be controlled accurately by automatic means.

					(vii)	Relatively unskilled personnel may be used for operation of the induction heating equipment.

				8.2.7 Applications of Induction Heating 

				Some of the industrial applications of high frequency induction heating are as follows:

					(i)	Surface hardening of steel

					(ii)	Annealing of brass and bronze items

					(iii)	Soldering or brazing of copper

					(iv)	Melting of metals.

				8.2.8 Surface Hardening of Steel or Surface Heating of a Small Cylindrical Rod

				Surface heating of a small cylindrical iron rod is implemented by high frequency eddy current heating. It is nothing but a form of induction heating usually employed for surface hardening, annealing and tempering of machine parts. In induction heating, heat is concentrated near the surface of the workpiece. An iron bar whose surface is to be hardened by induction heating, is placed in a strong ac magnetic field at high frequency. The current carrying conductor is surrounded by a water-cooled helical coil made of copper tubing as shown in Fig. 8.2(a). The phenomenon of skin effect plays a major part in heating.

				[image: Fig-8-2a.eps]

				Fig. 8.2(a) Surface heating of a small cylindrical rod.

				A high frequency current of 400 kHz is passed through the work coil for about 5to10 seconds. As the temperature of the surface reaches the desired value, the current flowing in the work coil is stopped and the bar is immediately quenched in either water or oil. The interior portions of the steel bar may be tempered by any one of the suitable methods prior to undertaking surface hardening by induction heating. In spite of the process of surface hardening by induction heating, the interior portions treated with heat remain unaltered.

				8.2.9 Source of High Frequency Power Supply for Induction Heating

				The ac supply voltage is stepped up by means of a step-up transformer and further rectified by a bridge rectifier as shown in Fig. 8.2(b). The ripple components are minimised by the use of an LC filter. This ripple-free high voltage dc is fed to a Colpitt’s oscillator. The oscillator circuit produces high frequency power and feeds it to the input of an inductive coil which is the primary of the work coil. The workpiece acts like a short-circuited secondary.

				The oscillator circuit produces a high frequency–high voltage supply which leads to a large amount of heat loss. This results in the reduction of conversion efficiency of the system. To minimise the heat loss, the system has to be designed properly for absorbing the heat within the oscillator circuit. The induction coils are made in the form of hollow tubes through which cold water is circulated to absorb heat. The frequency used in the case of the non-magnetic materials is about 50 kHz.

				[image: Fig-8-2b.eps]

				Fig. 8.2(b) Source of high frequency power supply for induction heating.

				8.3 DIELECTRIC HEATING

				When an insulating material is subjected to an alternating electric field, the atoms get stressed and because of the inter-atomic friction, heat is produced. This loss is known as the dielectric loss. In other words, dielectric loss takes place because of the inter-atomic friction caused by repeated deformation and rotation of the atomic structure (polarization) constituting the dielectric.

				8.3.1 Electronic Theory of Dielectric Heating

				An atom of any material consists of a nucleus having a net positive charge at the centre and the negatively charged electrons orbitting the nucleus. When the atom is not under the influence of any electric field, the centres of the positive charge and negative charge coincide as shown in Fig. 8.3(a) and, therefore, the atom as a whole acts as a neutral particle. When the atom is subjected to an electric field, the charge distribution is disturbed and the centre of the negative charge does not coincide with the nucleus, i.e. the positive charge of the nucleus is acted upon by a force in the direction of the field and the negatively charged electrons are acted upon by forces in the opposite direction as shown in Fig. 8.3(b). The two centres are displaced by a distace, d (say) as shown in Fig. 8.3(c). The atom in this state is said to be polarized. As the electric field strength is increased, 

				[image: Fig-8-3atoc.eps]

					Fig. 8.3	(a) An atom not under the influence of any electric field, (b) an atom under the influence of an electric field, and (c) electric charge of the atom in condition shown in (b).

				the degree of polarization keeps increasing as well. For a certain value of the electric field, all electric dipoles align themselves. The dielectric material in such a state is said to be saturated as shown in Fig. 8.4.

				[image: Fig-8-4.eps]

				Fig. 8.4 Alignment of all the electric dipoles in a dielectric material.

				Assuming that the charge on the nucleus is q, the product qd is known as the dipole moment and acts in a direction from negative charge to positive charge. If the electric field is alternating, the forces within the atom are reversed and a distortion of electron path occurs in the opposite direction. The atoms are as a consequence subjected to a constant unrest changing with each shift in polarity. It is seen that the loss increases with the increase in frequency and strength of the electric field. If the electric field applied is very strong, it may overstress the charges and some electrons may be knocked off from the outermost orbit resulting in a rupture of the dielectric medium. Precautions are taken so that no air gap is left between the electrode and the specimen to be heated, as normally the dielectric strength of air would be smaller than those of the dielectric materials to be heated. Again for any voltage applied across the electrodes, the electric field intensity in the air gap, if any, will ionise the air and this may result in a breakdown. Hence, in dielectric heating it is desirable not to apply high voltages but to use high frequencies.

				8.3.2 Principle of Operation of Dielectric Heating 

				If non-magnetic materials, i.e. insulators such as china, glass, ceramics, etc. are subjected to high voltage alternating current, their temperature will increase after some time. The increase in temperature is due to the conversion of dielectric loss into heat. For obtaining adequate heating effect, high voltage at about 20 kV and frequency in the range of 1 and 50 MHz are usually employed. The phenomenon of the dielectric loss taking place in insulating materials is just analogous to the hysteresis loss taking place in the magnetic materials. Just as there is no perfect conductor, so there is no perfect insulator too.

				If an ac voltage is applied across a piece of insulator, an electric current i flows as shown in Fig. 8.5(a). The total current i can be supposed to be made up of two components ic and iR as shown in Fig. 8.5(b), where iC is the capacitive current leading the applied voltage vin by 90° and iR is the resistive current in phase with the applied voltage vin, as shown in Fig. 8.5(c). The resulting dielectric loss appears in the form of heat in the dielectric of the capacitor. It is convenient to regard this iR current as flowing through a leakage resistance R placed in parallel with the capacitance C as shown in Fig. 8.5(b).

				[image: Fig-8-5atoc.eps]

					Fig. 8.5	(a) Dielectric heating of a non-magnetic material, (b) equivalent circuit of a dielectric material, and (c) phasor diagram of the equivalent circuit shown in (b).

				Dielectric loss is given by [see Fig. 8.5(c)]

					P =	vini cos f………(8.15)

				 	=	viniR 

					=	vin.iC tan d  [image: Biswanath__Eq-8-11.wmf]

					=	vin.vinw C tan d  [image: Biswanath__Eq-8-12.wmf]

					=	vin2w C tan d………(8.16)

				The complement of the power factor angle is called the phase angle d (in radians) of the dielectric. It is the state of the dielectric indicating its health. The higher the value of d, the less healthy is the dielectric material. Since the dielectric phase angle d for most of the dielectrics is small, therefore,

					tan d = d………(8.17) 

				The capacitance of a capacitor is given by

					[image: Biswanath__Eq-8-13.wmf]………(8.18)

				where

				A 	is the area of the electrode, in m2

				Kr 	is the relative permittivity of the dielectric material

				K0 	is the absolute permittivity and its value is 8.85  10–12 F/m

				d 	is the distance between electrodes, in m

				The relative permittivity is an indication of the retained energy owing to molecular deformation whereas the leakage current will flow through the insulator and, therefore, produce a heat loss.

				Thus, the dielectric loss is given by

					[image: Biswanath__Eq-8-14.wmf]………(8.19) 

				The product, Krd, is often used as one variable called loss factor and may be denoted 
by k.

				Now the dielectric loss will be given by

					P = 2pf [image: Biswanath__Eq-8-15.wmf]AdK0K W

				or

				 	P = 2pfg2(Ad)K0K  W………(8.20) 

				where g = vin/d = voltage gradient between the capacitor plates.

				The dielectric power loss is, therefore, given by

					P = (2pfg2) (volume of the dielectric)(K0)(loss factor)………(8.21) 

				Thus the dielectric loss per unit volume is given by

					PV = 2pfg2K0K  W/m3 ………(8.22) 

				If the mass and density of the material are m kg and s kg/m3, respectively, then the dielectric loss [from Eq. (8.21)] is given by

					P = 2pfg2[image: Biswanath__Eq-8-16.wmf]K0 K  W………(8.23)

				Let DT be the temperature rise in time Dt. The rate of rise of temperature is given by

					[image: Biswanath__Eq-8-17.wmf]

					[image: Biswanath__Eq-8-18.wmf]………(8.24)

				where s is the  specific heat of the material.

				From Eq. (8.19), the dielectric loss is proportional to

					(i)	the frequency,

					(ii)	the square of the applied voltage, and

					(iii)	the capacity of the charge (load).

				The capacity of the charge depends upon

					(i)	the geometry of the electrodes and the load, and

					(ii)	the dielectric constant of the charge.

				8.3.3 Dielectric Heating in Materials of Irregular Shapes

				In irregular-shaped dielectrics, uniform heating can be achieved by designing the shape of an electrode in such a way so as to get the same voltage gradient throughout. This is achieved by making the electrodes into sections and introducing air gaps in between sections, and the material at thin sections. Non-uniform heating occurs at the edges owing to fringing effect of the electric field. To reduce the non-uniform heating at the edges, it is desirable to use electrodes somewhat larger than the material to be heated.

				8.3.4	Limitations of the Use of Extremely High Frequency for 
Dielectric Heating

				For maximum power transfer, the output impedance of the high frequency source must equal the impedance of the inter-electrodes which keeps on varying with the change in frequency. The impedance of the workpiece also varies with the change in mass of the same material or with different materials having the same mass. As there is a fixed frequency 
for a particular workpiece and a particular voltage, therefore, the power transfer can be maximum. It is practically not possible to have different sources for different workpieces. Therefore, additional units of electrical capacitance or inductance must be used either in series or in parallel or a combination of both with the workpiece in order to match the load impedance with that of the source.

				8.3.5	Effect of Variation of Voltage of the Power 
Supply on Dielectric Heating

				To achieve high heating rates, it is always desirable to use a high voltage since dielectric loss is directly proportional to the square of the applied voltage [see Eq. (8.19)]. However, the magnitude of the aplied voltage is limited by the breakdown voltage of the thin dielectric which is to be heated. Breakdown voltage of a dielectric is further influenced by the moisture content of the dielectric and the mechanical stresses to which the dielectric is subjected. Corona at high voltage is another limiting factor. As such, under normal conditions the voltage gradient used is limited to 0.18 kV/m.

				8.3.6	Effect of Variation of Frequency of the Power Supply on 
Dielectric Heating

				The choice of frequency depends upon the loss factor of the dielectric. Higher frequencies are used for dielectrics having low loss factor K' (= Krd). As the capacitive current iC increases with increase in frequency resulting in low phase angle d of the dielectric, it is apparent that the dielectric loss is proportional to the frequency of the power supply [see Eq. (8.19)].

				To obtain maximum power output from the supply oscillator, the impedance of the oscillator should match with that of the load. By increasing the frequency of the resonant circuit consisting of inductance and capacitance, the load impedance decreases. So, initial matching does not exist. Hence it becomes essential to incorporate a special matching circuit at higher frequencies. The higher frequencies may disturb the nearby radio station services because of interference caused by electromagnetic radiation. Hence special care should be taken to ensure that no radiation is emitted into the atmosphere.

				8.3.7 Applications of Dielectric Heating

				Some uses of dielectric heating are as follows:

					(i)	Gluing of wood

					(ii)	Preheating of plastic preform

					(iii)	Sewing of plastic films

					(iv)	Food processing

					(v)	Diathermy

				Gluing of wood

				In a number of wooden furniture items and other articles such as desk tops, table tops, corners of cots, drawing boards, etc. wooden panels are made by gluing boards together edgewise. Sometimes veneers (to cover with a thin layer of finer wood) are laid over glued panels. The main difficulty in the use of animal glues is of a long curing time and the parts to be joined have to be kept under mechanical pressure after application of the glue for a period of 24 hours in order to let the glue dry up.

				Dielectric heating in the region of the glue between adjacent wood parts permits a strong bond with a stay-in-press time of only about 30 seconds. This dielectric heating may also be used for binding boards edgewise for making large panels. The glue used should be one which hardens quickly when heated to the desired temperature.

				Preheating of plastic preform

				Thermosetting plastics are required to be heated to a particular temperature for hardening or setting. Technically, this is called curing. The raw material in the form of tablets or biscuits, commonly called plastic preform, is put into a hot mould. If these preforms are dropped directly into the hot mould, the outer skin of the preforms will become hot and start curing while the interior of the preforms would still not have reached the fluid temperature. This results in a mould with unevenly fitted corners.

				The real problem, therefore, is to heat these preforms uniformly so that the whole mass becomes a fluid in a certain time. The preheating of preform tablets uniformly throughout the mass to a proper temperature is done by placing them between the electrodes. After the whole mass has turned into a fluid, it starts hardening enmass within seconds.

				Sewing of plastic films

				An electronic sewing machine uses dielectric heating to sew plastic film materials into articles such as umbrellas, raincoats, food packets, tobacco pouches, etc. Ordinary sewing by the use of thread would not only make the article weak but also not ensure air or water tightness. On the other hand, an adhesive, if used, would require a long curing time. If the films of plastic to be joined together are rolled within which a high frequency voltage exists, the heat so produced in the material makes an airproof as well as a waterproof joint at the point of contact.

				Food processing

				Heating of food inside cartoons or wrappings can be done rapidly with dielectric heating. It is also used in deinfestation (disinfecting) of dry cereals inside paper packages. Dielectric heating is also sometimes used for pasteurization of milk and beer within the bottles. It is used for defrostation of frozen foods too.

				Diathermy

				For the treatment of certain types of pains and diseases, it becomes necessary to heat tissues and bones of the body with the help of dielectric heating. In surgery, diathermy plays an active role. When a cut is made by the surgeon, it tends to bleed profusely. This is stopped by diathermy. The blood through the veins coagulates and stops the bleeding simultaneously. But this is contraindicated when the patient is having a pacemaker in the body because the frequency of the pacemaker and that of diathermy (dielectric heating) tend to interfere with each other.

				8.3.8 Source of High Frequency Power Supply for Dielectric Heating

				The ac supply voltage is stepped up by means of a step-up transformer and further rectified by a bridge rectifier as shown in Fig. 8.6. The ripple components are minimised 

				[image: Fig-8-6.eps]

				Fig. 8.6 Source of high frequency power supply for dielectric heating.

				by the use of an LC filter. This ripple-free high voltage dc is the fed to an R.F. oscillator. This R.F. oscillator circuit produces very high frequency, i.e. about 1 MHz or above. The high frequency output from the oscillator circuit is applied to the two electrodes between which the workpiece is kept as the dielectric medium. Since the energy conversion takes place throughout the mass of the workpiece to be heated, the heating effect is uniform. 

				Example 8.1

				A slab of insulating material 0.015 m2 in area and 0.01 m in thickness has relative permittivity of 5 and power factor of 0.05 and is to be heated by dielectric heating. The power required is 400 W at 30 MHz. Determine the voltage required and the resulting current that will flow through the material. If the voltage were to be limited to 650 V, what would be the value of the frequency for the same power requirement?

				Solution	According to the problem:

					Area of the slab, A = 0.015 m2

					Thickness of the slab, d = 0.01 m

					Relative permittivity, Kr = 5

					Power factor, cos f = 0.05 (leading)

					Power required, i.e. dielectric loss, P = 400 W

					Frequency of the supply, f = 30 MHz

					Absolute permittivity, K0 = 8.85  10–12 F/m

				Capacitance of the dielectric is given by

					[image: Biswanath__Eq-8-19.wmf]

				Capacitive reactance is given by

					[image: Biswanath__Eq-8-20.wmf]

				Now,

					[image: Biswanath__Eq-8-21.wmf]

				or

					[image: Biswanath__Eq-8-22.wmf]

				Power required is given by

					P = vin2/R	

				or

					400 = vin2/1594.6

				Hence the voltage required is

					[image: Biswanath__Eq-8-23.wmf]

				Capacitive current is given by

					iC =	vin/XC 

					=	799/79.93 = 9.99 A

				Leakage current is given by

					iR =	vin/R 

					=	799/1594.6 = 0.5 A

				Therefore, the total current is given by

					[image: Biswanath__Eq-8-24.wmf]

				If the voltage were to be limited to 650 volts, then

					R =	vin2/P

					=	6502/400 = 1056.25 W

				Now,

					tan f = wCR

				or

					19.95 = 2pf  66.375  10–12  1056.25

				Therefore, the frequency for the same power requirement = [image: Biswanath__Eq-8-25.wmf]

				Example 8.2

				A wooden board 40 cm  20 cm  2 cm is to be heated from 15°C to 170°C in 8 minutes by dielectric heating. The frequency of supply is 30 MHz. Specific heat, density and relative permittivity of wood are 0.35 cal/g°C, 0.00055 kg/cm3 and 5, respectively. Power factor is 0.05. Estimate the voltage across the specimen during heating. Assume the loss of energy by conduction, convection and radiation to be 10%.

				Solution	According to the problem:

					Specific heat of wood, s = 0.35 cal/g°C

					Density of wood, s = 0.00055 kg/cm3

					Permittivity of wood, Kr = 5

					Power factor, cos f = 0.05 (leading)

					Initial temperature, t1 = 15°C

					Final temperature, t2 = 170°C

					Time required, t = 8 min = 8/60 h

					The weight of board, w = (40  20  2)0.00055 = 0.88 kg

				Heat required to raise the temperature from 15°C to 170°C is

					H =	ws(t2 – t1)

					=	0.88  0.35  (170 – 15) = 47.74 kcal

				 	=	0.055 kWh

				Therefore, the power required

					P = 0.055/(8/60) = 0.055  (60/8) = 0.4125 kW = 412.5 W

				Since the loss of energy by conduction, convection, and radiation is 10%, the actual power input from the source will be (412.5/0.9), i.e. 458.33 W.

				Capacitance of the specimen is given by

					[image: Biswanath__Eq-8-26.wmf]

				Since the power factor, cos f = 0.05, the phase angle d is given by

					d = 90° – f = 90 – 87.13 = 2.87°

				Now the power is given by

					P = vin2wC tan d

				or

					458.33 = vin2  2p  30  106  177  10–12 tan 2.87

				Therefore, the voltage across the specimen is

					[image: Biswanath__Eq-8-27.wmf]

				8.3.9 Differences between Induction Heating and Dielectric Heating

				The differences between induction heating and dielectric heating are as follows:

				
					
						
								
								Induction Heating 

							
								
								Dielectric Heating

							
						

						
								
								Induction heating is caused by eddy currents in imperfect dielectrics.

							
								
								Dielectric heating depends on the electrostatic effect.

							
						

						
								
								The operating frequencies are of the order   of 200 kHz to 500 kHz.

							
								
								The operating frequencies range from 1 MHz to 50 MHz. 

							
						

						
								
								Induction heating is termed surface heating. 

							
								
								Dielectric heating is termed volume heating.

							
						

						
								
								The cost of equipment required is low. 

							
								
								The cost of equipment required is comparatively high. 

							
						

					
				

				8.4 WELDING

				It is a metallurgical union of metals brought about by the application of heat and pressure such that the welded joint has properties as close to its parent metal as in adjacent parts of the weld. Depending upon the heat applied, welding is classified as thermal welding, gas welding, and electric welding.

				In electric resistance welding, two or more pieces of metals are fused together by ac or dc current of high value that flows for a short duration through the area of contact. The duration of the current is varied from a few milliseconds to several seconds depending upon the job requirement.

				8.4.1 Theory of Resistance Welding

				In resistance welding, the heat required for the purpose of the weld is produced by the resistance offered to the flow of the current at the junction of the two metals. The heat energy produced is given by

					[image: Biswanath__Eq-8-28.wmf]………(8.25)

				where

				r	is the resistance of the entire circuit, in W

				i	is the instantaneous current, in A

				t	is the duration of welding, in s

				Since the junction resistance is usually very small, it is essential to use a large current of the order of 1000 A or above at a low voltage of 1 V to 15 V.

				8.4.2 Classification of Resistance Welding

				Electrical resistance welding can be divided into:

				
						Spot welding

						Seam welding

						Butt welding 

						Flash butt welding

						Projection welding

				

				Spot welding

				In spot welding, the two overlapping metal sheets M1 and M2 to be welded are tightly pressed together by mechanical pressure exerted through two tipped electrodes E1 and E2 as shown in Fig. 8.7(a). A low-voltage, high-current supply is switched on for a short duration between the two electrodes. As a result of this current, the temperature at the 

				[image: Fig-8-7.eps]

				Fig. 8.7 Spot welding: (a) basic arrangement and (b) water cooling arrangement.

				junction faces J1, J2, and J3 (J1 and J3 between electrodes and workpieces, and J2 between the two workpieces) fuse together under the pressure of the electrodes. In practice, a part of the resistance and its corresponding temperature rises (a) throughout the sheets, (b) in the contacts between sheets and electrodes, and (c) in the two electrodes within themselves.

				Therefore, it is possible that the electrodes themselves may get welded to the materials, or it may result in making a hole in the material.

				In order to prevent the electrodes from getting welded to the sheet, the electrodes are made of metals having high electrical and thermal conductivity and are generally water cooled. It results in much less production of heat in the electrodes and at the same time it helps to remove heat from the outer surface of the metal sheets. Hence, the maximum temperature rise takes place only at the weld. For reasons of water cooling, the spot welding electrode is generally made hollow with provision for circulating cold water as shown in 
Fig. 8.7(b). Apart from high thermal and electrical conductivity, the electrode material should have very high strength to keep the wear and tear at the tip of the electrode to minimum. A hard drawn copper alloy is generally used as electrode material so that it can withstand the high contact pressure, keep the temperature low, and prevent deformation of electrodes. Electrodes, however, can be made of the following materials to suit different duties.

				
					
						
								
								Electrode material

							
								
								 Softening temperature

							
								
								 Materials to be welded

							
						

						
								
								Hard drawn copper

							
								
								150°C

							
								
								Aluminium alloys

							
						

						
								
								Cadmium copper

							
								
								250°C

							
								
								Thin M.S. sheets

							
						

						
								
								Chromium

							
								
								500°C

							
								
								Steel

							
						

						
								
								Tungsten 

							
								
								 1000°C 

							
								
								Steel and copper alloys

							
						

					
				

				The following terminologies are related to resistance welding:

				Squeeze time. It is the time that elapses between the electrode pressure first applied on the work and the initial application of current.

				Weld time. It is the time, expressed in cycles of supply, during which the welding current flows through the parts being welded.

				Hold time. It is the time during which the pressure is kept applied at the point of welding after the welding current has ceased to flow.

				OFF time. After the weld is perfectly hardened, the time that elapses before the electrodes reclose, if the welding machine is still energised, is the OFF time.	

				Seam welding

				In this type of welding, a series of spots between two overlapping sheets of metals are produced by roller electrodes instead of tipped electrodes as shown in Fig. 8.8. A welding current i between the two roller electrodes flows for a short interval and depending upon the number of welding current pulses per second and the peripheral speed of the roller electrodes, a series of weld spots is obtained. It is not desirable to have regular flow of current for making a continuous weld because of the shunt effect that causes the current to flow through that part of the weld that is already completed. Overheating may also occur resulting in the burning of sheets. Therefore, it is desirable to work with intermittent flow of current. For this reason, seam welding consists of making a series of overlapping spot welds. The number of spots per cm varies from 2 to 4. Such a weld is normally both gas and liquid tight. It is very essential that the surfaces to be welded are clean and dust free.

				[image: Fig-8-8.eps]

				Fig. 8.8 Basic arrangement for seam welding.

				Seam welding is extremely useful for fabricating all types of tanks, barrels, and exhaust systems. The following points are important in respect of seam welding.

				
						If the supply frequency increases, the weld cycle and the number of weld spots per cm run remain unaltered, but the welding speed increases in the same ratio.

						If the number of spot welds per cm is reduced, the weld speed increases for the same weld cycle and frequency of supply.

						To increase the welding speed, if the frequency is increased, the time for each weld spot will reduce. Hence, the welding current would need to be increased. The magnitude of the welding current depends on the thickness of the sheets to be welded. The ON-OFF control of welding current is obtained with the help of the ignitron type line contactors in conjunction with the weld timers.

				

				Butt welding

				In the butt welding arrangement as shown in Fig. 8.9, the butts to be welded together take the place of the electrodes. The ends are so prepared that they butt together with good contact between them. They are then placed in the jaws of the machine which presses them close together end to end. When a suitable pressure is reached, a high current is switched on and the current flowing through the contact resistance between the ends brings them to welding heat. Extra pressure is now applied so that the butt ends are pushed into each other. This causes welding of the white hot metal and the section is slightly allowed to increase so that it can be machined to size, if need be. This method is most suitable for joining metal bars end to end.

				[image: Fig-8-9.eps]

				Fig. 8.9 Basic arrangement for butt welding.

				Flash butt welding

				In flash butt welding, the butting surfaces are repetitively brought into contact with each other. This produces intense heat of arc at the welding surfaces which is followed by forging pressure that completes the weld. Flash butt welding is used for welding rail ends, rolled sections, and shaft axles.

				Advantages of flash butt welding over butt welding

				The advantages of flash butt welding over butt welding are as follows:

					(i)	Any irregularity in the butting surfaces is smoothened out consequent to first few flashes preceding the application of the welding pressure. This gives uniform heating of the whole cross-section of the butting surfaces.

					(ii)	Sufficient heat is produced at the butting surface, which brings the metal to melting point. When forging pressure is applied, molten oxidized metal along with impurities is extruded from the weld joint. This gives sound welds.

					(iii)	In butt welding, the whole of the rod projecting beyond the clamp gets heated. The required forging pressure cannot be applied without running the risk of making the whole joint eccentric. In flash butt welding, heat is locally produced at the butting surfaces, thereby leaving the projected portion of the rod beyond the clamps, sufficiently rigid. Therefore, sufficient forging pressure makes the weld good. 

				Projection welding

				In projection welding, instead of using tipped electrodes for the concentration of heat, either an embossed portion or a raised projection is used on one or both the pieces where the welding is desired. In this method, the exact location of welding arcs is determined and the protusion is pressed on one of the sheets to be welded. When current flows and electrode pressure is applied, the projection collapses and the sheets get welded together. The machines are basically flat platens with T-slots for the attachment of special tools as shown in Fig. 8.10. 

				[image: Fig-8-10.eps]

				Fig. 8.10 Basic arrangement for projection welding.

				Advantages of projection welding over spot welding

				The advantages of projection welding over spot welding are as follows:

				
						More than one weld can be done at a time to obtain more output.

						The life of the electrodes is more because of low current density and low pressure.

						The finish is good as the surface remains unindented by electrodes.

						Welds are automatically located by the position of projections. 	 

				

				8.5 SCHEME FOR AC RESISTANCE WELDING

				In Fig. 8.11(a), the welding machine receives ac power, by means of a timing device, through a power transformer, a circuit breaker, and an SCR or ignitron contactor. Inside the welding machine, a welding transformer reduces the voltage at the electrode tips (1 to 10 V) and supplies a large welding current, while drawing about 50 to 2000 A from the ac supply. The electrode tips are water-cooled and must be kept clean. A solenoid valve applies air pressure to the electrodes for bringing them together and squeezing the workpieces (metal pieces) properly. Welding current then flows to heat the workpiece and make the weld. The workpiece is held under pressure for a few moments until the weld hardens. Then the electrodes separate so that the workpiece can be moved before the next weld is started.

				[image: Fig-8-11a.eps]

				Fig. 8.11(a) Block representation of an ac resistance welding scheme.

				The resistance between the metal pieces decreases when they are forced together by the electrodes with greater pressure. To make a weld, current needs to flow for only a fraction of a second. The ignitron contactor (these days SCR controlled circuits are used in place of line contactors) must close and open the circuit quickly, and it does this hundreds of times each hour. The timings of the welding process which may be divided into squeeze time, weld time, hold time, and OFF time, are controlled by a sequence timer. In early days, the sequence weld timers could control the welding current.

				8.6 IGNITRON CONTACTOR AS ELECTRONIC LINE CONTACTOR

				A pair of ignitron tubes so arranged as to start and stop a large flow of current in an ac circuit, is called an ignitron contactor. (A pair of water-cooled SCRs is often used in place of smaller ignitrons.) Such large current contactors are used in the control of resistance welding machines. An ignitron contactor or line contactor is used to energise a welding transformer as shown in Fig. 8.11(b). As and when the control signal is received, it connects the transformer to the ac supply. A separate heat control circuit [not shown in Fig. 8.11(b)] controls the conduction interval of the ignitrons by varying the firing angle. The control switch S controls both the ignitrons.

				In the positive half-cycle, if the control contact S is closed by a sequence timer, the current passes through the primary winding of the welding transformer, diode D1, control switch S, diode D4, ignitron IG2 (from ignitor to cathode), and negative terminal of the ac supply. This causes an arc between the cathode and the ignitor of IG2 and fires the ignitron IG2, which immediately passes electrons from cathode to anode of IG2. During the positive half-cycle, diode D2 prevents the flow of current from cathode to ignitor of IG1 and it stops conducting.

				In the negative half-cycle, the current passes through diode D3, control switch S, 
diode D2, ignitron IG1 (from ignitor to cathode), and the primary winding of the welding transformer. This causes an arc between the cathode and the ignitor of IG1 and fires the ignitron IG1 which immediately passes electrons from cathode to anode of IG1. During the negative half-cycle, diode D4 prevents the flow of current from cathode to ignitor of IG2 and it stops conducting. 

				[image: Fig-8-11b.eps]

				Fig. 8.11(b) Circuit diagram for manual control of the ignitron contactor.

				Because of a high rate of change of current in the primary of the welding transformer, a transient voltage appears across the input terminals of the transformer. A thyrite resistor connected across the primary of the welding transformer bypasses these surge voltages. The water flow switch may be a separate mechanical device within the ignitron contactor. The water that cools the ignitrons flows through this switch as well. If the water flow stops, the water flow switch soon opens its electrical contact, which prevents further firing of the ignitrons. The present design of ignitron tubes includes a water switch device located on the side of the tube. When the temperature of the wall of the tube rises above a safe value, the thermostat contacts, which are normally closed, open an electrical contact that prevents further firing of the ignitrons.

				8.6.1 Heat Control by the Change of Firing Angles in Ignitrons

				This circuit permits the firing of ignitrons at a desired phase angle in each half-cycle of the line voltage. The firing angle determines the energy developed per cycle in the load. The higher the value of the firing angle, the less is the energy produced in the load. The variation of the firing angle controls the welding energy per cycle. A pair of ignitrons may be controlled by a pair of thyratrons or SCRs for steering the welding energy.

				8.6.2 Complete Control in Resistance Welding by a Sequence Timer

				The welding machine in Fig. 8.11(a) receives its ac supply through a pair of ignitron contactors. This pair of ignitrons may be controlled by thyratrons or SCRs. To change gradually the amount of welding heat by merely turning a small dial, a pair of phase-controlled thyratrons may be added in a heat control equipment. In most welding equipment, the aim is to control only the flow of alternating current to the welding transformer. But to control a spot welder, a sequence timer is used to measure four lengths of time (from 2 to 80 cycles each) in a certain order or sequence, as shown in Fig. 8.12.

				[image: Fig-8-12.eps]

				Fig. 8.12 Resistance welding control profile.

				After the control contact is closed, the squeeze time permits the electrodes to build up the right pressure on the work. The weld time is the length of time during which the welding current flows. After the welding current stops, the electrodes continue to press against the metal pieces during the hold time, while the weld hardens. Then the electrodes separate. 
If the control contact is still closed, the electrodes will reclose after a period called the 
OFF time, which gives time to move the work to a new position between the electrodes.	

				MULTIPLE CHOICE QUESTIONS

					1.	The hysteresis loss in induction heating is proportional to 

						(a)	the frequency. 	

				(b)	the square root of frequency.

						(c)	the square of frequency.	

				(d)	none of the above.

					2.	In induction heating, the depth of penetration d is proportional to the

						(a)	square of frequency.	

				(b)	square root of frequency.

						(c)	cube of frequency.	

				(d)	reciprocal of the square root of frequency. 

					3.	The current density at the depth of penetration at a distance d from the outer surface is

						(a)	73.2%.	

				(b)	36.8%.

						(c)	50%.	

				(d)	none of the above.

					4.	Skin effect is prominent at

						(a)	low frequency.	

				(b)	very low frequency.

						(c)	high frequency. 	

				(d)	very high frequency. 

					5.	The source of supply in induction heating is

						(a)	a dc source.	

				(b)	a high frequency ac source.

						(c)	a low frequency ac source.	

				(d)	all of the above.

					6.	Induction heating may be employed

						(a)	for annealing of brass.	

				(b)	for heating of plastics.

						(c)	in a hot plate.	

				(d)	for heating of wood.

					7.	Induction heating is also called

						(a)	surface heating.	

				(b)	volume heating.

						(c)	resistance heating. 	

				(d)	infrared heating. 

					8.	The amount of heat produced in a workpiece by induction heating depends on

						(a)	the power supply frequency.	

				(b)	the quantity of flux linkages.

						(c)	both (a) and (b). 	

				(d)	none of the above.

					9.	In dielectric heating, if the capacitor is loss free, the heat produced will be

						(a)	zero.

						(b)	infinity.

						(c)	proportional to the value of capacitance.

						(d)	proportional to the frequency.

					10.	A fresh layer may be dried electronically by

						(a)	convective heating. 	

				(b)	induction heating.

						(c)	dielectric heating.	

				(d)	infrared heating.

					11.	Dielectric heating is also called 

						(a)	surface heating.	

				(b)	volume heating.

						(c)	eddy current heating.	

				(d)	infrared heating.

					12.	Dielectric heating may be employed

						(a)	for brazing of copper.	

				(b)	for heating of plastics.

						(c)	for heating of liquids.	

				(d)	for heating of wood.

					13.	The frequency of dielectric heating is of the order of

						(a)	50 Hz.	

				(b)	10 kHz.

						(c)	100 kHz. 	

				(d)	30 MHz. 

					14.	The heating effect of dielectric heating is uniform because

						(a)	energy conversion takes place throughout the mass of the workpiece.

						(b)	a very high frequency is used.

						(c)	a very high temperature is achieved.

						(d)	the rate of heating is very high.

					15.	The resistance welding process requires a

						(a)	high value of ac current at low voltage.

						(b)	low value of ac current at high voltage.

						(c)	high value of dc current at low voltage.

						(d)	low value of dc current at high voltage.

					16.	The heat control of an ignitron control system uses

						(a)	a pair of transistors. 	

				(b)	a pair of thyratrons.

						(c)	a pair of ignitrons.	

				(d)	none of the above.

				TRUE OR FALSE STATEMENTS

				State whether the following statements are true or false.

					1.	A higher range of temperatures can be achieved by electrical heating compared to other methods of heating. 

					2.	A high voltage at low frequency is adopted for induction heating. 

					3.	Infrared heating is a kind of electrical heating. 

					4.	The ac and dc power supply are both required in an induction heating arrangement. 

					5.	Induction heating is not used for surface heating and soldering. 

					6.	The heat generated in the process of induction heating is due to the eddy currents produced by the induced emf. 

					7.	High temperature heating requires a low frequency ac supply. 

					8.	The heat input per unit volume depends on the value of the flux density for a given material and fixed value of the supply frequency. 

					9.	The annealing and deep surface hardening of a metal need a low frequency ac supply. 

					10.	The induction heating controls heat that is limited to the surface of the workpiece. 

					11.	The induction heating process has a very high efficiency. 

					12.	High frequencies can be generated by an electronic generator. 

					13.	An oscillator circuit uses a tank circuit in induction heating. 

					14.	Dielectric heating requires a high frequency ac source. 

					15.	A welding transformer reduces the voltage at the electrode tips to 1–10 V and supplies a large value of welding current. 

					16.	A sequence timer controls the welding sequence—squeeze time, weld time, hold time, and OFF time. 

					17.	The line contactor in a resistance welding unit is responsible for energising the welding transformer.

				REVIEW QUESTIONS

					1.	(a)	Explain the basic principle of operation of induction heating. Explain some of the advantages of induction heating. Narrate its applications.  (WBDEE 1999), (WBDIT 1998) 

						(b)	What are the effects of (i) variation of supply voltage and (ii) variation of frequency of the power supply on induction heating.  (WBDIT 1998)

					2.	(a)	With a neat sketch explain how surface heating of a small cylindrical iron rod may be implemented electrically.

						(b)	Discuss the effect of (i) frequency of supply and (ii) source voltage on heating of such rods.

						(c)	Discuss the different power sources for induction and dielectric heating. 
(WBDIT 1997) 

					3.	(a)	Explain the basic principle of operation of dielectric heating. Explain its frequency range and mention some of its applications.  (WBDEE 1999)

						(b)	What are the effects of (i) variation of supply voltage and (ii) variation of supply frequency on dielectric heating.  (WBDIT 1999)

					4.	(a)	Show with the help of a neat diagram how an induction heating system might be implemented and also explain the working of the circuit used in detail. 

						(b)	State some areas of application of induction heating.

					5.	(a)	What is welding? What is meant by resistance welding?

						(b)	Briefly explain the various types of resistance welding.

						(c)	What are the advantages of flash butt welding over simple welding?

					6.	(a)	Draw and explain the basic scheme of ac resistance welding.

						(b)	What is the need of an ignitron contactor in welding control?

						(c)	What is heat control?

				PROBLEMS

					8.1	The power required for dielectric heating of a resin slab 150 cm2 in area and 2cm in thickness is 200 W at a frequency of 30 MHz. The material has a relative permittivity of 5 and a power factor of 0.05. Determine the voltage required and the resulting current that will flow through the material. If the voltage were to be limited to 600 V, what will be the value of the frequency to obtain the same heating?

					8.2	A piece of an insulating material is to be heated by dielectric heating. The size of the piece is 10 cm  10 cm  3 cm. A frequency of 20 MHz is used and the power absorbed is 400 W. Calculate the voltage required for heating and the resulting current that will flow in the material. The material has a permittivity of 5 and a power factor of 0.05.

			

		

	
		
			
				Chapter 9

				OPTOELECTRONICS AND 
OPTICAL FIBre

				9.1 INTRODUCTION

				In 1887, Hertz observed the relation between light and electricity. This he referred to as the photoelectric effect. The combination of optics and electronics is called optoelectronics. Electro-optics is the other name that is often used. Optoelectronic devices comprise light emitting diodes (LEDs), photodiodes, phototransistors, and fibre optics, along with the older standard devices such as photo cells. Optoelectronic devices are classified as:

				
						Photo emitters

						Optical sensors or Photodetectors

						Optocouplers or Optoisolators

				

				Optical sensors can be divided into the following three categories:

				
						Photoemissive sensors

						Photovoltaic sensors

						Photoconductive sensors

				

				9.2 PHOTO EMITTERS

				Optoelectronics solid-state emitters are the light emitting diodes (LEDs) that emit visible radiation, infrared type emitters, and laser diodes. There are various other kinds of light sources such as tungsten lamps, neon lamps, xenon lamps, etc.

				9.2.1 Luminescence

				It is the emission of radiation from a solid when it is supplied with some form of energy. There are various types of luminescence from the viewpoint of the excitation methods.

				
						Photoluminescence

						Cathodeluminescence

						Electroluminescence 

				

				Photoluminescence is the excitation which arises from the absorption of photons. Cathode-luminescence is caused by the collision of high energy electrons with the phosphor coating which lines the inside surface of cathode ray tubes (CRTs). When a beam of electrons strikes the viewing screen of a CRT, radiation is generated by cathodeluminescence. A thin layer of phosphor granules is sandwiched between a glass faceplate and an evaporated aluminium layer as shown in Fig. 9.1(a). High energy electrons penetrate the evaporated aluminium layer and excite cathodeluminescence in the phosphor particles. The aluminium layer serves to prevent charge from building up on the phosphor granules. Again, this layer also helps to reflect back the emitted light, out through the face plate.

				[image: Fig-9-1a.eps]

				Fig. 9.1(a) Cathodeluminescence effect of a CRT screen.

				Electroluminescence is the excitation, which results from the application of an electric field that may be either ac or dc, to a suitably doped P-N junction. A P-N junction LED emits light when it is biased in the forward direction. The light emitted can be either in the invisible (infrared) or in the visible spectrum. In Fig. 9.1(b), phosphor (combination of ZnS and Cu) particles are suspended within a transparent insulating medium of high dielectric constant and sandwiched between two electrodes, one of which is transparent. When an alternating voltage is applied to the electrodes, the phosphor particles emit light. The phosphor particles in Fig. 9.1(c) have a coating of CuxS. This coating gets removed by the application of an initial high current pulse from the anode side of the particles that are in contact with the anode. Under normal conditions, light is emitted only from the CuxS depleted particles.

				If any form of energy excites the luminescing material, it results in an electronic transition between the two energy levels, E1 and E2 (E2 > E1), with the emission of radiation of wavelength l given by

					[image: Biswanath__Eq-9-1.wmf]………(9.1)

				where

				h is the Planck’s constant = 6.626  10–34 J s 

				c is the velocity of light = 3  108 m/s

				l is the wavelength, in nm.

				[image: Fig-9-1b.eps]

				Fig. 9.1(b) Construction of an ac electroluminescent device.

				[image: Fig-9-1c.eps]

				Fig. 9.1(c) Construction of a dc electroluminescent device.

				When the excitation mechanism is switched off, the luminescence persists for a time equal to the lifetime of the transition between the two energy level E1 and E2. The luminescence, however, persists for a much longer duration than expected. This phenomenon is called phosphorescence.

				9.2.2 LED Materials

				The LEDs used in electronic applications as emitters are normally infrared emitting diodes (IREDs). Commercially available LEDs are made from gallium arsenide (GaAs) or gallium phosphide (GaP). There are two types of infrared LEDs (IREDs):

				
						Surface emitting infrared diodes

						Edge emitting infrared diodes

				

				Both these types of IREDs use a low band gap, silicon doped epitaxially grown material, gallium arsenide (GaAs). The GaAs diodes are efficient and very reliable and produce a peak wavelength of 940 nm (nanometres). The second type is manufactured by replacing some of the gallium with aluminium. This increases the band gap energy, yielding an IRED with a wavelength of 880 nm.

				Gallium phosphide (GaP) is used for visible light emitting diodes. The mechanism for visible light radiations is the same as that for the infrared diodes. The transition of electrons from the conduction band to the acceptor level releases a photon. The assumption of Planck’s hypothesis says that radiant energy is not continuous, but exists in discrete bundles or quantities called photons or quanta. The energy of a photon which depends upon the frequency of the radiant energy is given by

					E = hf………(9.2) 

				where

				h 	is the Planck’s constant = 6.626  10–34 J s

				f 	is the frequency in Hz

				Optoelectronic devices utilise energy in the visible and infrared regions. Figure 9.2 shows the response of the average human eye to the visible radiation that extends from 400 to 760 nm in wavelength. The eye has a maximum response to light at 550 nm and drops to 50% of maximum at 610 nm. At higher frequencies (smaller wavelengths), the photon energy is higher and can become very penetrating. Semiconducting light sources can be made to cover a wide range of wavelengths, ranging from the near-ultraviolet region of the electromagnetic spectrum to the far-infrared region.

				[image: Fig-9-2.eps]

				Fig. 9.2 Visible light spectral characteristics.

				The photon energy can be converted to wavelength by the equation

					l = 1240/E………(9.3)

				where

				l is the wavelength, in nm

				E is the energy transition, in eV	 

				9.2.3 Construction of Surface Emitting Infrared Diodes (Invisible LEDs)

				The Ga(As,P) is produced as an epitaxial layer grown on a substrate of either GaAs or GaP as shown in Fig. 9.3. The grown wafer is then processed to produce P-N junctions with photolithography used to shape the structure. The photons generated at the junction of a P-N electroluminescent diode are emitted in all directions. If the diode substrate is opaque, as is the case with GaAs, only those photons which are emitted upwards within a critical angle will be emitted as useful light. Gallium phosphide is nearly transparent compared to GaAs. Diodes grown on the GaP substrate, therefore, exhibit improved efficiency attributed to increased emission of photons which in the GaAs substrate would be absorbed. The visible LEDs are similar in structure to the surface emitting infrared diodes.

				[image: Fig-9-3.eps]

				Fig. 9.3 Surface emitting infrared diode: (a) construction and (b) symbol.

				9.2.4 Construction of Edge Emitting Infrared Diodes (Invisible LEDs)

				The physical structure of an edge emitter consists of a rectangle-shaped semiconductor diode (P-N junction) in which the radiant output is emitted from the edges of the diode in the recombination region of the junction as shown in Fig. 9.4. The lateral size of the radiation area is usually defined by etching an opening in an oxide insulating layer and forming an ohmic contact by depositing a metal film into the open contact region. This type of construction is referred to as edge emitters. The edge emission structure has an oxide metallisation stripe constricting the flow of current through the recombination region to that area of the junction directly below the stripe contact.

				9.2.5 Principle of Operation of LEDs

				A P-N junction can be formed in a semiconductor material by doping one region with donor atoms and an adjacent region with acceptors. When a P-N junction semiconductor diode 

				[image: Fig-9-4.eps]

				Fig. 9.4 Structure of an edge emitting infrared diode.

				is subjected to an external electric field (forward biased), a flow of bias current in the junction causes holes to be injected into the N-type material and electrons to be injected into the P-type material as shown in Fig. 9.5. The radiation from a P-N junction arises from the recombination of electrons with the minority carriers, and the energy released is proportional to the band gap energy of the semiconductor material. Some of this energy is released as light, and the remainder as heat. This proportion is determined by the mixture 

				[image: Fig-9-5.eps]

				Fig. 9.5 P-N junction semiconductor diode (LED) when it is forward biased.

				of the recombination process taking place. In Fig. 9.6, the energy contained in a photon of light is proportional to the frequency, i.e. the colour. The larger the band gap energy of the semiconductor material forming the junction, the higher the frequency of the light emitted. For best performance, emitters (LED) should be biased from a current source rather than a voltage source.

				[image: Fig-9-6.eps]

				Fig. 9.6 Photon emitted by forward biased LED.

				9.3 LASERs

				Laser is an acronym for Light Amplification by Stimulated Emission of Radiation. Lasers are a practical source of energy for cutting, welding, and drilling. The first laser was a ruby crystal device developed in 1960. It provided a single wavelength, called monochromatic (one colour) light. Lasers can be constructed by using a variety of different materials, each of which produces a distinctive wavelength as shown in Fig. 9.7. The wavelengths of 

				[image: Fig-9-7.eps]

				Fig. 9.7 Electromagnetic spectrum of wavelength in lasers.

				different lasers are as follows:

					(i)	The CO2 laser—far infrared to 10.6 mm

					(ii)	The neodymium glass laser—near infrared at 1.06 mm

					(iii)	The gallium arsenide injection laser—near infrared, at wavelengths around 0.85 to 0.9 mm

					(iv)	The helium-neon laser—emitting 0.6328 mm radiation, reddish-orange in colour

					(v)	The argon laser—operating at several wavelengths in the blue and green portions of the spectrum, and

					(vi)	The nitrogen laser—an ultraviolet laser, operating at 0.3371 mm.

				Lasers are used in holography, metrology, medicine, communication and scientific research. 		

				9.3.1 Emission and Absorption of Radiation

				When an electron in an atom undergoes transitions between two energy states or levels, it either emits or absorbs a photon. If an electron is in the lower level E1, then in the presence of photons of energy (E2 – E1) it may be excited to the upper level E2 by absorbing a photon. On the other hand, light (photon) is emitted when an electron in a semiconductor drops from a higher energy level E2 to a lower level, releasing extra energy. The lifetime of the excited state is the average time for which the electron exists in the excited state before making a spontaneous transition. There are two types of emission processes as described below.

				Spontaneous emission

				In this process, the electron drops to the lower level in an entirely random way as shown in Fig. 9.8(a). Light (photon) is emitted when an electron in a semiconductor drops from a higher energy level E2 to a lower level E1, releasing extra energy. Normally, it emits light without external influence. It takes its time to get around to spontaneous emission.

				[image: Fig-9-8a.eps]

				Fig. 9.8(a) Energy level diagram illustrating spontaneous emission.

				Stimulated emission

				In this process, the electron is triggered to undergo the transition in the presence of photons of energy (E2 – E1) as shown in Fig. 9.8(b). If an electron in the upper energy level is waiting to emit its extra energy and another photon comes its way with just the same amount of energy the electron needs to emit, then the external photon can stimulate the electron in the upper energy level to drop to the lower level and emit its energy as light 

				[image: Fig-9-8b.eps]

				Fig. 9.8(b) Energy level diagram illustrating stimulated emission.

				of the same wavelength. The result is a second identical photon. This process is called light amplification by stimulated emission of radiation. 

				9.3.2 Population Inversion

				The requirement for laser emission is that there should be more electrons in the upper energy level than in the lower level. In population inversion, normally more electrons (or atoms) are in the lower levels. This is necessary because whatever is in the lower energy level, it can absorb the emitted light. If more electrons are in the lower level than in the upper level, the absorption of light by them would be faster than the emission of light by them. However, if only that condition is met, the stimulated emission will scatter in all directions. So the population inversion condition required for light amplification is a non-equilibrium distribution of atoms among the various energy levels of the atomic system. The excitation process in which a large amount of energy is required to excite atoms into the upper level E2 is called pumping. Most of the laser technology is connected with how the pumping energy can be supplied to a given laser system. Pumping produces a non-thermal equilibrium situation.

				9.3.3 Optical Feedback

				The laser is more analogous to an oscillator than to an amplifier. In the laser, a positive feedback is obtained by placing the gain medium between a pair of mirrors which, in fact, forms an optical cavity. The initial stimulus is provided by any spontaneous transition between the appropriate energy levels in which the emitted photon travels along the axis of the system. The signal is amplified as it passes through the medium and fed back by the mirrors. Saturation is reached when the gain provided by the medium exactly matches the losses incurred during a complete cyclic trip.

				The gain per unit length of most active media is so small that very little amplification of a beam of light results from a single pass through the medium. In the multiple 
passes which a beam undergoes when the medium is placed within a cavity, however, 
the amplification may be substantial. The radiation within the cavity propagates to and 
fro between two plane-parallel mirrors in a well-collimated beam. Because of the 
diffraction effects, however, this cannot be the case as a perfectly collimated beam 
cannot be maintained with mirrors of finite extent. Some radiation will spread out 
beyond the edges of the mirrors. Diffraction losses of this nature can be reduced by using concave mirrors.

				9.3.4 Formation of Laser Beam

				In Fig. 9.9, the laser beam is formed by a resonator (a pair of mirrors—one at each end of the region occupied by excited atoms) which serves to confine light and makes it pass repeatedly through the excited medium. Light emitted straight towards one mirror will be reflected back and forth, stimulating emission from electrons ready to recombine as the light passes through the junction plane. Light emitted in other directions will leak away. Thus, only the light travelling back and forth along the narrow stripe of the active region will be amplified and build up into a beam.

				[image: Fig-9-9.eps]

				Fig. 9.9 A structure illustrating the basic operation of a semiconductor laser.

				9.3.5 Laser Losses

				The losses in the laser system are caused by a number of different processes as given below:

				
						Diffraction at the mirrors

						Absorption and scattering at the mirrors

						Scattering at optical inhomogenities in the laser medium

						Absorption in the laser medium 	 

				

				9.3.6 Classification of Lasers

				Practical lasers commonly found in industries are as follows:

				
						Semiconductor laser diode

						Solid state laser (ruby)

						Gas laser

						Organic dye laser

				

				9.3.7 Semiconductor Laser Diode

				Semiconductor laser diodes are superficially like LEDs, but they produce light in different ways that results in higher output powers and more directional beams. Laser diodes made from direct bandgap material differ from conventional light emitting diodes in that they require an optical cavity and a high injection carrier density. Thus, the name injection diode usually refers to the semiconductor laser diode. The semiconductor laser is much more efficient and smaller in size than the other types of lasers.

				To obtain stimulated emission, there must be a region in the device where there are many excited electrons and vacant states, i.e holes, present together. This is achieved by forward biasing a junction formed by heavily doped N-type (N+) and P-type (P+) materials as shown in Fig. 9.10(a). This is an injection laser diode with a P-N optical cavity formed by cleaving the opposite ends of the diode and sawing the adjacent sides of the rectangular structure. When the injection is forward biased with a voltage which is equal to the energy gap voltage, electrons and holes are injected across the junction in sufficient numbers to create a population inversion in a narrow zone called the active region as shown in Fig.9.10(a).

				[image: Fig-9-10a.eps]

				Fig. 9.10(a) Injection laser diode structure.

				In GaAs which has a direct bandgap, the electrons and holes have a high probability of recombining radiatively. The recombination radiation produced may interact with the valence electrons and be absorbed, or may interact with electrons in the conduction band thereby stimulating the production of further photons of the same frequency. If the injected carrier concentration becomes large enough, the stimulated emission can exceed the absorption so that optical gain can be achieved in the active region. In Fig. 9.10(b), the radiant output power is a function of the diode current. A threshold current Ith of about 
10 A is required for coherent output. The device is operated in the pulsed mode only since the required current is very high. The emissive wavelength depends on (i) the semiconductor material, (ii) the doping level, and (iii) the temperature of operation.

				In some injection lasers, a film of silver or gold is deposited over one end so that the other end serves as the only output. The gallium arsenide material is reflective, so no internal mirrors are required to produce reflection. This type of laser emits 0.5 to 50 W of pulsed energy. Many injection lasers are operated at the cryogenic temperature (about 77 K).

				[image: Fig-9-10b.eps]

				Fig. 9.10(b) Injection laser diode—output characteristics.

				Semiconductor laser diodes are most widely used in fibre optic systems. However, their disadvantages lie in the fact that high drive currents are required to drive the larger laser pellets and the large source size requires big and costly optics.

				9.3.8 Differences between LEDs and Laser Diodes

				
					
						
								
								LED

							
								
								Laser diode

							
						

						
								
								LEDs lack reflective faces.

							
								
								There are reflective faces in laser diodes.

							
						

						
								
								LEDs operate at low drive current.

							
								
								Lasers must operate with large drive currents to get high density of ready-to-combine electrons needed at the P-N junctions.

							
						

						
								
								The output does not depend on the drive current passing through the LED.

							
								
								The laser diode output depends on the drive current passing through it.

							
						

						
								
								LEDs are less powerful. 

							
								
								Laser diodes are more powerful than LEDs and emit a narrower range of wavelengths.

							
						

						
								
								LEDs have greater lifetimes than those of the lasers. 

							
								
								The high drive currents and optical power levels make laser lifetimes shorter than those of LEDs.

							
						

					
				

				9.3.9 Solid State Laser (Ruby)

				Ruby is sapphire (crystalline aluminium oxide) in which 0.05% chromium replaces aluminium. Figure 9.11 shows an optically pumped solid state laser. Energy produced by a dc high voltage power supply (in the range of 2000 to 5000 V) is stored in a bank of capacitors. The flash tube is filled with xenon and does not conduct until the gas is ionized by a high voltage pulse from the trigger transformer. When it is pulsed by the trigger, the stored energy causes the xenon tube to emit very intense radiation, which then is absorbed in the laser crystal by the pumping action.

				Light from the flash tube pumps the chromium atoms from ground state G to the excited levels in band E or band F. The pumped atoms are unstable at this state and lose 
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				Fig. 9.11 Optically pumped solid state laser.

				energy in two steps. The first step is to a metastable level M in which no emission takes place. The second step is from M to ground G state, with release of photons by simulated or spontaneous emissions. This is called a three level energy laser action. The laser beam emerges through the partially transmitting mirror at the right end of the laser. A large amount of heat is dissipated by the flash tube and consequently the laser rod quickly becomes very hot. Cooling has to be provided by forcing air over the crystal.

				To increase the effective optical coupling between the flash lamp and the laser rod, it is necessary to surround the complete assembly by reflecting walls. This system uses a helical flash lamp with the ruby rod centred in the enclosure and is exactly like the one used in photography. The laser uses flash lamps of glass or quartz tubes filled with gas at low pressure. The gas generally used is xenon, though a higher brightness is achieved by using krypton or helium. These lamps are of various shapes like helical, linear, and 
U-shaped. Lamp size, pulse duration and electrical input energy can be varied over a wide range. A wide range of wavelengths is formed when an electric current is discharged through the lamp and a high temperature plasma emits radiant energy. The pressure and the type of gas can be adjusted to produce a wavelength peak that matches the absorption spectrum of the variety of crystals being used.

				9.4 LIQUID CRYSTAL DISPLAYs (LCDs)

				The liquid crystal is a passive type of display. It is a low power consumption device. The liquid crystal state is a phase of matter which is exhibited by a large number of organic materials over a restricted temperature range. At the lower end of its temperature range, the material becomes a crystalline solid, whilst at the upper end it changes into a clear liquid. Within this range it has a milky yellowish appearance and combines some of the optical properties of solids with the fluidity of liquids. A major characteristic of all liquid crystal compounds is the rod like shape of their molecules. There are two types of ordering in liquid crystals—nematic and cholesteric. In nematic ordering, the molecules are aligned parallel to each other as shown in Fig. 9.12(a), but apart from remaining parallel the molecules are free to move relative to each other so that the phase has liquid properties as shown in 
Fig. 9.12(b), which is cholesteric ordering in liquid crystals.

				[image: Fig-9-12ab.eps]

				Fig. 9.12 Liquid crystals: (a) nematic ordering and (b) cholesteric ordering.

				In Fig. 9.13, the liquid crystal display has two glass plates, the insides of which are coated with a transparent pattern of conductive materials. The plates are mounted with conducting layers facing each other. The liquid crystal materials are retained between these 
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				Fig. 9.13 LCD construction.

				plates by a peripheral seal of glass frit or epoxy. Both the outer surfaces of the front and rear glass plates require light polarising films. Ordinary light is composed of vertical and horizontal components; polarising it removes one of the components. The polarising film on the rear glass is covered with a reflective material such as silver bead, silver foil, gold foil or a transreflective material (reflects ambient light and transmits back light).

				Liquid crystal displays are activated by applying voltage between the segment and the common electrodes. The allowable frequency range of the driving voltage (5Vrms ) is from 
30 to 100 Hz. If the driving frequency is below 30 Hz, flicker will be observed. The power consumption increases in direct proportion to the driving frequency, and a driving frequency of 100 Hz is typically used. AC voltage is used to prevent plating of the conductive electrodes because of electrolysis. Liquid crystal display devices require backlighting if they are to be used in the dark or at night. They are very sluggish at low temperatures, and in some applications heaters are added or integrated into the display at the time of their fabrication.

				LCDs are used as display devices for digital watches, pocket calculators and laptop computers. 

				9.5 PHOTOCONDUCTIVE SENSORS OR BULK PHOTOCONDUCTIVE CELLS

				A bulk photoconductor or a photoresistor is a semiconductor device whose conductivity increases (i.e. resistivity decreases) in proportion to the intensity of light. A film of polycrystalline is deposited on an insulating substrate and the electrodes are formed by evaporating a suitable metal, such as gold, through a mask to give comb-like pattern as shown in Fig. 9.14. This geometry, which results in a relatively large area of sensitive surface and a small interelectrode spacing, helps to give a high sensitivity to the device. 
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				Fig. 9.14 Typical electrode geometry of a CdS photoconductive cell.

				The spectral response of photoconductive bulk type cells depends upon the basic material used, cadmium sulphide (CdS), lead sulphide (PbS), or cadmium selenide (CdSe), as well as on doping. The photoconductive bulk effect cells have no junction. The entire layer of the material changes resistance when illuminated. The resistance of the photoconductive cell decreases with the increase in the level of light and the resistance increases as the level of light decreases. As long as no light is incident upon the device, the bulk photoconductor has a certain high resistance called the dark resistance. Cadmium sulphide cells have their peak response in the visible spectrum. The resistance of a photoconductive cell versus intensity is non-linear as shown in Fig. 9.15(a). The value of the dark resistance may be as large as 104–107 W. Photoconductive devices require an external source as shown in Fig. 9.15(b). Changes in resistance of the photoconductor will cause a voltage variation across load RL. A blocking capacitor C is used to let the ac component of the voltage pass.

				[image: Fig-9-15ab.eps]

				Fig. 9.15 Photoconductive cell: (a) characteristic curve and (b) biasing circuit.

				If the energy E1 = hf1 of a photon striking the surface of a conductor is greater than the energy gap between the valence and conduction energy bands of the semiconductor, sufficient energy will be imparted to an electron to raise it to the conduction level, leaving a hole in the valence band as shown in Fig. 9.16. Such electron-hole pairs are free to serve 
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				Fig. 9.16 Photoeffect in a semiconductor.

				as current carriers, so that the conductivity of the material increases with the increase in the illumination level and area. Photons having insufficient energy to excite electrons to the conduction band, such as E2 = hf2, will not increase the conductivity of the material. Since the photoconductive cells are characterised by a change in resistance, they are sometimes referred to as photoresistors or photoconductors. The performance of a photodiode is usually assessed in terms of the specific sensitivity, i.e. the integral sensitivity per volt of applied voltage. The specific sensitivity is given by

					Ssp = IP/fV………(9.4)

				where

				IP 	is the photocurrent in mA 

				f 	is the light flux in lumen

				V 	is the applied voltage in V

				The specific sensitivity is usually several hundreds or several thousands microamperes per volt per lumen. Photoresistors have a linear V-I characteristic and a non-linear current-flux characteristic as shown in Fig. 9.17.
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				Fig. 9.17 Photoresistors: (a) current-voltage characteristic and (b) current-flux characteristic.

				Applications of photoconductive cells

				Photoconductive cells are widely used in low-speed switching, counting, and beam-breaking applications, as well as in cameras to control shutter opening during the flash. 

				Advantages and disadvantages of photoconductive cells

				Photoconductive cells have a high dissipation capacity and can withstand a high voltage. They are used to control relays and small motors directly.

				The disadvantage is that their speed of response is slow.

				9.6 PHOTODIODEs (JUNCTION TYPE PHOTOCONDUCTORS)

				Photodiodes are photosensitive types of semiconductor devices. There are two basic kinds of photodiodes.

				
						Photoconductive type diode or light-dependent resistor (LDR)

						Photovoltaic type diode or solar cell

				

				9.6.1 Photoconductive Type Diode or LDR

				A photoconductive type diode or photodiode is a semiconductor diode which depends for its operation on the inner photoelectric effect. The incident light controls the reverse current of a photodiode. When the photons of energy greater than the energy gap of the device material are absorbed in the device, hole-electron pairs are generated, the conduction of the diode increases, and the reverse current builds up. This is the current mode of operation. The current-voltage characteristic curve for the current mode of operation is shown in 
Fig. 9.18(a). The operating voltage of photodiodes is usually 10 to 30 V. The dark current does not exceed 10 to 20 mA for germanium devices and 1 to 2 mA for silicon devices. 

				An external bias is needed for the photoconductive types of diodes. The reverse saturation current of a P-N junction semiconductor diode increases with the rise in temperature (heat). Heat is a form of energy in the infrared region of the electromagnetic spectrum. Light, in the visible spectrum, striking an exposed P-N junction also results in the generation of electron-hole pairs. The greater the intensity and higher the frequency of light, the larger is the diode current. In P-N photodiodes, a thin P diffusion allows a good short-wavelength response. A deep P diffusion degrades the short-wavelength response but lowers the bias required for good response at longer wavelengths. An increase in the reverse voltage across a photodiode raises the current only slightly. The current-flux characteristics are linear and almost independent of the applied voltage as shown in Fig. 9.18(b).
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				Fig. 9.18	Photodiode: (a) current-voltage characteristics in the current mode and (b) current-flux characteristics.

				The dark current is a small leakage current that flows for no incident radiation. In other words, the dark current is the reverse leakage current besides the photocurrent generated when a P-N junction photodiode is reverse biased without light. This dark current consists of a surface leakage current and a bulk leakage current. The surface leakage current of a photodiode is about 100 times the bulk leakage current.

				The photodiode is sensitive to certain colours. The sensitivity of a photodiode depends on the energy gap of the material used for the diode. In addition to germanium and silicon, cadmium selenide (CdSe), cadmium sulphide (CdS), and cadmium telluride (CdTe) are the commonly used materials.

				Principle of operation of photoconductive type diode

				The reverse-biased P-N junction is the only way to operate a photosensitive device. When a photon is absorbed in a semiconductor, a hole-electron pair is formed and swept across the junction by the electric field e developed across the depletion region. A photocurrent results owing to the separated hole-electron pairs. The minority carrier electrons in the 
P-region go to the N-side, and the minority carrier holes in the N-region go to the P-side. Separation of a photon generated hole-electron pair is more likely to occur when the pair is formed in a region where there is an electric field e as shown in Fig. 9.19. The flow of photocurrent in the external circuit is proportional to the illumination.
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				Fig. 9.19 P-N photodiode junction and its internal field diagram.

				The distribution of the electric field in a semiconductor diode is not uniform as shown in Fig. 9.19. In the regions of the P-type diffusion (front) and N-type diffusion (back), the field is much weaker than it is in the centre region known as the depletion region. For best results, a photodiode should be made so as to allow the greatest number of photons to be absorbed in the depletion region. The photons should not be absorbed until they have penetrated as far as the depletion region, and they should be absorbed before penetrating beyond the depletion region.

				The depth at which a photon will penetrate before it is absorbed is a function of the photon wavelength. Short wavelength photons are absorbed near the surface. Those of longer wavelength may penetrate the entire thickness of the crystal. Therefore, if a photodiode is to have a broad spectrum of wavelengths, it should have a very thin P-layer to allow short-wavelength photons to penetrate, as well as a thick depletion region to maximise photocurrent from the long-wavelength photons.

				The thickness of the depletion region depends on the resistivity of the region to be depleted and on the reverse bias. A depletion region exists at room temperature even if no reverse bias is applied because of the built-in field produced by diffusion of minority carriers across the junction. Reverse biasing aids this built-in field and expands the depletion region (at room temperature). Figure 9.20 shows the planar construction and connection diagram of a photodiode.
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				Fig. 9.20 Planar construction and connection diagram of a photodiode.

				Applications of photoconductive type diodes or LDRs

				Photoconductive type diodes or LDRs are used as:

				
						Light-operated ON-OFF relays

						Light-sensitive trips and alarms

				

				9.6.2 Photovoltaic Type Diode or Solar Cell

				Silicon junction photovoltaic cells are employed for the direct conversion of solar energy to electric energy. No external bias source is required in photovoltaic type diodes. The junction generates a voltage and/or current depending upon the illumination and the load. This is the voltage mode of operation for photodiodes. The photovoltaic or solar cells are able to generate an emf of 0.4–0.5 V per cell. The individual cells can be connected in parallel and series into solar batteries or panels which have a relatively high efficiency (up to 20%) and can deliver a power output of several kilowatts. The photovoltaic cells are made of P-type selenium and N-type cadmium oxide as shown in Fig. 9.21. The N-type region is exposed to the incident radiation.

				Principle of operation of photovoltaic cell (photovoltaic type diode)

				Photons incident on the P-N junction and the adjacent regions give rise to the generation of electron-hole pairs. The electrons and holes created in the N-region and P-region, respectively, diffuse towards the junction and if they have no time to recombine in the transit, they fall under the influence of the internal electric field existing in the junction as shown in Fig. 9.22. This field also acts on the carriers created in the junction itself. The field separates the electrons from the holes. With regard to the majority carriers, i.e. the holes in the P-region, however, the field is an accelerating one. It sweeps the electrons into the N-region.
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				Fig. 9.21 Construction of selenium (Se) photovoltaic cell.

				[image: Fig-9-22.eps]

				Fig. 9.22 Separation of light induced carriers in the field of a P-N junction.

				Similarly, the holes are swept by the field out of the N-region into the P-region. With regard to the majority carriers, i.e. the holes in the P-region, however, the field of the junction is a decelerating one. These carriers stay in their respective regions, i.e. the holes remain in the P-region and the electrons in the N-region as shown in Fig. 9.22. As a result, excess majority carriers accumulate in their respective regions. The electrons and holes build up charges in their respective regions, and a potential difference called the photo-emf appears. This photo-emf builds up non-linearly with increasing luminous flux, i.e. irradiance as shown in Fig. 9.23(a). The solar cell operates in the quadrant where IP is negative and V is positive as shown in Fig. 9.23(b). Under increasing levels of illumination, the curve is progressively shifted downwards.
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				Fig. 9.23 Photovoltaic diode: (a) photo-emf as a function of light flux and (b) current-voltage characteristic.

				When a semiconductor photovoltaic cell is connected to a load RL, a photocurrent IP begins to flow as shown in Fig. 9.24. 

				The photocurrent is given by

				[image: Biswanath__Eq-9-2.wmf]………(9.5)

				where

				Eph 	is the photo-emf

				Rph 	is the internal resistance of the photovoltaic cell.
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				Fig. 9.24 Connections of photovoltaic cell.

				Applications of the photovoltaic cell

				
						The photovoltaic solar cell has become the workhorse for producing spacecraft power.

						It is used to recharge batteries for satellite and earth communication equipment.

				

				Disadvantages of the photovoltaic cell

				
						It has a poor frequency response.

						The integral sensitivity is strongly dependent on temperature. 

				

				9.7 PHOTOTRANSISTORs

				The top surface of a bipolar phototransistor has a window or lens so that its base region can be exposed to incident radiation. Photons incident on the base generate electron-hole pairs which diffuse towards the collector junction. The collector field forces the electrons from the base to the collector where they augment the base current. The holes remain in the base and raise the forward voltage across the emitter junction—a factor which stimulates the injection of holes in this junction, thereby building up the collector current.

				The above chain of events applies when the phototransistor is of N-P-N type with no base connection as shown in Fig. 9.25(a). This makes it a two-terminal device. The emitter junction is forward biased and the collector junction is reverse biased. The output characteristics of the phototransistor are shown in Fig. 9.25(b). Each curve corresponds to a particular level of irradiance (luminous flux). The dashed portions of the curves represent the electric breakdown. The phototransistor dark current is proportional to the junction area and the perimeter at the surface. Careful processing of the transistor chip as shown in Fig. 9.25(c) is required to minimise the dark current and maintain a maximum light sensitivity. 
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				Fig. 9.25 Phototransistor: (a) N-P-N type with no base connection, (b) output characteristics, and (c) structure.

				9.8 LIGHT-ACTIVATED SCRs (LASCRs) OR PHOTO SCRs

				A variation in an SCR is a light-activated SCR (LASCR). Light passing through a translucent window in the package containing the device acts as a trigger pulse. The LASCR behaves as an SCR as shown in Fig. 9.26. It is very sensitive to temperature, applied voltage, and the rate of change of applied voltage.
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				Fig. 9.26 Structure and symbol of a photo SCR (LASCR).

				Principle of operation of LASCR

				With proper bias, photons incident on the P1 base region create electron-hole pairs in that region, and these diffuse towards the P-N junction i.e. J1. On entering the reverse-biased J2 region, the electrons reduce the resistance of this region. Consequently, the voltage applied to the SCR is redistributed. The voltage across the J2 junction reduces to an extent and simultaneously the voltages across J1 and J3 junctions rise. This, however, enhances carrier injection into J1 and J3 junctions. The injected carriers arrive at the J2 junction, its resistance decreases further, and another voltage redistribution takes place. With such an enhancement in carrier injection in J1 and J3 junctions and with the current building up cumulatively in an avalanche fashion, the SCR turns on.

				The greater the luminous flux incident on the SCR, the lower the voltage that is needed to turn on the device as may be seen from the characteristics curves shown in Fig. 9.27. After turn-on, a small voltage is established across the device as usual and nearly all of the supply voltage is dropped across the load RL. Sometimes, a gate electrode is made to one of the base regions (P1 or N2). By applying a dc voltage to the gate electrode, it is possible to bring down the turn-on voltage. The turn-on action is accomplished by the incident radiation as before.

				The LASCR is used to drive a higher power device, usually another SCR.
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				Fig. 9.27 Current-voltage characteristics of a photo SCR (LASCR).

				Advantages of LASCRs

				The LASCRs have the following advantages:

				
						Low power drain in the ON-state region

						Small size

						Free from sparking

						A short turn-on time

				

				9.9 OPTOCOUPLERs OR OPTOISOLATORs

				The optocoupler, also called the optoisolator, consists of a photo-emitting device such as an LED (infrared LED) whose flux is coupled through a transparent insulation material (e.g. air, glass, or optical fibre) to some sort of junction detector such as a photoconductor, photodiode, phototransistor, photo FET, phototriac, photo SCR or integrated photodiode/amplifier in a single package. In other words, an optoisolator cell is the combination of a light source and a photodetector. Various combinations of these elements result in a wide variety of input characteristics, output characteristics, and coupled characteristics. A significant advantage is its high isolation resistance (in the order of 1011 W) between its input and output. Isolation capacitance of an optocoupler (in the order of 0.3–2.5 pF) is a parasitic capacitance from input to output through the dielectric. Isolation voltage (in the order of 1500–50,000 V) is the maximum voltage which the dielectric can expect to withstand. 

				Optocouplers use an infrared input with a variety of output detectors. Characteristics such as coupling efficiency which is the effect of infrared current on the output device, speed of response, voltage drops, current capability, and V-I curves vary from model to model. These characteristics must be considered, especially when performing substitutions. The only common characteristic is that the input is dielectrically isolated from the output. Common symbols for optoisolators are shown in Fig. 9.28.
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				Fig. 9.28 Symbols of optocouplers (optoisolators).

				The optocoupler was designed as a solid state device to replace mechanical relays and pulse transformers as it offer a high value of isolation resistance between the input and the output. The following are the improvements offered by optocouplers:

				
						Faster operating speeds

						Small size

						No bounce action

						No moving parts to stick

						Insensitivity to vibration and shock

						Compatible with many logic and microprocessor circuits

						Frequency response from dc to 100 kHz

				

				The input stage of an optocoupler consists of an efficient GaAs infrared emitting diode. The output stage of the basic optocoupler is a phototransistor. Figure 9.29 has a thin layer of infrared transmitting glass between the input and the output stages. Figure 9.30 
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				Fig. 9.29 Glass-isolated optocoupler configuration.
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				Fig. 9.30 Air-isolated optocoupler configuration.

				shows an air gap to attain greater electrical isolation. Regardless of whether an air gap or infrared transmitting glass is used to separate the input and the output circuits, the operating characteristics remain basically identical.

				Applications of optoisolators (optocouplers)

				The optoisolators are used to interface different types of logic circuits. They are also used in level and position sensing circuits.

				Advantages of optoisolators

				The optoisolators have the following advantages:

				
						There is no electrical connection between the input and the output.

						The bandwidth is very large extending from zero to 1014 GHz.

						The optical section of the device controls the output signal.

						The optical channel is highly immune to interference that may arise owing to external electromagnetic fields.

				

				Disadvantages of optoisolators

				The optoisolators have the following disadvantages:

				
						The power drain is relatively high because energy conversion takes place twice, and the efficiency of each of them is low.

						Optocouplers are subjected to temperature variations and radiation effects.

						The inherent noise level is relatively high.

						There is a noticeable tendency to age, and therefore, an impairment in performance with time takes place.	

				

				9.10 SOLID STATE RELAYs (LIGHT OPERATED RELAYs)

				The junction type photoconductors have relatively small dissipation capacities compared to the bulk type photoconductive cells. Consequently, the junction type photoconductors usually require some stages of amplification to provide a control function. The photo relay as shown in Fig. 9.31 is used as a switch to apply power to a lamp load when the actuating light focused on the photo cell goes off. The relay contact (NO) is normally open (when the relay is not energized). The conductivity of the photo cell increases on the incidence of light. The resistance of the photo cell and R1 form a voltage divider which makes the base-emitter junction of transistor Q forward biased.
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				Fig. 9.31 Circuit diagram of a solid state relay (photo relay).

				The increase in light intensity on the photoconductive cell increases its conductivity. The voltage developed across the photoconductive cell is inadequate to drive transistor Q. Therefore, the relay does not energize, i.e. the relay remains cut off when light falls on the photoconductive cell. No ac power is applied to the lamp. However, when the illumination on the cell goes off, the resistance of the cell increases drastically. Consequently, an increase in voltage drop across the cell enhances the forward voltage to the input of transistor Q. This increases the base current and the collector current. The increased collector current energizes the relay coil and the ‘normally open contact’ of the relay closes, applying ac power to the lamp. If the load is a street light, it will automatically turn on after sunset and turned off after sunrise. Resistor R2 is used to control the level of light desired to turn off the load power.

				9.10.1 Solid State Relay Using Optocouplers

				In Fig. 9.32, the optocoupler is operated as a solid state relay so as to allow a logic input of 5 V to control a 230 V ac load. The LEDs of the two optocouplers are fed through a power frequency square wave generator.
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				Fig. 9.32 Circuit diagram of a solid state relay using optocouplers (triggering circuit of an SCR using optocouplers).

				When an input pulse turns on the LED of the optocoupler-1, its light activates the LASCR of the same optocoupler-1. In turn, this produces a trigger pulse for the load carrying SCR T1. This is how an isolated control over the positive half-cycle of the line voltage can be obtained. The resistor RS and capacitor CS form the suppression (snubber) network for any induction in the load. The load current during the negative half-cycle flows when optocoupler-2 gets activated. During the negative half-cycle of the line voltage, the logic input to the LED of optocoupler-2 will be reversed.

				This isolation system eliminates the drawbacks of the coupling transformer.

				9.11 OPTICAL FIBre

				Fibre optic systems offer an alternative method for transmitting information and sensing physical events. A basic fibre optic system as shown in Fig. 9.33 consists of a transmitter (light source with modulator or driver), a propagation medium (optical fibre with connectors or splices), and a receiver (light detector and preamplifier). The light source may either be an LED or an injection laser diode. Information is sent as intensity modulation of the light produced by the transmitter. The optical signal is referred to as the carrier. The system illustrated in Fig. 9.33, called the simplex system, is one-directional. A duplex system provides a two way communication and requires two such links. The losses in a point-to-point fibre optic system comprise the insertion losses at the input, the output, the connectors, and the transmission loss. The transmission loss is proportional to the cable length. Optical fibres do not pick up electromagnetic interference because they carry signals as light. A major attraction of optical fibres is that they can carry information at very high speeds over long distances. The optical communication frequencies range from 300 to 600 tetrahertz (THz). Presently, the fibre optic systems operate in the range from 0.6 mm to 1.6 mm.

				[image: Fig-9-33.eps]

				Fig. 9.33 Block diagram of a basic fibre-optic link.

				9.11.1 Materials of Optical Fibre

				Most fibres are made of glass, plastic, or plastic-clad glass. Some special fibres are made of other materials, such as exotic fluoride compounds. Standard fibres are flexible but somewhat stiff. Flexibility depends on the fibre diameter. Optical fibres are often compared to human hairs. These thin glass or plastic strands, with diameters between 0.003 mm and 
0.5 mm, conduct the modulated carrier from the transmitter to the detector. Many fibres may be bundled together, or they may be used individually. Virtually, all communications use individual optical fibres. Each fibre is optically separate from the other, although many separate fibres may be housed in a common cable. The choice of the proper optical cable to conduct the modulated optical carrier depends on the following parameters:

				
						Fibre light-guiding ability

						Attenuation

						Bandwidth

						Cross-section of the cable fibre

						Cable configuration (fibre connectors).

				

				9.11.2 Characteristics of Fibre Optic Systems

				Fibre optic systems offer a number of distinct advantages over the wire or radio systems. The reasons for preferring them in communication are described below.

				Low transmission losses

				This means that the light signal in the optical guide suffers little loss between the transmitter and the receiver.

				Greater bandwidth

				A greater bandwidth means that more information can be conveyed compared to that conveyed by wire or radio communication systems. This property coupled with low fibre attenuation provides long distance, high-data-rate transmission links.

				Immunity to inductive interference and crosstalk

				As the fibre is a dielectric, the changing electric or magnetic fields do not induce interfering signals. The optical fibre does not act like an antenna to pick up radio-frequency and electromagnetic interference. Consequently, crosstalk, which is the coupling of information from one pair of copper wires to another pair nearby, is virtually non-existent in optical fibre cables. This results in noise-free transmission. The fibre cable is also not susceptible to lightning even when used overhead.

				Lower weight and less bulky cable

				Optical fibres have very small diameters which are	 often no greater than the diameter of a human hair. Hence, even when such fibres are covered with protective coatings they are far smaller in cross-section and much lighter than the corresponding copper cables. This permits increased transmission capacity in underground conduits. The reduction in size and weight makes optical cable ideal for communication links in aircraft and ships.

				Excellent signal confinement

				This occurs because the optical guide is designed to trap the optical electromagnetic wave within the fibre. Hence, external electric and magnetic fields are virtually non-existent.

				Electrical isolation

				Optical fibres which are fabricated from glass, or sometimes a plastic polymer, are electrical insulators and, therefore, they do not exhibit earth loop and interface problems. Optical fibre transmission is ideally suited for communication in electrically hazardous environments as the fibres create no arcing or spark hazards in abrasions or short-circuits. 

				9.11.3 Advantages of the Optical Fibre

				The advantages offered by the optical fibre are summarised below:

					(i)	Propagated light signals have no interference with electrical noise.

					(ii)	The optical fibre can withstand a lot of environmental hazards and has a longer life than that of the copper wire.

					(iii)	The attenuation of signals in optical fibres is much less than that in coaxial cables or twisted pairs of copper cables. 

					(iv)	The speed of transmission is very fast as the signals are carried by light.

					(v)	The optical fibre cable is more economical than the conventional copper cable.

					(vi)	There is no interference of radiation with other systems as optical fibres are non-conductive and non-inductive.

					(vii)	Communication is more secure with optical systems as ideally there is no crosstalk.

					(viii)	Fibre materials in raw state are available in abundance.

					(ix)	The channel capacity of fibres being large, the frequency of the carrier light waves is very high. Hence, a large number of speech signal channels can be accomplished in the fibres as the bandwidth is larger than that of a wire transmission system.

				9.11.4 Applications of Optical Fibres

				The application areas of fibre optic systems are growing rapidly. Some of these areas are enumerated below:

					(i)	Transmission of signals within ships and aircraft.

					(ii)	Links among computers and high-resolution video terminals.

					(iii)	Connections between the telephone network and the antennas for mobile telephone services.

					(iv)	Local area networks operating at high speeds or over large areas, and the backbone systems connecting slower local area networks.

					(v)	High-speed interconnections between computers and peripheral devices, or between computers, or even within segments of single large computers.

					(vi)	Portable communication equipment for battlefield use.

					(vii)	Cables for remote news-gathering equipment.

					(viii)	Illumination of wounds inside the human body.

					(ix)	Medical endoscopy, bloodless surgery, retinal welding, and in laser opthalmoscope. 

					(x)	Transfer of infrared energy from the source to the point of application of heat. 

				Fibre optics also find use in ultraviolet region for spectrophotometric work.

				9.11.5 Working Principle of the Optical Fibre (Light Guiding)

				The working of the optical fibre depends on the principles of optics and the interaction of light with matter. Light can be seen either as electromagnetic waves, or as photons, i.e. quanta of electromagnetic energy. The simplest fibre type consists of a cylindrical core of glass (silica) or plastic with index of refraction n1, surrounded by a concentric layer of glass or plastic of index n2 as shown in Fig. 9.34.

				[image: Fig-9-34.eps]

				Fig. 9.34 Basic structure of a step-index fibre.

				The index of refraction of a material is defined as

					n = speed of light in vacuum/speed of light in the material

				The index of refraction ranges from 1.45 to 1.55 for silica glass. Hence, light travels approximately 33% slower in silica than in air. The second layer is called the cladding, and has a refractive index less than that of the core by a few per cent. Additional layers, called buffers, are added to protect the cladding and to strengthen the fibre.

				Optical power coupled into the fibre core is prevented from escaping the core by being totally reflected at the core boundary. Therefore, the light is guided along the fibre core. In Fig. 9.35(a), a light ray is directed towards a boundary at an angle q1. Some of the light is reflected at the same angle q1. The rest of the light crosses the boundary into the second medium as a refracted ray which travels at an angle q2 as shown in the figure. According to the Snell’s law

					n1 sin q1 = n2 sin q2………(9.6)

				For this illustration n2 > n1, so that q2 > q1.

				Thus, it is seen that one part of the light is reflected at the boundary. The rest is lost owing to refraction. The objective is to eliminate the loss of light power owing to refraction. For light rays that are directed into a material with a lower refractive index, there is a certain angle of incidence for which the refracted angle is 90o. This specific angle of incidence shown in Fig. 9.35(b) is called the critical angle qc. At angles of incidence greater than qc , total internal reflection of light occurs at the core–cladding boundary in a fibre as shown in Fig. 9.35(c). Therefore, light rays admitted to the fibre core only within a specified range of incident angles are guided by the fibre. This range defines an acceptance cone which is illustrated in Fig. 9.36. This cone is specified by the numerical aperture (NA) given by

					[image: Biswanath__Eq-9-3.wmf]………(9.7)

				where q is the cone’s half-angle. For most fibres, the cladding index is only a few per cent smaller than that for the core, therefore, Eq. (9.7) may be approximated as

					[image: Biswanath__Eq-9-4.wmf]………(9.8)

					[image: Biswanath__Eq-9-5.wmf]

				where D = n1 – n2. 

				The step index fibres have NA values between 0.2 and 0.6.

				[image: Fig-9-35.eps]

				Fig. 9.35	Reflection and refraction of light waves at a boundary between two different materials for light incident at an angle (a) less than the critical angle, (b) at the critical angle, and (c) greater than the critical angle.

				[image: Fig-9-36.eps]

				Fig. 9.36 Acceptance cone for a step index fibre.

				9.11.6 Fibre Optic Cable

				A cable structure protects the optical fibres from mechanical damage and environmental degradation, eases handling of the small fibres and isolates them from mechanical stresses that could occur in installation or operation. This cable resembles externally the conventional metal cables, and uses some materials and jacketing technology hired from copper wire cables. Polyvinyl chloride (PVC) sheaths are common on both fibre optic and coaxial cables used inside the buildings, but fibre cables are brightly coloured. Polyethylene (PE) is used on both metal and fibre cables to protect them against the environmental rigours of the underground burial or aerial installation.

				Plenum cables are special intra-building cables made of materials that retard the spread of flame and produce little smoke. The word ‘plenum’ means air handling spaces, including the space above suspended ceilings and below elevated floors, as well as heating and ventilation ducts. The construction of a single fibre plenum cable is shown in Fig. 9.37. The optical fibre must be strengthened with strands of Kevlar strength member (Kevlar is a registered trademark of DuPont, Inc.) and protected by an inner sheath or jacket before 

				[image: Fig-9-37.eps]

				Fig. 9.37 Structure of a single fibre cable.

				the outer sheath layer is provided. The need for such special materials makes the cable relatively expensive. 

				9.11.7 Splices and Connectors

				Splices as shown in Fig. 9.38 are used where junctions are permanent or where the lower loss in splices is a critical requirement. For example, splices are made in long cable runs if there is no need of disconnecting the cable segments, and connectors, if used instead, would reduce maximum transmission distances because of losses occurring in them. Splices offer better mechanical characteristics for outdoor locations.

				[image: Fig-9-38.eps]

				Fig. 9.38 Rotary or polished-ferrule splice.

				Fibre optic connectors and splices are interchangeable. Connectors as shown in 
Fig. 9.39 are normally used at the ends of systems to join cables for transmitters and receivers. Connectors are used in patch panels where outdoor cables enter a building and have their junctions with cables that distribute signals within the building. 

				[image: Fig-9-39.eps]

				Fig. 9.39 A simplified generic fibre connector with coupling receptacle or adapter.

				MULTIPLE CHOICE QUESTIONS

					1.	A light emitting diode is

						(a)	a display device.	

				(b)	an amplifying device.

						(c)	a storage device.	

				(d)	none of the above.

					2.	Radiation emitted by an LED can be seen in the

						(a)	ultraviolet region.	

				(b)	visible spectrum. 

						(c)	visible as well as the infrared region. 	

				(d)	infrared region. 

					3.	Emission of light in an LED is due to 

						(a)	generation of electromagnetic radiation.

						(b)	emission of electrons.

						(c)	conversion of heat energy into light energy.

						(d)	the photovoltaic effect.

					4.	In a photoemissive device the number of electrodes is

						(a)	four.	

				(b)	three.

						(c)	two.	

				(d)	six.

					5.	Laser light is produced by

						(a)	stimulated emission. 

					(b)	spontaneous emission.

						(c)	electricity.	

				(d)	black magic. 

					6.	A laser diode can be fabricated using

						(a)	silicon. 

					(b)	germanium.

						(c)	gallium arsenide. 	

				(d)	aluminium. 

					7.	Which of the following statements about the difference between semiconductor lasers and LEDs are true?

						(a)	Lasers emit light only if the drive current is above a threshold value.

						(b)	Lasers emit higher power at the same drive current.

						(c)	Output from LEDs spreads out over a broader angle.

						(d)	All of the above. 	

					8.	The power consumption of an LCD compared to an LED is

						(a)	equal.	

				(b)	more.

						(c)	less.	

				(d)	none of the above. 

					9.	The photoconductive bulk effect cells have

						(a)	one junction. 

					(b)	no junction.

						(c)	two junctions. 

					(d)	none of the above. 

					10.	The conduction in photoelectric devices is controlled by

						(a)	an external source of electric supply.

						(b)	photo generated electron-hole pairs. 

						(c)	photo bombardment.

						(d)	the extra energy imparted owing to heating.

					11.	The conduction in semiconductor devices can be controlled by the amount of light falling on their surfaces, and such devices are known as 

						(a)	photoelectric relays.	

				(b)	photovoltaic cells. 

						(c)	photosensitive devices.	

				(d)	light emitting diodes. 

					12.	Photoconductive devices are made of a

						(a)	semiconductor material.	

				(b)	radioactive material. 

						(c)	highly conductive material. 	

				(d)	highly insulating material. 

					13.	LDRs are 

						(a)	photovoltaic devices.	

				(b)	radioactive devices.

						(c)	photoemissive devices.

					(d)	photoresistive devices.

					14.	The solar cell is a type of

						(a)	photovolatic device.	

				(b)	photoconductive device.

						(c)	photoemissive device.	

				(d)	electromotive device.

					15.	In a solar cell, the open-circuit voltage is produced as the sun’s radiation falls on it because

						(a)	majority carriers flow across the junction.

						(b)	minority carriers flow across the junction.

						(c)	carrier recombination takes place near the junctions.

						(d)	depletion layer gets reduced. 

					16.	The typical value of open-circuit voltage of a solar cell is

						(a)	10 mV.	

				(b)	1000 mV.

						(c)	0.5 V. 	

				(d)	1 V. 

					17.	A photodiode is used in reverse bias because

						(a)	majority of electron-hole pairs swept are reversed across the junction.

						(b)	only one side is illuminated.

						(c)	reverse current is small compared to photocurrent.

						(d)	reverse current is large compared to photocurrent.

					18.	When a photodiode in reverse bias is kept in dark condition, the current flowing through the device corresponds to

						(a)	maximum value of the current which can flow through the device.

						(b)	zero.

						(c)	normal value of the current through the device.

						(d)	value of the reverse saturation current. 

					19.	The general connection for a phototransistor is

						(a)	common emitter configuration. 

					(b)	common collector configuration.

						(c)	common base configuration.	

				(d)	any of the above.

					20.	In a phototransistor, the base current is

						(a)	set by a bias voltage.	

				(b)	directly proportional to light.

						(c)	inversely proportional to light.	

				(d)	none of the above.

					21.	In a phototransistor, the photocurrent is generated at

						(a)	either of the junctions.	

				(b)	the emitter-base junction.

						(c)	the collector-base junction.	

				(d)	both the junctions.

					22.	The LASCR is a type of 

						(a)	radioactive device.

						(b)	photoemissive device.

						(c)	electromotive device.

						(d)	semiconductor photoelectric switching element.

					23.	The essential components of any fibre optic communication system are

						(a)	light source and cable.	

				(b)	light source, fibre, and receiver.

						(c)	fibre and receiver.	

				(d)	fibres only.

					24.	Optical fibres are made of

						(a)	ultra pure glass.	

				(b)	plastic.

						(c)	glass coated with plastic.	

				(d)	all of the above.

					25.	Optical fibres, unlike wires, are immune to 

						(a)	signal losses.	

				(b)	electromagnetic interference.

						(c)	high frequency transmission. 

					(d)	none of the above. 

					26.	The major advantage of the optical fibres for long distance communication is its

						(a)	small diameter.	

				(b)	nonmetallic character.

						(c)	low loss.	

				(d)	high-speed signal capacity.

					27.	The isolation resistance between the input and the output of an optocoupler is

						(a)	low.	

				(b)	very low.

						(c)	high.	

				(d)	none of the above.

					28.	One application of fibre optics is in

						(a)	communication systems.	

				(b)	colour television sets.

						(c)	black and white television sets.	

				(d)	tape recorders.

				TRUE OR FALSE STATEMENTS

				State whether the following statements are true or false:

					1.	LEDs require warming-up time. 

					2.	For best performance, emitters (LEDs) should be biased from a voltage source rather than a current source. 

					3.	The output of a laser is monochromatic. 

					4.	The lifetime of laser is greater than that of an LED. 

					5.	The liquid crystal is a passive type of display. 

					6.	The power consumption of an LCD decreases in direct proportion to the driving frequency. 

					7.	In darkness, the photoemissive devices emit electrons. 

					8.	In darkness, the resistance of an LDR is very high. 

					9.	Photoresistors are generally made of silicon. 

					10.	An LDR operates on the voltage mode. 

					11.	Photodiodes are usually used in the reverse-biased condition. 

					12.	In darkness, the reverse saturation current flowing through a photodiode is very high. 

					13.	The current in a photodiode is directly proportional to the photon. 

					14.	A photovoltaic cell is a reverse-biased photodiode. 

					15.	A photovoltaic cell operates on the current mode. 

					16.	The energy contained in a photon of light is proportional to the frequency, i.e. the colour. 

					17.	The action of a phototransistor does not depend on the light flux. 

					18.	The injection diode usually refers to the semiconductor laser diode. 

					19.	The greater the intensity and higher the frequency of light, the greater is the diode current. 

					20.	The surface leakage current of a photodiode is 100 times its bulk leakage. 

					21.	In an optocoupler, the input is dielectrically isolated from the output. 

					22.	Optical fibres can pick up electromagnetic interference. 

					23.	Cross-talk is virtually non-existent in optical fibre cables. 

				REVIEW QUESTIONS

					1.	(a)	Describe the mechanism by which light increases the conductivity of a bulk-type photoconductive cell.

						(b)	List the usual materials found in these cells.

						(c)	Identify the material which is considered as a drawback.

					2.	(a)	Explain the process by which light controls the flow of current in a reverse-biased photodiode.

						(b)	Justify the name photodiode. 

					3.	(a)	Explain the construction and working principle of LEDs.  (WBDEE 1999)

						(b)	What are the materials used in the construction of LEDs?

					4.	(a)	Define stimulated and spontaneous emission.

						(b)	Appraise the formation of a laser beam. Explain how a semiconductor laser diode operates.

						(c)	State the demerits of the semiconductor laser diode and explain how it differs from an LED.

					5.	(a)	What is an LCD? Mention its allowable frequency range.

						(b)	Describe its construction and name its applications.

					6.	(a)	Why is a photodiode also called an LDR?

						(b)	Illustrate the principle of operation of a photoconductive type diode.

						(c)	Why is a photovoltaic type diode also called a solar cell?

						(d)	Explain the phenomenon ‘dark current’ with respect to a photoconductive cell.

					7.	(a)	Draw the structure of a phototransistor and explain its principle of working.

						(b)	What are the advantages of a phototransistor over a photodiode? (WBDEE 1998)

					8.	(a)	How does the LASCR work? List its merits.

						(b)	Enumerate the basic principle of the optocoupler.

						(c)	Draw a neat circuit diagram for the isolation required between a thyristor and its firing circuit either using a pulse transformer or using an optocoupler and also explain the operation of the circuit used.  (WBDETC 1997)

					9.	(a)	Explain the characteristics of fibre optics and the reasons for their preference in communication systems.  (WBDEE 1998)

						(b)	What are the main sections of an optical fibre? 	

						(c)	State a few applications of optical fibres.

					10.	(a)	Explain how light is guided in an optical fibre.

						(b)	Mention some of the advantages of optical fibres.

			

		

	
		
			
				Chapter 10

				AC POWER CONDITIONER

				10.1 INTRODUCTION

				Excellent power supply is required for computers, process control systems, microwave relay stations, and so on. These are known as critical loads as they are very sensitive to the nature of power supply for their operation, protection, and continuity of a process. The ac power supplies are commonly used as standby sources when normal power supplies fail. To get the best quality of power supply, it requires conditioning. A fairly stable supply voltage should be free from large transients and large variations of voltage. The allowable voltage variation should not be more than ± 3% of the supply voltage, though a typical computer system can function properly with a supply variation of +5% to –10%. The AC power conditioner is a circuit which provides constant voltage and frequency to a critical load when the input ac supply fails.

				10.2 POWER SUPPLY NOISE

				Noise is the major source of interference to desired signals in electronic systems composed of either discrete (separate) components or integrated circuits. Any unwanted signal associated with the desired signal is noise. Noise may arise as a result of the combined effect of many external sources or it may be self-induced in the circuitry itself. Noise is random in nature and hard to predict or analyse. 

				10.2.1 Origin of Noise

				Noise is originated from various sources. One such example is the faulty connections in the equipment. Ideally, this situation can be eliminated. Another source of noise is usually due to making and breaking of electrical contacts that carry current, e.g. ignition systems of automobiles or the brush contacts of electrical machines. These noises can be suppressed, ideally at the source.

					There are even some natural phenomena that give rise to noise such as electrical storms, solar flares, and certain belts of radiation in space. The only way to reduce such noise is to reposition the receiving antenna in order to minimise noise reception, ensuring at the same time that the received signal is not drastically reduced.

					An inescapable part of noise arises on account of the physical nature of the materials that are used in making electronic components. Such sources are termed fundamental sources and they tend to create noise which is but natural. Such noises are, however, less problematic because they obey certain physical laws, thus allowing the equipment to be designed accordingly. Noise is commonly understood as audible but it does cover in the larger sense visual disturbances such as those that occur in television reception or in the chart recording of data. Thus, noise could be referred to as such kinds of electrical disturbances that in turn give rise to audible or visual disturbances and to errors in data transmission.

				10.2.2 Effect of Noise on Computer and Communication Systems

				Noise causes instantaneous voltage changes in the computer system. The reliability of data in the computer system cannot be assured in the presence of noise. Signals in communication systems can get completely masked by noise.

				10.2.3 Reduction of Noise Signal

				To reduce the effect of noise in ICs, physical shielding of the ICs and their associated wirings helps to prevent external electromagnetic radiation from inducing noise into the internal circuitry. Special buffering and filtering circuits can be used between the electronic circuits and the signal leads. To provide a path for radio frequencies, all linear IC power supply terminals should generally be bypassed to ground. The internal noise generated can be reduced by keeping the lengths of the input and output leads as short as feasible. Proper grounding is essential for reliable operation of computers.

				10.2.4 Different Forms of Noise

				The various forms of noise are:

					(i)	Thermal noise

					(ii)	Shot noise

					(iii)	Partition noise

					(iv)	Low frequency or flicker noise

					(v)	Temperature fluctuating noise

					(vi)	Line noise

					(vii)	Common mode noise.

				Thermal noise

				On receipt of thermal energy, free electrons within a conductor get into random motion. Hence, at any given instant of time, excess electrons may appear at one or other end of the conductor. Although the average voltage resulting from this remains zero, the average power generated is not zero. Since this sort of noise power results from thermal energy, it is called thermal noise (or sometimes called Johnson noise). It would be natural to assume that this average noise power is related to the temperature of the conductor. It is also found that 
the average noise power is proportional to the frequency bandwidth, or spectrum, of the thermal noise.

				Shot noise

				A second fundamental kind of noise is the shot noise. Shot noise also occurs in semiconductor devices where carriers are liberated into potential barrier regions, such as those that occur at P-N junctions. This sort of noise is found to have a uniform 
spectrum density like thermal noise, and the mean square noise current depends 
directly on the direct component of current. It is also a function of the operating condition of the device.

				Partition noise

				With the division of current between two or more paths, the partition noise occurs. It also results from the random fluctuations in the division. All other factors being equal, a diode is less noisy than a transistor under the condition of base current flow. It is for this reason that the inputs of microwave receivers are mostly taken to diode mixers. The spectrum for partition noise is flat.

				Low frequency or flicker noise

				A component of noise appears at frequencies below a few kilohertz, the spectrum density of which increases as the frequency decreases. This is known as flicker noise (sometimes referred to as l.f. noise). Semiconductor amplifying devices pose more problems with flicker noise because it causes change in current density. The changes in current density produce fluctuations in conductivity of the material, and as a result of this, a fluctuating voltage drop is developed when the direct current flows. This is what is called the flicker noise voltage. It follows that the mean-square value of this noise voltage is proportional to the square of the direct current flowing.

				Temperature fluctuating noise

				This is a result of the fluctuating heat exchange between a small body such as a transistorand its environment because of fluctuations in the radiation and heat conduction processes.

				Line noise

				Any signal present on the power line besides the expected alternating current of 50 Hz 
is called the line noise. Line noise usually consists of short-term overvoltages and undervoltages. Line noise entering a computer can cause data errors due to memory bits changing their states at random. This results in parity errors which are dangerous for the execution of the program. Line noise can cause changes in the data and in the programs stored in the memory. Such changes can normally go unnoticed and also prove to be very difficult to locate.

				Common mode noise

				This noise appears between the ground and the neutral or the ground and the live wire of the computer.

				10.2.5	Requirements and Characteristics of the Computer Power Supply System

				Computer power supply systems are necessary as standby sources. They should meet the following requirements:

				
						Isolation between source and load

						High power density for reduction in size and weight

						Controlled direction of power flow

						Input and output waveforms with a low total harmonic distortion so as to be able to use small filters

						Controlled power factor in the case of an ac voltage.

				

				10.2.6 Types of Power Line Disturbances

				The disturbances which normally occur in ac power lines are as follows:

				Transients

				Transients occur owing to switching surges and lightning surges in power line networks. These surges increase the instantaneous voltage in the positive and negative half-cycles of the ac supply. The duration of a surge may last from 0.5 ms to 200 ms.

				Electromagnetic or radio frequency interference

				Switching and lightning surges and ignition systems of automobiles can introduce electromagnetic or radio frequency interference in the input ac supply lines.

				Sudden overvoltage or undervoltage

				These are due to load variations or faults in the power line. The duration of an overvoltage or undervoltage may lie between 10 ms to 2 s. The occurrence of an overvoltage may be due to spikes and surges. Spikes are very high voltages and are split-second events that can disrupt the operation of computers. The causes of spikes are lightning and switching on or switching off of large electrical loads. Surges are overvoltages that exists for more than one cycle and are caused when heavy electrical loads are suddenly switched off. Sags are undervoltages that exist for more than one cycle.

				Production of harmonic waves

				Harmonic distortion is introduced in the supply line when non-linear loads (i.e. current is not exactly proportional to the applied voltage) like phase-controlled rectifiers or adjustable speed drives are connected. Constant voltage transformer produces more distortion as there is no input transformer preceding it. Such equipment produces a high level of distorted input current which in turn develops distorted output voltage in the source impedance. Hence the net output voltage becomes distorted. The upper limit of the total harmonic distortion should not exceed 5%.

				Sustained undervoltage

				The voltage outage is another type of disturbance in which the supply voltage goes down below the allowable value for a considerable period. This voltage outage occurs owing to excessive and extreme variations in load, faults in the power system, or malfunctioning of the equipment. Sustained undervoltage, in other words brownout, is the low voltage condition that can be present even for several hours. This condition is often created when the power demand exceeds the capacity of the power generator. 

				10.2.7 Effects of Power Line Disturbances on Sensitive Electronic Equipment

					(i)	Transients cause errors in the results and damage the equipment if proper care is not taken.

					(ii)	The electromagnetic and radio interferences introduce errors in the results of the sensitive equipment.

					(iii)	The overvoltage and undervoltage conditions lead to errors in the result, shut down or damage the sensitive equipment. Spikes are very damaging, and could burn the complete mother board of the computer system. Sags (undervoltages) can slow down the computer disk drives, leading to data errors and can also cause a head crash resulting in permanent loss of data.

					(iv)	Harmonic waves affect the stability of a stabilised power supply and lead to malfunctioning of computers. Electronic controls are often dependent on the zero crossing, or on the voltage peak for exercising proper control. Harmonics can significantly alter these parameters, thus adversely affecting the operation of the equipment.

					(v)	The voltage outage shuts off or damages the sensitive equipment.

				10.3 SERVO SYSTEM

				A servo system consisting of several devices is the one which continuously monitors the actual information (position, velocity), compares it with the desired outcome, and makes the necessary correction to minimise the difference. In other words, a servo system (also called servomechanism) is a closed-loop control system which provides automatic control of a quantity as desired. A servo-controlled voltage regulator is a closed system that holds a steady level of a voltage. In order to obtain high accuracy and fast response, a servo requires careful and precise design so as to prevent its unstable operation. Figure 10.1 shows the block diagram of a servo system containing:

					(i)	a steady device giving an input level VR (reference voltage) that sets the desired level which the servo is asked to hold,

					(ii)	the controlled quantity vout which is the resulting level of the voltage that is being controlled by this system,

					(iii)	a feedback path to supply a feedback signal vf that indicates the amount of vout being fed back,

					(iv)	an error detecting device that receives the feedback signal vf and compares it with the reference input signal VR, and produces an actuating signal (VR – vf), and

					(v)	a control system element that receives and amplifies the actuating signal (VR – vf) so that a large external power is applied in order to restore vout to the desired voltage. 

				[image: Fig-10-1.eps]

				Fig. 10.1 Block diagram of a servo system.

				10.3.1 Servo Motor

				A servo motor is a small motor which is capable of rotating in both directions. The direction of rotation can be controlled by an external circuit. This servo motor is used for turning the shaft of a variac (autotransformer). A dc motor is used as a servo motor because its direction of rotation can be changed easily by reversing the polarity of the driving voltage. A single-phase squirrel cage induction motor (split-phase capacitor type) can also be used as a servo motor. In automatic voltage regulators, the wiper arm of the variac is rotated by a servo motor.

				10.3.2 Principle of Buck-boost Control of a Servo-controlled 
Voltage Stabiliser

				A variac (autotransformer) is used to feed power to the buck-boost transformer (also called the series-controlled transformer) in a servo-controlled voltage stabiliser. Buck is a voltage opposed in polarity to another voltage in series with it and is said to ‘buck’ that voltage. The amount of buck or boost depends on the value of the voltage applied to the primary of the buck-boost transformer. The output voltage depends on the position of the wiper arm with respect to tap X as shown in Fig. 10.2. If the wiper is set to tap Y, the induced voltage in the secondary of the buck-boost transformer bucks the input voltage by a certain amount, resulting in output voltage lower than the desired output. When the wiper moves up towards the tap X, the primary voltage of the buck-boost transformer becomes lower and lower, and so does the amount of bucking. This increases the output voltage gradually. 

				[image: Fig-10-2.eps]

				Fig. 10.2 Circuit diagram of a buck-boost control method.

					If the wiper arm reaches tap X, the primary voltage becomes zero and there is no induced voltage across the secondary of the buck-boost transformer. At this instant, the input voltage equals the output. As the wiper arm moves further upwards with respect to tap X, the amount of voltage applied to the primary starts increasing in reverse order (i.e. opposite to the bucking polarity) and so does the induced voltage in the secondary. As a result, the voltage induced in the secondary adds to the input voltage and the output voltage becomes larger than the input. The output voltage continues increasing as the wiper arm moves from the bottom of the variac to its top. Hence it is concluded that a variac can be used to buck or boost the output voltage by a continuous adjustable amount. In a servo-controlled voltage stabiliser, the wiper arm is controlled by a servo motor which is actuated  by an electronic circuit. 

				10.4 SERVO-CONTROLLED VOLTAGE STABILISER

				Figure 10.3 shows the block diagram of a servo-controlled stabiliser in which a variac is connected to a buck-boost transformer. A servo motor is used to control the magnitude and phase of the voltage fed to the buck-boost transformer by positioning the wiper arm of the  variac. The output voltage vout is maintained to a desired value by the electronic circuits. The output voltage is compared by the sensor to a reference voltage. The difference voltage (actuating signal) is detected by an error detector and amplified by an amplifier. The amplified output turns the servo motor in the appropriate direction so as to correct the output and restore it to the desired voltage level. If vout increases, the amplifier output will produce a voltage of particular polarity which drives the motor in such a direction so as to restore the balance. The reverse happens with the decrease in vout. The motor does not move till the output deviates from its normal value by a certain amount. The level of the output can be varied within certain limits (210 V to 240 V) of its reference voltage.

				[image: Fig-10-3.eps]

				Fig. 10.3 Block diagram of a servo-controlled stabiliser.

				Applications of servo-controlled voltage stabilisers

				Servo-controlled voltage stabilisers are used extensively with computers and refrigerators, etc.

				10.5 AC GENERATOR VOLTAGE REGULATOR

				The output of an ac generator is connected to the primary winding of a centre-tap transformer whose secondary winding is connected to the rectifier as shown in Fig. 10.4. The transistor Q is biased from a separate dc voltage and zener diode DZ maintains a constant voltage. The output of the rectifier is connected to the emitter of transistor Q. The resulting voltage Vf is compared with VR. The voltage at the point B with respect to the emitter becomes (VR – Vf), i.e. the error voltage. The reference voltage VR must be greater than Vf at all times to forward bias the transistor Q. The capacitor C bypasses the high frequency ac component of the rectifier. The transistor Q corrects the field current to make the generator produce the desired ac voltage. The function of diode D is to circulate the current through the field winding when the voltage polarity of the field coil is reversed in the absence of collector current. Figure 10.4 shows the case of an actual polarity in the absence of the collector current. Without diode D, the inductive kick in the absence of collector current would destroy the transistor.

				[image: Fig-10-4.eps]

				Fig. 10.4 Circuit diagram of an ac generator voltage regulator.

				Principle of operation of ac generator voltage stabiliser

				If the voltage of the ac generator drops owing to an increase in load, the rectifier output Vf will decrease accordingly. Now the difference (VR – Vf) increases, resulting in more base current to the input of transistor Q. This enhances the collector current which comes through the field winding of the ac generator. As a result, the output of the ac generator increases to the preset value (desired value). If the output voltage increases owing to a sudden decrease in load, the difference (VR – Vf) becomes less. This decreases the base current and in turn the collector current. This decrease in collector current weakens the field flux resulting in a lower value of the generated voltage. Hence the output voltage is maintained constant at its preset value.

				10.6	CONSTANT VOLTAGE TRANSFORMER OR FERRO-RESONANT 
AC REGULATOR

				The primary and the compensating coils in a constant voltage transformer (CVT) are placed in the unsaturated section of the magnetic structure as shown in Fig. 10.5. The secondary coil is wound on the saturated section of the same structure. The CVT operates on the principle of resonance of a non-linear inductor (secondary coil) and a capacitor. A parallel combination of two series connections of 

					(i)	the secondary coil with the compensating coil, and 

					(ii)	the iron-cored coil with the capacitor, 

				forms the parallel resonant circuit which resonates at 50 Hz. The capacitance value of the capacitor is such that it resonates with the saturated impedance of the secondary coil at some point. The resonant condition depends on the input voltage because the inductance of the secondary coil varies with the supply voltage. The circuit diagram of a CVT is shown in Fig. 10.6.

					The circuit characteristic is such that a small voltage change across the secondary coil causes the circuit to go in or out of resonance. The circulating current in a parallel resonant circuit (high Q) will be much higher compared to the supply (input) current. 

				[image: Fig-10-5.eps]

				Fig. 10.5 Magnetic structure and coil connections of a constant voltage transformer (resonant type).
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				Fig. 10.6 Circuit diagram of a constant voltage transformer.

				The very high value of resonating current drives the main flux into saturation. The core saturation maintains constant voltage at the output. The saturated portion of the core will not allow the fluctuations in primary voltage to be passed on to the secondary coil, i.e. the secondary coil voltage in the portion of its saturated core will not change if the primary voltage either increases or decreases. The voltage of the compensating coil bucks the output voltage, thereby improving the output voltage regulation. The iron-cored inductor L reduces the harmonics. 

				Principle of operation of CVT 

				If the applied ac voltage to the primary increases, the voltage induced in the compensating and the secondary coil will both increase. The secondary voltage continues to increase to a point of discontinuity. The secondary voltage increases abruptly because of the resonance effect which in turn suddenly enhances the secondary flux density. This leads to the saturation of the magnetic section on which the secondary coil is wound. The magnetic shunt provides a path for the primary flux without linking with the flux of the secondary coil. At the same time the magnetic shunt provides a path for the secondary flux without linking with the flux of the primary and the compensating coils. The capacitor connected to the secondary draws a leading current. As a consequence, the secondary and the primary flux are in phase with each other and a flux addition occurs on the secondary side of the core. This summation of flux causes core saturation on the secondary side while the core of the primary side remains unsaturated. Any further increase in the primary voltage will bring no appreciable change in the secondary flux and the secondary voltage becomes approximately constant within 2 or 3 input cycles. A reduction in the primary voltage also keeps the secondary voltage constant if the core is in the saturation state. The increased amount of primary flux bypasses through the magnetic shunt.

				Applications of CVTs

				Constant voltage transformers are used with computers and process control systems.

				10.6.1	Comparison between Power Transformer and Constant Voltage Transformer 

				
					
						
								
								 Power transformer

							
								
								 Constant voltage transformer

							
						

						
								
								It  has  common  windows  for  primary  and secondary coils. 

							
								
								There are separate windows for primary and secondary coils.

							
						

						
								
								No air gap is present in the core. 

							
								
								Air gaps are present in the core.

							
						

						
								
								There is a close coupling between the primary  and secondary coils. 

							
								
								Primary and secondary coils are not closely   coupled.

							
						

						
								
								It is designed to operate on the linear portion of the excitation curve. 

							
								
								One section of the core operates below saturation and the other in the saturation region.

							
						

					
				

				10.7 UNINTERRUPTIBLE POWER SUPPLY (UPS)

				There are situations in ac distribution systems when interruptions occur. This may not be a total failure of supply, but a deterioration in its quality, for example, a drop in voltage which makes it unsuitable for sensitive equipment such as computers. Such interruptions are not allowed in computers as loss of data can occur irretrievably. The uninterruptible power supply (UPS) is used to overcome this problem. The computer receives ac power from the UPS which in turn is provided by the inverter, and reliably maintains correct voltage and frequency. A UPS basically consists of

					(i)	a battery charger,

					(ii)	a rechargeable battery,

					(iii)	an inverter, and

					(iv)	a static contactor which connects the load from inverter to the ac supply. 

				The inverter in the UPS works from an internal dc rechargeable battery. When the power supply is healthy, this dc battery is fed through a battery charger within the UPS. During failure of the ac power supply, the UPS automatically feeds ac power to the computer system, i.e. the inverter continues to function without being interrupted. When the ac power supply is working, the rechargeable battery draws its charging current from it, thereby ensuring that the battery is always ready for providing power to the inverter. The UPS operates at high efficiency (up to 94%).

				The rechargeable battery is normally either nickel-cadmium or lead-acid type. A nickel-cadmium battery is preferred over a lead-acid battery, because the electrolyte of a nickel-cadmium battery is noncorrosive and does not emit any explosive gas. It has a longer operating life owing to its ability to withstand overheating. However, its cost is at least three times that of a lead-acid battery.

				There are two types of configurations which are commonly used in UPS.

					(i)	ON-line UPS

					(ii)	OFF-line UPS

				10.7.1 ON-line (Continuous) UPS

				The inverter in this configuration shown in Fig. 10.7 operates continuously and its output is connected to the load through static switch-2 which is normally ON. Thus, there is no break in the supply in the event of main supply (utility voltage) failure. The rectifier/battery 

				[image: Fig-10-7.eps]

				Fig. 10.7 ON-line UPS configuration.

				charger maintains the charge on the standby battery and the battery in turn supplies dc power to the controlled frequency inverter. 

				The controlled frequency inverter is used 

					(i)	to condition the supply to the load,

					(ii)	to protect the load from transients in the main supply, and

					(iii)	to maintain the load frequency at the desired value.

				In the case of the inverter failure, the load is switched ON directly to the main supply without interruption through a fast-acting static transfer switch-1. This transfer by a solid state switch usually takes 4 to 5 ms. The total transfer operation is made within one-fourth of the cycle so that the operation of the critical load is not disturbed. During the emergency power flow, back-up time available depends on the ampere-hour capacity of the battery. Figure 10.8 shows the waveforms of utility voltage and the UPS output voltage. This type of UPS is more costly and it is available in ratings above 5 KVA. This configuration is the best as it provides

					(i)	full isolation of the critical load from the unhealthy ac supply, and

					(ii)	power conditioning. 

				[image: Fig-10-8.eps]

				Fig. 10.8 Waveforms of utility voltage and UPS output voltage.

				10.7.2 OFF-line UPS

				The load in Fig. 10.9 is normally supplied from the ac supply and the rectifier/battery charger maintains the full charge of the battery. If the utility supply fails, the load is switched ON to the output of the inverter through static switch-2 which then takes over the main supply. This configuration requires breaking the circuit momentarily and the transfer by a solid state switch usually takes 4 to 5 ms. The total transfer operation is made within one-fourth of the cycle so that the operation of the critical load is not disturbed. Electromechanical contactors are not used as they take 30 to 50 ms to effect switchover. The inverter runs only during the time when the supply fails. The back-up time available depends on the ampere-hour capacity of the battery. After restoration of the ac supply, the load is transferred to the ac supply through static switch-1. Now the battery is put on charge again and remains on float when fully charged.

				Applications of UPS

				Uninterruptible power supplies are used in computers, data processors, data transmitters, microwave relay stations, digital controllers, and nuclear reactor control systems.

				[image: Fig-10-9.eps]

				Fig. 10.9 OFF-line UPS configuration.

				MULTIPLE CHOICE QUESTIONS

					1.	An AC power conditioner provides

						(a)	constant voltage.

						(b)	constant frequency.

						(c)	constant voltage and constant frequency.

						(d)	none of the above.

					2.	The typical range of steady state voltage regulation for a computer power supply should be

						(a)	± 5%.	

				(b)	± 20%.

						(c)	± 50%.	

				(d)	± 90%.

					3.	Power conditioners provide an effective way to protect sensitive electronic equipment from various dis	turbances that occur in ac mains except those related to

						(a)	frequency deviations.

						(b)	power outages.

						(c)	power outages and frequency deviations.

						(d)	none of the above. 

					4.	The core of a CVT is designed to operate 

						(a)	on the linear portion of the excitation curve.

						(b)	on the non-linear portion of the excitation curve.

						(c)	both on linear and non-linear portions of the excitation curve.

						(d)	on none of the above.

					5.	A battery charger circuit is found in

						(a)	a CVT.	

				(b)	a UPS.

						(c)	a servo stabiliser.	

				(d)	none of the above.

					6.	The UPS is suitable for use with

						(a)	domestic refrigerators.	

				(b)	computerised railway reservation systems.

						(c)	street lighting.	

				(d)	none of the above.

					7.	The efficiency of the UPS is

						(a)	50%.	

				(b)	75%.

						(c)	94%.	

				(d)	25%.

					8.	The battery used in the UPS is

						(a)	a non-rechargeable battery.	

						(b)	a rechargeable battery.

						(c)	either a rechargeable battery or a non-rechargeable battery.	

						(d)	none of the above.	

					9.	In a UPS, the solid state switch normally transfers supply within

						(a)	4 ms.	

				(b)	30 ms.

						(c)	4 s.	

				(d)	4 ms.

				TRUE OR FALSE STATEMENTS 

				State whether the following statements are true or false:

					1.	Critical loads are very insensitive to the nature of power supply for their operation, protection, and continuity of a process. 

					2.	Noise is random in nature and difficult to predict or analyse. 

					3.	A computer power supply isolates the source from the load. 

					4.	A servo-controlled voltage stabiliser is an open-loop system. 

					5.	A servo-controlled voltage stabiliser generates more noise than a CVT does. 

					6.	The CVT should not be placed near the computer. 

					7.	The UPS isolates the source from the load. 

					8.	The back-up time of a UPS does not depend on the ampere-hour capacity of its battery. 

					9.	In an OFF-line UPS, the battery is kept on float when it is fully charged. 

				REVIEW QUESTIONS

				1.	(a)	What are the various types of power line disturbances? (WBDEE 1999), (WBDEE 2000)

						(b)	Discuss the effect of each type of power line disturbance on the performance of sensitive electronic equipment.  (WBDEE 1999)

				2.	(a)	What is a servo system? Explain it with the help of a block diagram.

						(b)	Explain the principle of buck-boost control of a servo-controlled voltage stabiliser. 

				3.	(a)	Briefly explain with the help of a block diagram the working principle of a servo- controlled voltage stabiliser.  (WBDEE 1998), (WBDEE 2000)

						(b)	Briefly explain the working principle of the CVT.  (WBDEE 1998)

						(c)	Compare CVT with a power transformer.

				4.	(a)	What is a power conditioner?  (WBDEE 1999)

						(b)	Describe the working principle of the UPS.

				5.	(a)	What do you mean by ON-line UPS and OFF-line UPS?	

						(b)	Briefly explain with the help of a simplified block diagram the operation of an ON-line UPS.

			

		

	
		
			
				Chapter 11

				PROGRAMMABLE LOGIC CONTROLLER (PLC)

				11.1 INTRODUCTION

				The Programmable Logic Controller (PLC) was introduced in the early 1970s. Before that humans were the main method for controlling a system. It replaced the relay-based control systems, which permitted electrical power to be turned ON and OFF without using a mechanical switch. Relays were also being used to make simple logical control decisions. The PLC is today the most common choice for controlling systems, machines and processes. The PLC is a digital-based electronic control device with a programmable memory for storing instructions specific to a control function, such as logic, sequencing, timing, counting, and arithmetic.

				The PLCs have also found wide acceptance in industrial automation, which enables machines, installations, and facilities to operate independently. Other examples of automation are traffic automation, railway automation, office automation, etc.

				The PLC is basically comprised of a Central Processing Unit (CPU), Input/Output 
(I/O) interfaces, and a control programming language.

				Initially, the PLC was introduced to replace relay logic, but its ever-increasing range of functions means that it is finding use in many and more complex applications. As the structure of a PLC is based on the same principles as those employed in computer architecture, it is capable of performing not only the relay switching tasks but also other applications as enumerated above including the processing of analog signals.

				11.2 PROGRAMMABLE LOGIC CONTROLLER (PLC)

				A PLC is a user friendly, microprocessor-based specialised computer that performs control functions of different types, and of different levels of complexity. In other words, a programmable logic controller is an event-driven device, which means that an event taking place in the field will result in an operation or output taking place. 

				A personal computer (PC) can be made into a programmable logic controller if some means can be provided for the computer to receive information from input sensing devices such as pushbuttons or switches. A program is needed to process the inputs and decide the means of turning OFF and ON the load devices. Essentially, a PLC operator draws the lines and devices of ladder diagrams with laptop/PC. The resulting drawing is converted into computer machine language and runs as a user program.

				A person who has a knowledge of relay logic systems, can master the major PLCs functions which include coils, contacts, timers, and counters.

				11.2.1 Functions of PLC

				
						The function of PLC is to monitor crucial process parameters and adjust process operations accord	ingly. In other words, PLC controls manufacturing, and industrial processes such as robots, assembly lines.

						Monitoring process parameters and adjusting process operations can be programmed and controlled.	

						The PLC operates any system which has output (load) devices that turn ON and OFF (known as discrete or digital outputs). A program is be needed to process the inputs and decide the means of turning OFF and ON load devices. The PLC can also operate any system with variable (i.e. analog) outputs.

				

				11.2.2 Applications of PLC

				
						PLC is used in machine tool industry where Computer Numerical Controls (CNC) have been used in the past.

						Processes like (i) filling and capping of bottles, (ii) printing of newspapers, 
(iii) assembly of automo	biles, etc. are carried out by PLCs.

						PLC is used in process control, e.g. a petroleum refinery.

							PLCs are used in annunciators for the working of the plant that could be monitoring pressure, temperature, motor and valve status.

							PLCs are also used in controlling electrical and mechanical machines within a sequence of values of time, pressure, temperature, level, etc. 

				

				11.2.3	Advantages of Programmable Logic Controllers over 
the Conventional Relay Type of Control

				The advantages of PLC are as follows:

				Flexibility

				A PLC can easily run different electronically-controlled production machines. Each of the machines under PLC control would have its own distinct program. But in the past, each electronically-controlled production machine used to need its own controller.

				Implementing changes and correcting errors

				In a wired relay logic panel, any program alteration requires much time for rewiring of panels and devices. The PLC program can be changed from a keyboard sequence in a matter of minutes if the sequence design is necessary to be changed. No rewiring is required for a PLC-controlled system.

					If a programming error occurs in a PLC-controlled ladder diagram, this error can be corrected quickly.

				Large number of contacts

				Assume that a panel-wired relay has four contacts and all are in use. If a change in design requires three more additional contacts in that relay, time would be needed to procure and install either a new relay containing seven contacts or a relay contact block.

				A PLC has a large number of contacts for each coil available in its programming. If three more contacts are keyed in, then all three contacts would be automatically available. As many as one hundred contacts can be used from one relay. 

				Lower cost 

				A PLC contains numerous relays, timers, counters, sequencers. Advanced technology makes it possible to condense more functions into smaller and less expensive packages.

				Pilot running 

				Conventional relay systems have been tested in the factory for getting the best test results and this is very time consuming. On the other hand, a PLC-programmed circuit can be prerun and evaluated in the laboratory. The program can be tested, observed, and modified if needed. This saves valuable factory time.

				Visual observation 

				The correct operation or misoperation of a circuit can be directly visualised on a laptop or CRT screen. Logic paths light up on the screen as they are energised. Troubleshooting can be done more quickly during visual observations.

				Speed of operation 

				The operational speed for the PLC program is very fast whereas the conventional relays take an unacceptably long time to actuate.

				Reliability and maintainability

				Generally, solid state devices are more reliable than the conventional relays (i.e. electromechanical relays) and timers. The PLC, made of solid state components, has very high reliability. Consequently, maintenance costs of solid state components are low.

				Simplicity of ordering control system components

				In designing a wired logic relay panel, much time is needed for procuring 20 different relays and timers from 10 different suppliers. On the other hand, PLC can be delivered with all the counters, relays, and other components on a single delivery date.

				Documentation

				An immediate printout of the actual circuit in operation at a given moment is made by PLC. There is no need to look for the blueprint of the circuit in remote files. Often, the file prints for the wired logic relay panel are not properly kept up-to-date. The underlying reason is that people on late shifts do not always record panel alterations made when the office area is locked up for the night.

				Security 

				A change in PLC program cannot be performed unless the PLC is properly unlocked. 	

				Ease of changes by reprogramming

				Any changes in PLC program can be reprogrammed quickly and easily.

				11.2.4	Disadvantage of Programmable Logic Controllers over 
the Conventional Relay Type of Control

				The only disadvantage of PLC is that the use of PLC is limited to some process environments such as high heat, inter	ference with electronic devices, and vibration.

				11.2.5	Comparison of Data Processing Computer System with the Process Control Computer System (i.e. System with Logic Controller)

				
					
						
								
								Data processing computer system 

							
								
								Process control computer system

							
						

						
								
								This type of computer system processes reams of data. 

							
								
								Of course, this computer system processes data, but its main function is to control manufacturing and industrial processes. In other words, PLC, nonetheless, is built for a specific purpose.

							
						

						
								
								This is a nonevent driven system. 

							
								
								This is an event-driven system. 

							
						

						
								
								The input peripherals are the keyboard, light pen, and mouse. 

							
								
								This system may have a keyboard. Input peripherals and their control switches are sensors i.e. heat sensors, sound sensors, light sensors, motion sensors, etc.

							
						

						
								
								The output peripherals are video display terminal, printer, and plotter.

							
								
								The output peripherals such as video display terminals and printers may be attached, the process control computer primarily controls devices like motors, solenoids, lights, and heaters.

							
						

						
								
								The software of PCs is designed for different  jobs.

							
								
								Its software is designed for a particular job.

							
						

						
								
								A PC is relatively difficult to diagnose and  trouble-shoot.

							
								
								PLC is relatively easy to diagnose and trouble-shoot

							
						

						
								
								Data processing computer system is used for batch processing.

							
								
								Process control computer system is used for real-time control applications.

							
						

						
								
								The PC is less costly. 

							
								
								The PLC is more costly.

							
						

					
				

				11.2.6 Factors to be Considered in Selecting a PLC

				The following factors need to be considered in selecting a PLC:

				Flexibility/Expandability	

				A PLC system must be able to grow with industrial needs. Hence most PLCs are designed with flexibility and expandability, in mind. Memory, I/O, and system expansion along with the communi	cation infrastructure that goes with them, should also be taken into account.

				Cost

				It is important to consider, especially when installing networked PLC systems, not only the initial cost of the PLCs, but installation, maintenance, and training costs as well.

				Serviceability/Supportability	

				Serviceability and supportability are the important factors to consider. Usually a PLC is equipped with adequate self-	diagnosis. Once the problem is found, it can be corrected with minimal effort and time. Vendor support with replacement parts should be available for a quick turnaround.

				Training and documentation

				Training, user manuals, software support, and the like are also important and must accompany any hardware product.

				11.3 FUNCTIONAL BLOCK DIAGRAM OF PLC

				Figure 11.1(a) shows a simplified block diagram of a PLC system. The detailed functional block diagram of a typical PLC system, as shown in Fig. 11.1(b), can be divided into four parts:

					(i)	 Central Processing Unit (CPU)

					(ii)	 Input/Output (I/O) modules (Interfaces) 

					(iii)	Programming device

					(iv)	Racks and Chassis

				11.3.1 Central Processing Unit (CPU) or PLC Processor

				The CPU is the brain of a PLC system shown in Fig. 11.1(a), where the ladder logic is stored and processed. The PLC processor is a microprocessor with a memory system, circuits to store and retrieve information from memory, and other circuits for communicating with a PC or an industrial computer programming terminal. The CPU looks after communication, program execution, memory operation, and inter-communications among other parts of the PLC system. It also controls the other automation components.

				Three kinds of CPU are available in the market for (i) small-to-medium sized applications, (ii) medium-to-large applications, and (iii) exceptionally demanding requirements and additional communication tasks. A processor used in a PLC is either a 1-bit processor or a word processor. The 1-bit processor deals with logic operations, but the word processor is used for (i) processing text and numerical data, 
(ii) performing calculations, (iii) controlling and recording, (iv) processing of signals in binary code, etc. The components of a CPU are as follows:

				
						Microprocessor — It carries out all the mathematical and logic operations involved in a PLC.

							Memory — It holds the system software as well as the user program translated from a ladder diagram to a binary form. Today, flash ROM is being increasingly implemented for storing system programs and data that should not be altered. The ladder program and data are stored into RAM. Such information and data stored in a RAM can be retrieved and/or altered. User memory is divided into blocks having special functions like storing of input and output status.

							Power supply — This unit converts ac to various operational dc voltages. It also filters and regulates the dc voltages for ensuring proper CPU operation. Most PLC processors operate either at 24 V dc or 230 V ac. PLCs also operate on +5 V and –5V dc supply. 

				

				Two power supplies are needed in a PLC system. The first one provides power to field devices as well as output loads to function. The second power supply, acting as an internal module of the PLC system, caters to the internal direct connections for operating the logic circuitry of the processor with I/O assemblies.

				[image: Fig-11-1a.eps]

				Fig. 11.1(a) Simplified block diagram of a PLC system.
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				Fig. 11.1(b) Block diagram of a PLC system.

				11.3.2 Input/Output (I/O) Modules/Interfaces

				Inputs to, and outputs from, a PLC are necessary to monitor and control a process. The I/O modules are actually placed in an I/O rack. Each I/O module in turn consists of
I/O groups made up of a set of terminals which are used for making field wiring connections. The location of an input/output terminal, within a module group, within a rack, will determine a device address. The addressing format of an I/O terminal shown in Fig.11.1(c) is given below:

				File type. 	This specifies an input/output module, i.e. I for input and O for output.

				Rack number. This determines the particular rack in which the module sits in.

				Group number. It is a set of terminals within a rack. Typically, there will be 8 groups in a rack, i.e. 0 through 7.

				Terminal number. This is the bit address for a particular terminal, input or output.

				Functions of input module 

				There are four functions performed by the input module as in Fig. 11.1(b):

				
							The first task of the input module is to sense the presence or absence of an input signal at each input terminal. The input signal selects—what switch or sensor is ON or OFF in the process being controlled. The first block receives the input signal from the input sensing devices such as switch, sensor, etc.

							The second task is to convert the input signal to its dc level. The signal generated by the sensor is ac in nature. This ac signal is converted to a suitable dc level which is stabilised with a zener diode or transistor devices. In some cases, a dc-to-dc converter is used if the PLC input voltage of the input module does not match the voltage value of the input analog devices. For a low/OFF input signal, no signal is converted, indicating OFF.

							Next, the input module isolates itself from its input. The output of the converter is not directly connected to the CPU to protect the CPU from getting damaged. If the output of the converter were directly connected to the CPU, the CPU would get damaged in case of open-or short-circuit faults in the converter. In such an instance, a 230 V ac is fed back to the CPU. The isolation is accomplished by an optoisolator. Electrical surges will not pass through the optoisolator in either direction.

							Finally, the input module produces an output voltage by output logic. The CPU of PLC senses the output voltage through the output logic.

				

				In Fig. 11.1(c), I : 024/01 means an input module (i.e. file type), with a rack number 02, in group number 4, having a terminal bit address of 01. But, O : 013/03 means an output module (i.e. file type), with a rack 01, in group number 3, having a terminal bit address of 03. 

				Both inputs and outputs can be categorized into two basic types: 

				Logical

				If a light bulb can only be turned ON or OFF, it is logical control. Logical values are preferred because they allow more certainty, and simplify control. As a result, most control applications (and PLCs) use logical inputs and outputs for most applications. 

				Continuous

				If the light can be dimmed to different levels, it is continuous control. Continuous values seem more intuitive.

				[image: Fig-11-1c.eps]

				Fig. 11.1(c) Addressing format of I/O module in a typical PLC system.

				Electrical signals generated by sensors, are passed through the input terminals of the input module as shown in Fig. 11.1(b). In other words, the input module terminals receive signals from wires connected to input sensors and transducers. 

				The output signals passing through the output terminals from the output module, are sent to active relays, solenoids, various switching devices, motors, and displays. In other words, the output module terminals provide output voltages to energise actuators and indicating devices. An electronic system for connecting I/O modules can be added to a remote location, if necessary.

				There may be equal or unequal number of input and output terminals for I/O modules. There are typically 4, 8, 12, 16, or 32 equal input and output terminals along with line and common terminals per module. However, a system module may have 12 input and 8 output unequal terminals. The input and output terminals for smaller (larger) systems may be included on the same (separate) frame(s), i.e. unit(s). In larger systems, modules are placed in groups on racks which are connected to the CPU via appropriate connector multiconductor cables. The electrical controlling signals from the CPU to the I/O terminals are coded and decoded electronically.

				Multiple modules

				A rack containing multiple modules, is necessary to set module switches for each individual module. Each setting specifies module’s operational number in series. Each rack group knows what numbers it should respond to by the system of single in-line package (SIP) switch settings. In some systems, programming instead of switches to configure I/O module settings is used. Figure 11.1(d) shows the photographic view of an I/O module.

				[image: Fig-11-1d.eps]

				Fig. 11.1(d) Photographic view of an I/O module in a PLC.

				Figure 11.2(a) shows the circuit for only one terminal and multiterminals of a typical interface input module. All terminals in a given module have identical circuits. The input signal received from the switch or sensor is converted to dc (if the generated input signal is ac in nature). If the generated input signal is dc, then dc-to-dc conversion within the converter block is needed.

				When the pushbutton switch is closed, 230 V ac is applied to the bridge rectifier through resistors R1 and R2. This produces a low-level 5 V dc voltage, which is applied across the light emitting diode (LED) of the optoisolator/optocoupler. The voltage rating of the zener diode ZD sets the minimum level of voltage that can be detected. When the light from the LED falls on the phototransistor, it turns ON, and the status of the pushbutton is communicated in logic or low-level dc voltage to the CPU.

				The optoisolator is sensed by a coded signal from the CPU when the output of the isolator is ON. Each module is assigned a coded series of numbers by its single in-line (SIP) switch settings. Each terminal number of the module is assigned a number in consecutive order. The ON-OFF status for each number is checked on each sweep of the input scan. The ON or OFF result is placed in random access memory.

				Necessity of using optoisolator

				As the dc output of the converter is fed to the CPU through an optoisolator, electric
surges will not pass through the optoisolator in either direction. The optoisolator separates 
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				Fig. 11.2(a) Circuit showing the input terminals of a typical interface input module.

				the higher ac input voltage from the logic circuits. If the dc output were fed to the CPU directly, an input surge or circuit malfunction could reach the CPU. For example, if a rectifier gets open circuited or short circuited, the 230 V ac supply voltage could be fed to the CPU resulting in CPU damage. But the optoisolator protects the CPU from this type of damage.

				Typical ranges of input voltages in input modules

				The ranges of input voltages used in input cards are given in Table 11.1.

				
					
						
								
								Table 11.1 Ranges of input voltages used in input modules

							
						

						
								
								Ranges of dc voltage

							
								
								Ranges of ac voltage

							
						

						
								
								5 V 

							
								
								12–24 V

							
						

						
								
								12–24 V 

							
								
								24 V

							
						

						
								
								10–60 V 

							
								
								100–120 V

							
						

						
								
								48 V 

							
								
								100–120 V

							
						

					
				

				Function of output module 

				There are four functions performed by the output module as in Fig. 11.1(b):

				
						The first task of the output module is to receive signal from the CPU by the input logic once for each output scan if the CPU signal code matches the assigned number of the module. If the CPU signal does not match, the terminals of the output module will not be energised. 

							The second task is to isolate the CPU signal by the optoisolator. The optoisolator protects the CPU from any erratic voltage surge which may be produced by the output device. 

							Next, the output module converts the received CPU signal into either dc or ac. 

						Finally, the output module drives the loads.

				

				Figure 11.2(b) shows the circuit for only one terminal and multiterminals of a typical interface output module. All terminals in a given module have identical circuits. The output interface module acts as a switch to supply power from the user power supply to operate the output. When the CPU calls for an output, a voltage is applied across the LED of the optoisolator. The LED then emits light which switches the phototransistor into conduction. This, in turn, switches the triac into conduction, which, in turn, turns ON the ac motor. Since the triac conducts in either direction, the output to the ac motor is alternating in nature. 
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				Fig. 11.2(b) Circuit showing the output terminals of a typical interface output module.

				A dc signal from the CPU is converted to either ac or dc. The signal received from the CPU is passed through the input logic once for each scan. If the CPU signal code matches the assigned number of the module, the module section is turned ON. The identification numbers of the module are again determined by the setting of the module single in-line (SIP) switches. 

				As with the input modules, there are 4, 6, 8, 12, 16, and even 32 terminals or sections. If the signal received from the CPU matches the output module terminal during the output scan, the signal will pass through the optoisolator which behaves like an isolation stage. If no matching signal is received by a terminal during the output scan, the module terminal is not energised.

				The optoisolator is used to protect the CPU from any erratic voltage surge which may be produced by the output device. The isolator output is then transmitted to converter which is either switching circuitry or an output relay. The converter output may be either ac or dc.

				Typical ranges of output voltages in output modules

				The ranges of output voltages used in output cards are given in Table 11.2:

				
					
						
								
								Table 11.2 Ranges of output voltages used in output modules

							
						

						
								
								Ranges of dc voltage

							
								
								Ranges of ac voltage

							
						

						
								
								5 V 

							
								
								12–48 V

							
						

						
								
								24 V 

							
								
								120 V

							
						

						
								
								12–48 V 

							
								
								230 V

							
						

					
				

				11.3.3 Programming Device

				The PLC has to have a programming device that provides the primary means by which the user can communicate with the circuits of the PLC. This allows the user to enter, edit, and 
monitor programs by connecting the processor unit and allowing access to the user memory. The programming device can be a LCD hand-held terminal or a video display unit (VDU) with keyboard. A VDU offers the advantage of displaying large amounts of logic on the screen, simplifying the interpretation of the program. 

				The programming unit communicates with the processor via a serial or parallel data communications link. If the programming unit is not in use, it may be unplugged and removed. The operation of the user program will not be affected if the programming unit is removed. A PC with appropriate software can also act as a program terminal, making it possible to carry out the programming away from the physical location of the PLC. When the program is finished, it is saved to mass storage and downloaded to the PLC when required.

				11.3.4 Racks and Chassis

				In racks of a PLC system, several electronic cards consisting of processors, input and output (I/O) cards with points, communications ports and other functions necessary to the operation of a complete PLC system, are plugged in. Figure 11.2(c) shows the photographic view of racks and chassis with a typical arrangement of different electronic cards in a PLC. Modular (Rack) PLCs can provide customised I/O capability. Network cards can also be used in a rack.
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				Fig. 11.2(c)	Photographic view of racks and chassis with a typical arrangement of different electronic cards in a PLC.

				11.4 MICROPROCESSOR OF A PROGRAMMABLE LOGIC CONTROLLER (PLC)

				Microprocessors are devices which are designed to carry out arithmetic and logic operations. The processor or CPU is known as microprocessor because the complex circuitry necessary to do arithmetic and logic operations is fabricated onto a single chip. The microprocessor in PLC receives, analyses, processes, and sends data to the output devices through the output module. 

				Two factors—bit size and clock speed—determine the power of the microprocessor. The larger the bit size, the more powerful the computer. The clock speed determines how quickly a microprocessor can execute instructions. Table 11.3 shows the bit size and the clock speed of the different microprocessors.

				
					
						
								
								Table 11.3 Bit size and clock speed of the different microprocessors

							
						

						
								
								Microprocessor 

							
								
								Bit size 

							
								
								Clock speed

							
						

						
								
								8085 

							
								
								8-bit 

							
								
								1 MHz

							
						

						
								
								8086 

							
								
								16-bit 

							
								
								4.77 MHz

							
						

						
								
								80186 

							
								
								16-bit 

							
								
								8 MHz

							
						

						
								
								80286 

							
								
								16-bit 

							
								
								12.5 MHz

							
						

						
								
								80386 

							
								
								32-bit 

							
								
								33 MHz

							
						

						
								
								80486 

							
								
								32-bit 

							
								
								50 MHz

							
						

						
								
								Pentitum 

							
								
								32-bit/64-bit 

							
								
								1.2 GHz

							
						

						
								
								Pentium 4 (P4) 

							
								
								32-bit/64-bit 

							
								
								2.3 GHz 

							
						

					
				

				11.4.1 Principle of Operation of the CPU

				
							The CPU accepts (reads) input data from the various sensing devices, executes the stored user program from memory, and sends the appropriate output commands to control devices. 

							A dc power source is required to produce the low level voltage used by the CPU
and the I/O modules. This power supply can be housed in the CPU unit or may
be a separately mounted unit, depending on the make and model of the PLC
system.

							Most CPUs contain backup batteries that keep the operating program in storage in the event of a power failure in the plant. Typical retentive backup time is one month to one year.

							The CPU contains various electrical parts and receptacles for connecting the cables that run to the other units as well as to operational key switches. Typical operational key switch positions are:

				

					OFF…System cannot be run or programmed.

					RUN…This allows the system to run, but no program alterations can be made.

					DISABLE…It turns all outputs OFF or sets all outputs to the inoperable state.

					MONITOR…This turns ON the screen that displays operating information.

					RUN/PROGRAM…System can run and program creation, modification, and deletion of program can be made while it is running. In this mode, the program cannot be completely erased (for safety) but can only be modified. It disables outputs.

					OFF/PROGRAM…System cannot run, but can be programmed or reprogrammed.

				11.5 MEMORY

				Memory is mandatory in every microprocessor system. Memory is a chip that holds both the raw data that needs to be processed and the results of processing. Memory can even be a channel of communication between the microprocessor and its peripherals. The memory of the PLC is organised to hold different types of programs and data.

				A RAM is a semiconductor memory which stores programs and data temporarily. It is referred to as volatile memory as the stored data in RAM would be lost if the system is turned off or an electrical outage occurs. RAM is used in the PC for its primary memory or internal storage. This is a read/write memory which is used by the CPU to keep programs, data, and intermediate results during the executions of a program. Memory cells can be accessed randomly to transfer information from any desired location to the other and hence the name random access memory.

				A read-only memory (ROM) is a semiconductor memory device used to store permanent information and it performs only the read operation. It does not have a write capability. The data and instruction are permanently stored during the hardware production of the device. The information cannot be modified or the new information cannot be written into it. The information stored in a ROM is not erased when the system is switched off. Hence it is a nonvolatile memory. At the time of turning on the system, the CPU needs the system information which is stored in the ROM. 

				An unalterable program in ROM in a PLC manages the operation of the PLC. Whatever the user program (logic scan program, i.e. user ladder logic program) in RAM asks the PLC to perform, the operating system program is there to perform the housekeeping chores for the PLC.

				The input scan block as in Fig. 11.3(a), when called upon to operate, scans the inputs and places the individual input statuses in RAM. After analysis, the user ladder logic program updates the output scan block to the appropriate state. Next, the outputs are scanned and updated. The output statuses are changed or left alone, depending on logic analysis. The output status depends on the output status signals of the CPU.

				[image: Fig-11-3a.eps]

				Fig. 11.3(a) CPU processor with scan blocks and I/O modules.

				During each operating cycle, the processor reads all the inputs, takes these values, and according to the user program energises or deenergises the outputs. This process is known as a scan. The scan is normally a continuous process of reading the status of inputs, evaluating the control logic, and updating the outputs. A scan cycle is the time required for a PLC to scan its input and generate the appropriate control responses at its outputs. Scan time varies with program content and length.

				11.5.1 Classification of Read Only Memory (ROM)

				Semiconductor ROMs are manufactured with bipolar or MOS technology. ROMs can be classified into several types which differ in the way the information is written or programmed into the memory locations. The different kinds of ROM are:

				
						Mask ROM

						PROM

						EPROM

						EEPROM

						Flash Memory

				

				Mask ROM. Here the information is stored permanently into the memory chip at the time of fabrication—hence it is called the Mask ROM. This kind of ROM is programmed by the manufacturer according to the customer’s need. The mask is a master pattern that is used to draw the various circuit elements on the chip during fabrication. When the circuit elements of the chip are grown on the silicon substrate, the pattern includes the information that will be read in the final device. 

				A photographic negative, called a mask, is used to control the electrical interconnections on this chip. The presence of a transistor connected to a row/column junction represents a bit 1 and the absence of a transistor indicates a bit 0. The disadvantage of this ROM is that the contents of this memory cannot be altered.

				PROM (Programmable Read-only Memory). A PROM is a ROM that can be programmed electrically by the PROM programmer. This memory utilises an array of memory elements like fuses. The manufacturer uses a fusible link in series with each connection. The fuse in a PROM can be blown, and thereby opened by passing a large flow of current. A memory link is fused open to represent a bit 0 and when left intact it indicates a bit 1. The fusing process is irreversible, i.e. a device can be programmed only once in its lifetime. 

				A PROM programmer or PROM burner is used to blow the fuses one-by-one according to the needs of the software to be coded inside the chip. The contents of the chip cannot be changed to update or revise the program inside due to the effects of burning fusing elements. So a PROM chip is also referred to as OTP (One Time Programmable) memory.

				The three basic fuse technologies used in PROMs are metal links, silicon links, and PN junction. Metal links are made of nichrome material, but the silicon links are formed by narrow, notched strips of polycrystalline silicon. In PN junction technology, two PN junction diodes are connected back to back. During programming, a sudden large flow of current passes through the reverse-connected diode of the two PN junction diodes and the other forward-biased diode represents a data bit. 

				EPROM (Erasable Programmable Read-only Memory) or UVEPROM. The data inside this memory can be erased and the chip can be reused for other data or programs. In other words, this kind of ROM (pronounced ‘e-prom’) is erasable and can be reprogrammed. 
The N-channel MOSFETs with isolated gate structure are used in EPROMs. The process 
of programming an EPROM involves the application of voltage which ranges from 25 V to 50 V. 

				These chips are easy to spot because they have a clear quartz window in the centre of the top of their packages. The window is covered with a label of some kind to avoid penetration of ultraviolet light. The data inside this chip can be erased by diffusing high intensity ultraviolet light through this window. This erasure process can be performed repeatedly; each erasure can take as much as 20 minutes to perform. Thus, the EPROM can be altered multiple times. The high intensity ultraviolet light causes a chemical reaction that erases the EPROM. That is why it is also referred to as Ultraviolet EPROM (i.e. UVEPROM). In order to reprogram an EPROM, it must be removed from the computer, erased with ultraviolet light, and then reprogrammed on a PROM programmer. The EPROM is more expensive than PROM, but it has the advantage of multiple update capability.

				EEPROM (Electrically Erasable Programmable Read-only Memory). Most newer PCs now include an EEPROM (pronounced ‘e-e prom’) that can be reprogrammed like an EPROM, but, unlike the EPROM, it does not need to be removed from the PC to be reprogrammed. The P-channel MOSFETs with isolated gate and erase gate structure are used in EEPROMs. The data inside this memory needs only a higher voltage than normal voltage to erase their contents. This higher voltage is 12 V whereas the normal voltage is 5 V. The advantage is that EEPROMs can be erased and reprogrammed without popping them out of their sockets. Each byte in EPROM is independently erasable and writable, i.e. the data can be written into at any time without erasing the prior contents; only the byte or bytes addressed are updated. The contents in EEPROM can be erased only a finite number of times. EEPROM is more expensive than the EPROM. 

				Flash Memory. The data contents inside the flash memory can be erased and repr-ogrammed using the normal voltages inside a PC. But in an EEPROM, to erase the data contents inside it, the voltage required is higher than the normal value. This memory can be programmed by a process called flashing, using specialised software that runs on the PC. Flashing helps the user to upgrade the computer’s BIOS easily without removing and replacing the ROM chip. 

				An entire flash memory can be erased in one or a few seconds, which is much faster compared to EPROM. In addition, it is possible to erase just blocks of memory rather than an entire chip. However, flash memory does not provide byte-level erasure. The flash memory has the same limitation as that of the EEPROM, that is, it can be erased and programmed only for a finite number of times and it must be erased and programmed in blocks.

				11.5.2 Memory Size

				Solid state memory chips are classified according to bit size. A bit, either a 0 or a 1, occupies a given cell. Cells are arranged in 8 or 16 bits wide. When bits are combined, they are referred to as words. An 8-bit word is called a byte. Two bytes are often arranged side by side to form a 16-bit word. The arrangement of 1 KB memory which has 1024 locations (starting and ending addresses are 0000 H and 1023 H respectively) is shown in 
Fig. 11.3(b). Each location is 8 bits wide. Figure 11.3(b) also shows a 2 kB memory which has 1024 locations. Each location is 16 bits wide. The memory capacity of recent PLCs is anywhere from 1 to 256 KB.

				[image: Fig-11-3b.eps]

				Fig. 11.3(b) Arrangement of 1 kB and KB memory size.

				Controlling more processes requires more memory in PLC. As the memory size increases, the cost of the CPU unit will also increase. Many PLC models can have memory modules added to the existing CPU. Adding one or two new memory modules is much less costly than replacing the entire PLC system. At the time of purchasing a PLC, it is wise to consider memory expandability. The memory required in a PLC depends on the

				
						Number of inputs

						Number of outputs

						Complexity of the control diagram.

				

				

				11.5.3 Memory Map

				A memory map is a pictorial representation in which memory devices are located in the entire range of addresses. Memory addresses provide the locations of various memory devices in the system. If a PLC contains an 8-bit CPU system, 16-bit address lines are available for the memory. In other words, memory is capable of identifying 216 (65,536) memory registers, each register with a 16-bit address. The entire memory addresses can range from 0000 H to FFFF H. Here H stands for the hexadecimal notation. A memory map representing how a memory is organised for a typical PLC, is illustrated in Fig. 11.3(c). 

				The storing of different variable data in memory is shown in Fig. 11.3(d).

				The memory (RAM) in PLC is divided into two parts:

				
						User memory

						Data storage memory

				

				User memory 	

				This memory contains the ladder logic program. The user memory occupies about 75% of total memory. Individual data bits can be accessed in the bit memory which is known as User Bit Memory. These can be very useful when keeping track of internal states that do not directly relate to an output or input. The bit memory can be accessed with individual bits or integer words. Example of user bit memory addresses is shown in Fig. 11.4(a). The single blackened bit is in the third word B3:2 which is the 4th bit i.e 03. This can be addressed with B3:2/03. As it is the 35th bit, so it could also be addressed with B3/35.

				Data storage memory

				It stores information needed to carry out the user program, i.e.

					(i)	the status of discrete input and output devices

					(ii)		the preset and accumulated values of counters and timers, numerical values,	sequence patterns, internal I/O relay equivalents and other functions.

				11.5.4 Memory Address

				The memory in PLC is organised by data type. Program memory and Data memory are the two types of fundamental memory. The program files hold programs such as ladder logic. Data files are used for storing different types of information.

				Program files

				For example, there is a collection of up to 1000 slots to store up to 1000 user programs in a typical PLC as shown in Fig. 11.3(c). In a PLC-5, the first three programs files—file 0, 

				[image: Fig-11-3c.eps]

				Fig. 11.3(c) Memory map shows how memory is organized for a typical PLC.

				file 1, and file 2—are defined by default. File 0 contains system with password information, and should not be changed and file 1 is reserved for SFCs. The main program will be stored in program file 2. File 2 is also available for user programs and the PLC will run the program in file 2 by default. Other program files, i.e. subroutine programs can be added from file 3 to file 999.

				When a user creates a ladder logic program with programming software, it is converted to a mnemonic-like form, and then transferred to the PLC, where it is stored in a program file.

				[image: Fig-11-3d.eps]

				Fig. 11.3(d) Memory map showing where the variable data is stored.
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				Fig. 11.4(a) Example of bit memory map B3 : 2/3.

				The contents of the program memory cannot be changed while the PLC is running. If, while a program was running, it was overwritten with a new program, serious problems could arise. 

				Data files

				Data files are used for storing different types of information. These locations are numbered from 0 to 999. The letter in front of the number indicates the data type. For example, F8 shown in Fig. 11.3(d), is read as floating point numbers in data file 8. The number that flows the first letter is the location number. For the Input (I:) and Output (O:) files, the locations are converted to physical locations on the PLC using rack and slot numbers. The address that can be used, will depend upon the hardware configuration. The other memory locations are simply slots to store data in. For example, F8:25 would indicate the 25th value in the 6th data file which is floating point numbers.

				Figure 11.3(d) also shows the format of default data files for a PLC-5 in which the
first three data files—Output (O:), Input (I:), and Processor Status (S2:) are fixed but all the other data files—Bits in words (B3:), Timers (T4:), Counters (C5:), Control words (R6:), Integer numbers (N7:), and Floating point numbers (F8:), can be moved. Multiple data files with the same data type (such as two files having integer numbers N7: and N10:) can also exist. The other user-defined data files having location 9 through 999 can be created. These user-defined data files can have different data types. 

				11.5.5 Input Image Table

				The input image table stores the status of digital inputs, which are connected to the input interface circuits. Figure 11.4(b) shows a typical connections configuration to the input image table through the input module. When the switch is closed, the processor detects a voltage at the input terminal and records that information by storing a bit 1 in the proper bit location. Each connected input has a bit in the input image table that corresponds exactly to the terminal to which the input is connected.

				[image: Fig-11-4b.eps]

				Fig. 11.4(b) Input image table.

				In Fig. 11.4(b), all the switches except the last NC (normally closed) switch connected to the terminal 07 of the input interface are in the OFF state. The bit value in the bit position 07 in the input image table is 1; but all the bits are 0. The input image table is constantly being changed to reflect the current status of the switch. If the input is ON, its corresponding bit in the image table is set to 1, otherwise it is reset to 0. 

				11.5.6 Output Image Table

				The output image table is an array of bits that controls the status of digital output devices, which are connected to output interface circuits. Figure 11.4(c) shows a typical connection of lights to the output image table through the output module. The status of the lights is controlled by the user program and indicated by the presence of 1s (ON) and 0s (OFF).
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				Fig. 11.4(c) Output image table.

				Each connected output has a bit in the output image table that corresponds exactly to the terminal to which the output is connected. If the program calls for a specific output to be ON, its corresponding bit in the table is set to 1, otherwise it is reset to 0. In Fig.11.4(c), the bit value is 1 in bit position 02. So the light connected to the terminal number 02 will be ON. As all the bit values except in bit position 02 are 0, the respective lights will be OFF. 

				11.5.7 Timer/Control Memory

				The default timers are stored in the T4 : file of data files illustrated in Fig. 11.3(d). The bits and words for timers are:

					

				
					
						
								
								EN

							
								
								Timer enabled bit (bit 15) is true (has a status of 1) whenever the timer instruction is true.

							
						

						
								
								TT 

							
								
								Timer timing bit (bit 14) is true whenever the accumulated value of the timer is changing, which means the timer is timing.

							
						

						
								
								DN 

							
								
								Timer done bit (bit 13) changes state whenever the accumulated value reaches the preset value.

							
						

						
								
								PRE 

							
								
								Preset word i.e. preset value is the set point of the timer. It is the value up to which the timer will time.

							
						

						
								
								ACC

							
								
								Accumulator time word or the accumulated value that increments as the timer is timing. The accumulated value will stop incrementing when its value reaches the preset value.

							
						

					
				

				Counters are stored in the C5 : file of data file shown in Fig. 11.3(d). The bits and words for counters are:

				
					
						
								
								CU 

							
								
								Count up bit (bit 15) is true whenever the counter is counting in ascending order.

							
						

						
								
								CD 

							
								
								Count down (bit 14) is true whenever the counter is counting in descending order.

							
						

						
								
								DN 

							
								
								Counter done bit (bit 13) changes state whenever the counter value reaches the preset 

							
						

						
								
								OV 

							
								
								Overall bit (bit 12) is true when the counter has reached the maximum value (32767, i.e. (211/2) –1).

							
						

						
								
								UN 

							
								
								Underflow bit (bit 11) is true whenever the counter has reached the minimum value (–32768, i.e. –211/2). 

							
						

						
								
								PRE 

							
								
								Preset word, i.e. preset value is the set point of the counter. It is the value up to which the counter will count.

							
						

						
								
								ACC 

							
								
								Accumulator count word or the accumulated value that increments as the counter is counting. The accumulated value will stop incrementing when its value reaches the preset value.

							
						

					
				

				The values of timer/counter bits can only be read and should not be changed. The preset and accumulators can be read and overwritten. Meanings of bit and word addresses in timer and counter are given in Tables 11.4, and 11.5:

				
					
						
								
								Table 11.4 Meaning of bit addresses in timer and counter

							
						

						
								
								Bit address 

							
								
								Meaning

							
						

						
								
								T4 : 0/EN

							
								
								The input to timer T4 : 0 is true.

							
						

						
								
								T4 : 0/TT

							
								
								The timer T4 : 0 is counting.

							
						

						
								
								T4 : 0/DN

							
								
								The timer T4 : 0 has reached the maximum.

							
						

						
								
								C5 : 0/CU

							
								
								The count up instruction is true for C5 : 0.

							
						

						
								
								C5 : 0/CD

							
								
								The count down instruction is true for C5 : 0.

							
						

						
								
								C5 : 0/DN

							
								
								The counter C5 : 0 has reached the preset.

							
						

						
								
								C5 : 0/OV

							
								
								The counter C5 : 0 has reached the maximum value (32767, i.e. (211/2) –1).

							
						

						
								
								C5 : 0/UN

							
								
								The counter C5 : 0 has reached the minimum value (– 32768, i.e. – 211/2).

							
						

					
				

				…

				
					
						
								
								Table 11.5 Meaning of word addresses in timer and counter

							
						

						
								
								Word address 

							
								
								Meaning

							
						

						
								
								T4 : 0.PRE

							
								
								The preset value for timer T4 : 0 

							
						

						
								
								T4 : 0.ACC 

							
								
								The accumulated value for timer T4 : 0

							
						

						
								
								T4 : 0.PRE 

							
								
								The preset value for counter C5 : 0 

							
						

						
								
								C5 : 0.ACC 

							
								
								The accumulated value for counter C5 : 0

							
						

					
				

				11.5.8 PLC Status Bits

				Status memory allows a program to check the PLC operations, and also make some changes. Few status bits for PLC5 are shown in Table 11.6. The first four bits in Table 
11.6 indicate the results of calculations—carry flag, overflow flag, zero and sign flags.
The S2 : 1/15 will be true once the PLC is turned ON. This is the first scan bit. The time for the last scan will be stored in S2 : 8. The watchdog timer allows a time to be set in S2:28 so that if the PLC scan time is too long, the PLC will give a fault condition. This is very important for dangerous processes. The locations from S2 : 30 to S2 : 55 are used for interrupts. Interrupts can be used to run programs at fixed time intervals, or when the input changes.

				
					
						
								
								Table 11.6 Status bits for PLC5

							
						

						
								
								Bit address 

							
								
								Meaning

							
						

						
								
								S2 : 0/0

							
								
								Carry in mathematical operation

							
						

						
								
								S2 : 0/1

							
								
								Overflow in mathematical operation

							
						

						
								
								S2 : 0/2

							
								
								Zero in mathematical operation

							
						

						
								
								S2 : 0/3

							
								
								Sign in mathematical operation

							
						

						
								
								S2 : 1/15

							
								
								First scan of program file

							
						

						
								
								S2 : 8

							
								
								Scan time in ms

							
						

						
								
								S2 : 28

							
								
								Watchdog timer setpoint

							
						

					
				

				11.5.9 Integer Memory

				Integer memory comprises 16-bit words that are normally used as 2’s complement numbers that can store data values from –32,768 to 32,767. When decimal fractions are supplied, they are rounded to the nearest whole number. These values are normally stored in 
N7 : xx by default, but new blocks of integer memory are often created in other locations such as N9 : xx. Integer memory can also be used for bits.

				11.5.10 Floating Memory

				Floating point memory which is available in newer and expensive PLCs, stores real numbers in 4 words, with 7 digits of accuracy over a range from +/– 1.1754944 E–38 to
+/– 3.4028237 E-38. Floating memory is stored in F8:xx by default, but other floating point numbers can be stored in other locations. 

				11.6 Input Modules or Interfaces (Cards)

				Inputs come from sensors that translate physical phenomena into electrical signals. Electrical signals generated by sensors, are passed through the input terminals of the input module as shown in Fig. 11.1(b). In other words, the input module terminals receive signals from wires connected to input sensors and transducers. Sensors allow a PLC to detect the state of a process. When a sensor detects a logical change it must signal that change to the PLC which is typically done by switching ON/OFF a voltage or current. Logical sensors can only detect a state that is either true or false. Examples of physical phenomena that are typically detected are:

				Inductive proximity……This is a metal object nearby

				Capacitive proximity……It is a dielectric object nearby

				Optical presence……This is an object breaking a light beam or reflecting light

				Mechanical contact……It is an object touching a switch

				In smaller PLCs the inputs are normally built in, and are specified when purchasing 
the PLC. For larger PLCs the inputs are purchased as modules, or cards, with 8 or 
16 inputs of the same type on each card. A typical input module has 4, 8, 12, 16, or 
32 terminals along with a common terminal and a safety ground terminal. All terminals 
in a given module have identical circuits. The typical ranges for input voltages are 5 V dc, 12–24 V dc, 10–60 V dc, 48 V dc, 12–24 V ac, 100–120 V ac, 200–240 V ac. An external power supply is needed to supply power for the inputs and sensors for the PLC input cards or modules.

				11.6.1 Typical Outputs from Sensors

				Sinking/Sourcing 

				This switches the current ON/OFF. Sinking sensors allow the current to flow into the sensor to the voltage common, while sourcing sensors allow the current to flow out of the sensor from a positive source. The method of using current flow instead of voltage reduces many of the electrical noise problems.

				The output of the sensor, i.e. transistor acts like a switch. A PNP transistor is used for the sourcing output, and an NPN transistor is used for the sinking input.

				Contact switches/Proximity switches

				This switches voltage ON/OFF. Contact switches are available as normally open and normally closed. Contact implies that there is mechanical contact and a resulting force between the sensor and the object. Reed switches are the examples of contact switches.

				Proximity indicates that the object is near, but the contact is not required. Proximity switches use inductance, capacitance, or light to detect an object logically. 

				Solid state relays 

				These switch ac outputs. Solid state relays are available for large loads.

				TTL 

				Transistor Transistor Logic (TTL) uses 0 V and 5 V to indicate logic levels. The voltages can actually be slightly larger than 0 V, or lower than 5 V and still be detected correctly.
A Schmitt trigger will receive an input voltage between 0–5 V and convert it to either 0 V or 5 V. If a sensor has a TTL output, the PLC must use a TTL input card to read the values.

				11.6.2 Example of a PLC Input Card for Sinking Sensors

				Sensor responds to a physical phenomenon. If the sensor as shown in Fig. 11.5(a) does detect nothing (i.e. inactive) then the active line is low and the NPN transistor becomes OFF. The transistor behaves as an open switch which means the output of the NPN transistor will have no current in/out. Any digital circuitry needs to contain a pull-up resistor. When the sensor is active, it will make the active line high. This turns ON the transistor which will allow the flow of current into the sensor to ground—hence sinking.

				The output of a sensor will be an input for the PLC. The input card as shown in 
Fig. 11.5(a) contains two optocouplers—one for each output. The flow of current enters the PLC input card first at a +V terminal and flows through an optocoupler. In this example, 

				[image: Fig-11-5a.eps]

				Fig. 11.5(a) PLC input card for sinking sensor.

				there is no common on this card. This turns ON a phototransistor of the optocoupler which operates the ‘Internal Card Electronics’ of PLC. The current flows out from the +V terminal of the power supply, enters the +V terminal of the PLC input card, photodiode, input 00, NPN sinking source, and finally to the common terminal of the power supply. When the sensor is inactive, no current flows from the power supply.

				Inductive proximity sensors

				Inductive sensors use currents induced by magnetic fields to detect nearby metal objects. The sensors can detect objects a few centimetres from the end. The inductive sensor uses a coil (an inductor) to generate a high frequency magnetic field as shown in Fig. 11.5(b). 
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				Fig. 11.5(b) Inductive proximity sensor.

				If there is a metal object near the changing magnetic field, current will flow in the object. This resulting current flow sets up a new magnetic field that opposes the original magnetic field. The net effect is that it changes the inductance of the coil in the inductive sensor.
By measuring the inductance, the sensor can detect the presence of a metal nearby. These sensors will detect any metal; when detecting multiple types of metal multiple sensors are often used.

				Capacitive proximity sensors

				Capacitive sensors are able to detect most materials at distances up to a few centimetres. In the capacitive sensor, the area of the plates and distance between them is fixed. But the dielectric constant of the space around them will vary as different materials are brought near the sensor. An oscillating field is used to determine the capacitance of the plates as shown in Fig. 11.5(c). When this changes beyond a selected sensitivity, the sensor output is activated.

				[image: Fig-11-5c.eps]

				Fig. 11.5(c) Capacitive proximity sensor.

				For this capacitive sensor, the proximity of any material near the electrodes will increase the capacitance. This will vary the magnitude of the oscillating signal and the detector will decide when this is sufficient enough to determine the proximity. These sensors work well for insulators (such as plastics) that tend to have high dielectric coefficients, thus increasing the capacitance.

				Optical sensors

				Optical sensors require both a light source (emitter) and a detector. Emitters will produce light beams in the visible and invisible spectrums using LEDs and laser diodes. Detectors are typically built with photodiodes or phototransistors. The emitter and detector are positioned so that an object will block or reflect a beam when present. A basic optical sensor is shown in Fig. 11.5(d).
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				Fig. 11.5(d) Optical sensor.

				In Fig. 11.5(d), the light beam is generated and focused through a lens. The beam is focused on the detector with a second lens. If the beam is broken, the detector will indicate the presence of an object. The oscillating light wave is used so that the sensor can filter out normal light in the room. The light from the emitter is turned ON and OFF at a set frequency. When the detector receives the light, it checks to make sure that it is at the same frequency. If light is being received at the right frequency then the beam is not broken. The frequency of oscillation is in the kHz range, and too fast to be noticed. A side effect of the frequency method is that the sensors can be used with lower power at longer distances. 

				Example of sensor outputs

				The simplest example of sensor outputs as shown in Fig. 11.6(a), are switches and relays. A NO (normally open) contact switch is connected to input 01. A sensor with a relay output must be powered separately. The +V and common (N) terminals are connected to the power supply. The output of the sensor will become active when a phenomenon has been detected. This means the internal switch (probably a relay) will be closed allowing current to flow and the positive voltage will be applied to input 06.

				11.6.3 Input ON/OFF Switching Devices

				Switches are mechanical mechanisms which will open or close electrical contacts for a logical signal. Sourcing and sinking inputs are also popular. This output method dictates that a device does not supply any power. Instead, the device only switches current on or off, like a simple switch. Sinking is when the active output allows current to flow to a common ground. This is best selected when different voltages are supplied. Sourcing is when active current flows from a supply, through the output device and to ground. This method is best used when all devices use a single supply voltage. NPN and PNP transistors act as sinking and sourcing respectively.

				Different types of ON/OFF switches are connected to the common and an active terminal of the PLC input module. Some common ON/OFF switches are:

				
						Pressure switches

						Float or Liquid level switches

						Magnetic sensitive switches

						Inductive sensitive switches.

				

				Various types and symbols of input devices are shown in Fig. 11.6(b).
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				Fig. 11.6(a) Example of sensor output as an input for a PLC.

				11.6.4 Input Analog Devicesz

				Input analog devices produce a varying input signal which is sent to the appropriate PLC input module. Carbon and wire wound potentiometers, linear variable differential transformer (LVDT), thermocouple etc. are the examples of the input analog devices. If the PLC input voltage of the input module does not match the voltage value of the input analog devices, a voltage converter or amplifier is needed. Some common input analog devices (transducer*) are:

				
						Thermal transducers

						Optical transducers

						Magnetic transducers

						Electromechanical transducers

						Flow transducers.

				

				Thermal transducers

				These are such devices which convert thermal energy into an equivalent electrical signal. Thermal transducers are:

				Thermistor. 	A thermistor (thermally sensitive resistor) is nonmetallic as well as a non-linear resistor, made of semiconductor material by sintering mixtures of metallic oxides such
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				Fig. 11.6(b) Different types of input sensing switches in a PLC.

				as manganese, nickel, cobalt, copper, titanium, and uranium, that is extremely sensitive to the changes in temperature. The device resistance changes inversely with variations in temperature. It is inexpensive and a fast responding device. Thermistors are non-linear, have a narrower temperature range, and require power for their self-heats. 

				RTD. 	The device resistance changes directly with variations in temperature. It is the most stable and accurate device. But RTD is expensive and does require power. 

				Thermocouple	. It is a device which produces a voltage. The magnitude of the generated voltage is proportional to temperature. Its temperature range is wide. Thermocouple transduc	ers are used at high temperatures and are self-powered. This device has low output and requires reference.

				Optical pyrometer. 	This device focuses infrared energy on IC temperature sensor in probe. The output voltage is proportional to the temperature. It has linear output and is used at high temperatures. But optical pyrometers are expensive.

				Optical transducers

				These are devices which convert light energy into an equivalent electrical signal. Optical sensors need both a light source (emitter) and a detector. Emitter will produce light beams in the visible and invisible spectrums using LEDs and LASER diodes. Detectors are typically built with photodiodes or phototransistors. The emitter and detector are positioned so that an object will block/reflect a beam when present as shown in Fig. 11.5(d). 

				Optical transducers are of the following type:

				Photoconductive cell. 	Device resistance changes inversely with variations in electromagnetic radiation (EMR) intensity. Its response is slow, and requires power.	

				Photovoltaic (solar) cell. This device converts EMR into electrical voltage which is propor-	tional to EMR intensity. It is self-powered and has linear output current. But the photovoltaic cell has non-linear output voltage and slow response. 

				Photodiode. 	This device converts EMR into electrical voltage which is proportional to EMR intensity. It is a small and fast responding device. A photodiode requires an external power supply and has low output.

				Phototransistor. This device converts EMR into current which is injected into the base. It is a sensitive and fast responding device with high output, but requires an external power supply.

				Hall effect. 	Hall effect switches are basically transistors that can be switched by magnetic fields. Their applications are very similar to reed switches, but because they are solid state switches they tend to be more rugged and resist vibration. Automated machines often use these to do initial calibration and detect end stops.

				Magnetic transducers

				These are devices which convert linear/rotational motion into an equivalent electrical signal. Magnetic transducers are of the following types:

				LVDT. A linear variable differential transformer measures linear displacement continuously using magnetic coupling. 

				RVDT. A rotational variable differential transformer measures circular displacement continuously using magnetic coupling. 

				Electromechanical transducers

				These are devices which convert physical quantity into an equivalent electrical signal. Electromechanical transducers are of the following types:

				Strain gauge. 	The device resistance of a strain gauge changes as the strain wire is compressed or elongated. It is durable and requires an external power supply. Strain gauges have a low gauge factor.

				Potentiometer. The voltage between the wiper and either terminal of a potentiometer changes as the shaft is turned. This measures angular positions continuously using resistance. It is durable and requires an external power supply.

				Limit switch. The electrical path of a limit switch is closed or open according to the position of the actuator. It usually requires no external power supply and must contact the sensed object.

				Proximity switches. A proximity switch uses inductance, capacitance or light to detect an object logically. Frequency ch	anges in oscillator indicate object proximity. The output is activated when the oscillator changes frequency. It has no moving parts, but the sensing range of it is limited to about 10 cm.

				11.6.5 PLC Input Instructions

				In a PLC system, each input is assigned a number on the input module and in the CPU. The inputs are called by different names by various manufacturers. The inputs are called  words, functions, and instructions such as Examine ON and Examine OFF. In some PLCs, some prefix like IN or I is used. In a prefix system, the 5th input would correspond to the PLC program number IN005 or I : 005. Various types of inputs are:

				NO (normally open contact). When this contact closes, the function carries out some kind of action.

				NC (normally closed contact). When this contact opens, the function carries out some kind of action.

				Latch/unlatch system. Actuating the latch input turns the function ON or causes it to change state. The function then stays on even if the latch input is turned OFF. To turn the function OFF, another input, unlatch, is turned ON, which turns the function OFF.
If unlatch is then turned OFF, the function remains OFF.

				Differentiation up/rising edge actuation. This involves turning the function ON for one scan at the leading edge of an input signal pattern.

				Differentiation down/falling edge actuation. This involves turning the function ON for one scan at the trailing edge of an input signal pattern.

				11.6.6 Example of an AC Input Card and Ladder Logic

				There are two inputs, one is a normally open (NO) pushbutton, and the second is a thermal switch (NO), or thermal relay as shown in Fig. 11.6(c). Both of the switches are powered by the positive output of the 24 V ac power supply. When the switches are open, there is no voltage passed to the input card. If either of the switches is closed, power will be supplied to the input card. In this case, input 1 and input 3 are used. The input card compares these voltages to the common. If the input voltage is within a given tolerance range the inputs will switch ON. Ladder logic is also shown in Fig. 11.6(c) for the inputs. At the top is the location of the input card I : 013 which indicates that the 
card is an Input card in rack 01 in slot 3. The input number on the card is shown in 
Fig. 11.6(c)—the contact as 01 and 04.
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				Fig. 11.6(c) An ac input card and ladder logic for a PLC.

				The neutral on the power supply is the common, or reference voltage. It is chosen 
as 0 V reference, and all other voltages are measured relative to it. The common is a reference, or datum voltage but the ground is used to prevent shocks and damage to equipment. Before connection, the ground and the common have to be identified and ensured before the device is connected to a common.

				11.7 OUTPUT MODULES/INTERFACES/CARDS

				The outputs to actuators allow a PLC to cause something to happen in a process. External power supplies are connected to the output card and the card will switch the power ON or OFF for each output. Outputs from PLCs are often relays, but they can also be solid state devices such as transistors, triacs, etc. Continuous outputs require special output cards with digital to-analog-converters. A dc signal generated by the CPU is converted to either an ac voltage or a dc output voltage as in Fig. 11.2(b). In other words, the output module terminals receive signals from CPU and drive the output load. 

				A typical output module has 4, 8, 12, 16, or 32 terminals along with a common terminal and a safety ground terminal. All terminals in a given module have identical circuits. The typical ranges for output voltages are 5 V dc (TTL), 24 V dc, 12–48 V dc, 
12–48 V ac, 120 V ac, 230 V ac. Transistors are limited to dc outputs, and triacs are limited to ac outputs. Transistor and triac outputs are called switched outputs. A switched output means a voltage that is supplied to the PLC card, and the card switches it to the different outputs using the solid state circuitry (transistors, triacs, etc.). Triacs are well suited to ac devices requiring less than 1 A. Transistor outputs use NPN or PNP transistors up to 1 A typically. Their response time is well under 1 ms.

				11.7.1 Output ON/OFF Devices

				Different types of ON/OFF electrical devices are connected to the common and an activeterminal of the PLC output module. Some common ON/OFF electrical output devices are:

				
						Electrical solenoid

						Electromechanical relay.

				

				Electrical solenoid 

				When a voltage is applied to the solenoid coil, the plunger goes down. Normally, the plunger is held in an up position by a spring. The plunger is connected to various types of mechanical devices.

				Electromechanical relay 

				The coil of the electromechanical relay (also called contactor) is connected to the output module. The solenoid action of the relay opens and closes contacts which in turn control other electrical circuits.

				Various types and symbols of output devices are shown in Fig. 11.7(a). 

				11.7.2 Output Analog Devices

				Logical outputs can often be powered directly from PLC output boards. Output analog devices are those which are controlled by PLCs through output modules. Stepper motor, servomotor, etc. are the examples of the output analog devices.

				Continuous actuators

				Continuous actuators allow a system to position or adjust outputs over a wide range of values. Even in their simplest form, continuous actuators tend to be mechanically complex 
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				Fig. 11.7(a) Different types of output devices in a PLC.

				devices. For example, a linear slide system might be composed of a motor with an electronic controller driving a mechanical slide with a ball screw†.

				Typical motor feedback controller

				A control system is required when a motor is used for an application that requires continuous position or velocity. A typical controller is shown in Fig. 11.7(b). In any controlled system a command generator is required to specify a desired position. The controller will compare the feedback from the encoder to the desired position or velocity to determine
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				Fig. 11.7(b) Block representation of a typical motor controller.

				the system error. The controller will then generate an output, based on the system error. The output is then passed through a power amplifier, which in turn drives the motor. The encoder is connected directly to the motor shaft to provide feedback of position.

				Stepper motor

				A stepper motor is a brushless dc motor whose rotor rotates in discrete angular increments when its stator windings are energised in a programmed manner. So stepper motors are designed for positioning. They move one step at a time with a typical step size of 1.8 degrees giving 200 steps per revolution. Other motors are designed for step sizes of 2, 2.5, 5, 15 and 30 degrees. The details of stepper motors are discussed in Sections 7.10.1, 7.10.2,
and 7.10.3.

				Stepper motors do not require feedback except when used in high reliability applications and when the dynamic conditions could lead to slip. A stepper motor slips when the holding torque is overcome, or when it is accelerated too fast. When the motor slips, it will move a number of degrees from the current position. The slip cannot be detected without position feedback. Stepper motors are relatively weak compared to other motor types. These motors are also prone to resonant conditions because of the stepped motion control.

				The motors are used with controllers that perform many of the basic control functions. At the minimum a translator controller will take care of switching the coil voltages. The user indicates the maximum velocity and acceleration and a distance to move. A more sophisticated indexing controller will accept motion parameters, such as distance, and convert them to individual steps. Other types of controllers also provide finer step resolutions with a process known as microstepping. The user indicates the direction and the number of steps to take in microstepping—each step is subdivided into smaller steps to give more resolution.

				Servo motor

				The servo motor is used in a servo system. A servo system can be used to control the position of a system, with the addition of a positive feedback element. Magnetic and electronic amplifiers in the control loop use feedback to control position, automatically and accurately. 

				11.7.3 Example of a DC Output Card and Ladder Logic

				In Fig. 11.7(c), the outputs are connected to a low current light bulb (lamp) and a relay coil. Consider the circuit through the lamp, starting at the 24 V dc supply. When the output 
07 is ON, current can flow in 07 to the COM, thus completing the circuit, and allowing the light to turn ON. If the output is OFF, the current cannot flow, and the light will not
turn ON. 

				The output 01 for the relay is connected in a similar way. When the output 01 is ON, current will flow through the relay coil to close the contacts and supply 230 V ac to the motor. Ladder logic for the outputs is also shown in Fig. 11.7(c). The value O : 012 indicates that the card is an output card, in rack 01, in slot 2 of the rack. Outputs 01 and 07 are the output numbers on the card. This card could have many different voltages 
applied from different sources, but all the power supplies would need a single shared common.
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				Fig. 11.7(c) A dc output card and ladder logic for a PLC.

				11.8 Sequence of Operations In A PLC

				When a process is controlled by a PLC, it uses inputs from sensors to make decisions and update outputs to drive actuators, as shown in Fig. 11.8(a). The process is a real process that will change over time. Actuators will drive the system to new states (or modes of operation). This means that the controller is limited by the sensors available; if an input is not available, the controller will have no way to detect a condition.

				The control loop is a continuous cycle of the PLC reading inputs, solving the ladder logic, and then changing the outputs. This does not happen instantly like any computer. Figure 11.8(b) shows the basic operation cycle of a PLC. When power is turned ON initially, the PLC does a quick sanity check to ensure that the hardware is working properly. If there is a problem, the PLC will halt and indicate that there is an error. 
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				Fig. 11.8(a) and (b) Separation of controller and process with basic operation cycle of a PLC.

				For example, if the PLC backup battery is low and power was lost, the memory will be corrupt and this will result in a fault. If the PLC passes the sanity check, it will then scan (read) all the inputs. After the inputs values are stored in memory the ladder logic will be scanned (solved) using the stored values—not the current values. This is done to prevent logic problems when the inputs change during the ladder logic scan. When the ladder logic scan is complete, the outputs will be scanned (the output values will be changed). After this the system goes back to do a sanity check, and the loop continues indefinitely. Unlike normal computers, the entire program will be run every scan. Typical times for each of the stages is in the order of milliseconds.

				All PLCs have four basic stages of operations that are repeated many times per second as shown in Fig. 11.8(c). 
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				Fig. 11.8(c) Scan cycle of a PLC.

				The four basic strategies are:

				Self-test

				When turned ON for the first time, the PLC will check its own hardware and software for faults. In other words, the self-test checks all cards for errors, resets the watch-dog timer etc. A watch-dog timer will cause an error and shut down the PLC if not reset within a short period of time. This would indicate that the ladder logic is not being scanned normally.

				Input scan

				If there are no problems after self-test, input scan will copy all the inputs and copy their values into memory. In other words, input scan reads input values from the chips in the input cards (input module), and copies their values to memory. This makes the PLC operation faster and avoids cases where an input changes from the start to the end of the program (e.g. an emergency stop). 

				The input scan takes a snapshot of the inputs, and solves the logic. This prevents potential problems that might occur if an input that is used in multiple places in the ladder logic program changed while half-way through a ladder scan. This problem could have severe effects on complex programs. One side effect of the input scan is that if a change in input is too short in duration, it might fall between input scans and be missed. When the PLC is initially turned ON the normal outputs will be turned OFF. This does not affect the values of the inputs. There are special PLC functions that read the input directly and avoid input tables.

				Logic solve/scan 

				The logic solve/scan solves the ladder logic program once, using the memory copy of the inputs. While solving the ladder logic, the output values are only changed in temporary memory. In other words, based on the input table in memory, the program is executed one step at a time, and the outputs are updated.

				Ladder logic programs are modelled after relay logic. In relay logic, each element in the ladder will switch as quickly as possible. But in a program, elements can only be examined one at a time in a fixed sequence. Considering the ladder logic in Fig. 11.8(d), the ladder logic will be interpreted left-to-right (i.e. horizontal scan), top-to-bottom (i.e. 
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				Fig. 11.8(d) Ladder logic execution sequence in a PLC.

				vertical scan). In Fig. 11.8(d), the ladder logic scan begins at the top rung. At the end of the rung, it interprets the top output first, then the output is branched below it. On the second rung, it solves branches before moving along the ladder logic rung.

				Output scan 

				When the ladder scan is done, the outputs will be updated using the temporary values in memory. This is called the output scan. In other words, the output table is copied from memory to the output chips in the output cards (output module). These chips then drive the output devices. The PLC now restarts the process by starting a self-check for faults. 	This process typically repeats 10 to 100 times per second as shown in Fig. 11.8(c).

				When the outputs to a PLC are scanned, they are copied from memory to the physical outputs. When the ladder logic is scanned, it uses the values in memory, not the actual input or output values. The primary reason for doing this is that if a program uses an input value in multiple places, a change in the input value will not invalidate the logic. Also, if the output bits were changed as each bit was changed, instead of all at once at the end of the scan, the PLC would operate much slower.

				11.8.1 Scan

				During each operating cycle, the processor reads all the inputs, takes these values, and according to the user program energises or deenergises the outputs. This process is scan. The scan is normally a continuous and sequential process of reading the status of inputs, evaluating the control logic, and updating the outputs. The scan process is shown in
Fig. 11.8(d). A scan cycle time is the time required for a PLC to scan its inputs and generate appropriate control responses at its outputs. Scan time varies with program content and length.

				11.8.2 Importance of Logic Scan

				The logic scan sequence become important when solving ladder logic programs which use outputs as inputs. It also becomes important when considering output usage. The first line of ladder logic as shown in Fig. 11.9(a), will examine input A and set output X to have the same value. The second line will examine input B and set the output X to have the opposite value. So the value of X was only equal to A until the second line of ladder logic was scanned. Recall that during the logic scan the outputs are only changed in memory, the actual outputs are only updated when the ladder logic scan is complete. Therefore the output scan would update the real outputs based upon the second line of ladder logic, and the first line of ladder logic would be ineffective.

				[image: Fig-11-9a.eps]

				Fig. 11.9(a) A duplicated output error in a ladder logic for a PLC.

				Tip. It is a common mistake with beginners to repeat the same ladder logic output more than once. This will basically invalidate the first output. In this case, the first line will never do anything.

				11.9 STATUS OF PLC

				On the front panel of the PLC, there are normally limited status lights. Common lights indicate the following:

				Power ON 	This will be ON whenever the PLC has got powered.

				Program running 	This will often indicate if a program is running, or if no program is running.

				Fault 	This will indicate when the PLC has experienced a major hardware or software problem.

				The above lights are normally used for debugging. Limited buttons will also be provided for a PLC hardware. The most common will be a RUN/PROGRAM switch that will be switched to program when maintenance is being conducted, and back to run when in production. This switch normally requires a key to prevent unauthorised personnel from altering the PLC program or stopping execution. A PLC will almost never have an ON-OFF switch or reset button on the front panel. This needs to be designed into the remainder of the system.

				The status of the PLC can be detected by ladder logic as well. It is common for programs to check to see if they are being executed for the first time as shown in Fig. 11.9(b). The ‘first scan’ input will be true the very first time the ladder logic is scanned, but false on every other scan. In this case, the address for ‘first scan’ in a PLC-5 is ‘S2 : 1/14’. With the logic in the example, the first scan will seal on ‘light’, until ‘clear’ is turned ON. So the light will turn ON after the PLC has been turned ON, but it will turn OFF and stay OFF after ‘clear’ is turned ON. The ‘first scan’ bit is also referred to as the ‘first pass’ bit.

				[image: Fig-11-9b.eps]

				Fig. 11.9(b) A program that checks for the first scan of the PLC.

				11.10 EVENT-DRIVEN DEVICE

				Highly complex systems cannot be controlled with combinatorial logic alone. The main reason for this is that it is not possible to add sensors to detect all conditions, neither can they be selected. In these cases, events can be used to estimate the condition of the system. Typical events used by a PLC include the following:

					First scan of the PLC 	This indicates that the PLC has just been turned ON.

					Time since an input turned ON/OFF	A delay.

					Count of events 	To wait until a set number of events have occurred.

					Latch ON or unlatch 	To lock something ON or turn it OFF.

				The common theme for all of these events is that they are based upon one of two questions ‘How many?’ or ‘How long?’. An example of an event-based device is shown in Fig. 11.10. The input to the device is a pushbutton. When the pushbutton is pushed, the input to the device turns ON. If the pushbutton is then released, and the device turns OFF, it is a logical device. If when the pushbutton is released, the device stays on, it will be one type of an event-based device. To reiterate, the device is event based if it can respond to one or more things that have happened before. If the device responds only in one way to the immediate set of inputs, it is logical.

				[image: Fig-11-10.eps]

				Fig. 11.10 An event-based device of the PLC.

				11.11 LADDER LOGIC LANGUAGE

				PLC programming language refers to the method by which the user communicates information to the PLC. Relay ladder logic, which was the first, and popular language available on the PLC, is a graphical programming language designed to closely represent the appearance of a wired relay system.

				The ladder logic diagram language is basically a symbolic set of instructions used to create the logic controller program. These ladder instruction symbols are arranged to obtain the desired control logic that is to be entered into the memory of the PLC. Because the instruction set is composed of contacts symbols, ladder diagram language is also called a contact symbology. Representation of contacts and coils are the basic symbols of the logic ladder diagram instruction set.

				The main function of the ladder logic diagram program is to control outputs based on the input conditions. This control is accomplished through the use of what is referred to as a ladder rung. In general, a rung consists of a set of input conditions, represented by contact instructions, and an output instruction at the end of the rung represented by the coil symbol.

				Each contact or coil symbol is referenced with an address number that identifies what is being evaluated and what is being controlled. The same contact instruction can be used throughout the program whenever the condition needs to be evaluated. For an output to be activated, at least one left-to-right path of contacts must be closed. A complete closed path is referred to as having logic continuity. When logic continuity exists in at least one path, the rung condition is said to be TRUE.

				11.12 SIMPLE PROCESS CONTROL APPLICATION BY PLC

				In Fig. 11.11(a), a mixer motor is used to automatically stir the liquid in a vat when the pressure and temperature reach the preset values. In addition, direct manual operation of the mixer motor is provided by means of a separate pushbutton switch. The process is monitored with temperature and pressure sensor switches that close their respective contacts when conditions reach their preset values. In the relay method of motor control, the starter coil (M) of the mixer motor is energised when both the pressure and temperature switches are closed or when the pushbutton switch is pressed as shown in Fig. 11.11(a).

				In a PLC system, the same input sensing devices, i.e. pressure switch, temperature switch, and pushbutton switch are hard-wired (connected) to an appropriate input module address according to the manufacturer’s addressing format. The same output device, i.e. starter coil of the mixer motor is hard-wired to an appropriate output module address according to the manufacturer’s addressing format.

				Next, the PLC ladder control logic diagram is constructed and programmed into the memory of the CPU. A typical ladder logic diagram is shown in Fig. 11.11(b). The format of the ladder logic diagram is similar to the layout of the hard-wired relay ladder circuit. The individual symbols and the numbers represent instruction and instruction addresses. When programming the controller, these instructions are entered one by one into the processor memory from the keyboard. Instructions are stored in the user program portion of the processor memory.

				Working principle of a simple process control by logic controller

				To operate the program, the controller is placed in the RUN mode, or operating cycle. During each operating cycle, the controller examines the status of the input devices, executes the user program, and changes the outputs accordingly. The symbol –( )– used in Fig. 11.11(b), can be considered to represent a coil that, when energised, will close a set of contacts. When contacts 001 and 002 or only 003 are closed, the coil 011 is energised. Either of these conditions provides a continuous path from left to right across the rung that includes the coil shown in Fig. 11.11(b).

				RUN operation

				First, the inputs are examined and their status is recorded in the controller’s memory. A closed contact is recorded as a signal that is referred to as a logic 1 and an open contact by a signal that is called a logic 0. Then the ladder diagram is evaluated, with each internal contact given the OPEN or CLOSED status according to the record. If these contacts provide current path from the left to right as in Fig. 11.11(b), the output coil memory location is given a logic 1 value and the output module interface contacts will close. The completion of one cycle of this sequence by the controller is called a scan.

				[image: Fig-11-11a.eps]

				Fig. 11.11(a) Example of a simple process control application with relay logic diagram.
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				Fig. 11.11(b) PLC ladder logic diagram of a simple process control application.

				11.13 SIMPLE PROGRAMMING EXAMPLES

				The electrical diagram for relays consists of 

				
						the relay coil which causes the relay to actuate when energised,

						the corresponding contacts of each relay, and 

						the interconnections of these coils and contacts along with the connections to other devices and power sources.

				

				When the relay coil is actuated, its relay contacts change from open to closed or closed to open, depending on the type of contact it is, NO or NC. A motor starter is essentially a large capacity relay with heavy duty contacts in its power circuit. Power for the three-phase ac motor is controlled by the three contacts, preferable labelled by M which close when the starter coil M is energised. The motor is then powered from line terminals R, Y, and B to the respective motor terminals.

				A Direct On-Line (DOL) starter for starting a three-phase ac motor has (i) a magnetic contactor (M), an overload relay (OL), and (iii) a control circuit as illustrated in Fig.11.12(a). When the ‘Start’ button is pressed, magnetising coil (M) is energised. As the coil (M) is energised, it closes all M contacts. The M contacts which are the part of the power circuit, connected in series with the motor terminals, close to complete the current path to the motor.

				The control or sealing contact (M) across the ‘Start’ button closes to seal in the coil circuit when the ‘Start’ button is released. Three overload coils (OL), one in each phase, are connected in series with the motor terminals. The normally closed (NC) relay contact ‘OL’ opens automatically when an overload current is sensed on any phase, in order to deenergise the magnetising coil (M) and stop the motor.

				[image: Fig-11-12a.eps]

				Fig. 11.12(a) Schematic and relay logic diagram of a three-phase ac motor for start-stop-seal circuit.

				Example 11.1

				When the ‘Start’ button is pressed, the magnetising coil (M) energises. When the ‘Start’ button is released, the magnetising coil remains ON. It is held on by a sealing contact that is in parallel with the ‘Start’ button. The sealing contact closes when the magnetising coil is energised. If the ‘Stop’ button is pressed, the power to the coil goes off and remains off. Draw (i) the schematic diagram, (ii) the relay logic, (iii) PLC connection diagram, and 
(iv) the ladder logic diagram for the statements given above.

				Solution The schematic and relay logic diagrams for a start-stop-seal circuit of a three-phase ac motor are shown in Fig. 11.12(a). When the ‘Start’ button is pressed, a current will flow through the magnetising contactor (M) and the normally closed (NC) overload 
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				Fig. 11.12(b) PLC ladder logic and PLC connection diagrams of a ‘start-seal-stop’ circuit for a three-phase ac motor.

				contact (OL). The contactor (M) closes the sealing contact (M) as well as the other three M contacts connected between the respective line terminals R, Y, and B to the respective motor line terminals. When the ‘Stop’ button is pressed, the magnetising coil (M) will be deenergised. Eventually, the motor will stop. 

				Figure 11.12(b) illustrates the PLC connection and ladder logic diagrams. A major difference between the relay logic and PLC connections is in the physical location of the sealing contact. In relay logic, the sealing contact (M) is attached physically to the output (magnetising) coil (M). The power of the sealing contact (M) goes ON and OFF with the output coil. But in the PLC ladder logic, the sealing contact (M) is generated internally at the time of its programming. This internal sealing contact (M) in the PLC logic closes or opens as the control relay (CR) coil goes ON and OFF. The control relay CR002 is associated with a motor starter coil and an overload. 

				Example 11.2

				A three-phase ac motor is to be rotated either in the forward direction or in the reverse direction. If the single ‘Stop’ button is pressed, the motor will be stopped from any direction. Mechanical interlocks are provided so that both outputs cannot be energised at the same time. Whether operating through either forward or reverse contactor, the power connections are run through the same set of overload relays. Draw (i) the schematic diagram, (ii) the relay logic, (iii) the PLC connection diagram, and (iv) the ladder logic diagram for the statements given above.

				Solution Mechanical and electrical interlocks are used to prevent the forward and reverse contactors from being activated at the same time, which would cause a short circuit. With the mechanical interlocks, the first coil to close moves a lever to a position that prevents the other coil from closing its contacts when it is energised. Electrical pushbutton interlocks use double-contact (NO and NC) pushbuttons. When the ‘Forward’ pushbutton is pressed, the NC contacts open the reverse coil circuit. There is no need to press the ‘Stop’ button before changing the direction of rotation. If the ‘Forward’ button is pressed while the motor is running in the reverse direction, the reverse control circuit is deenergised and the forward contactor is energised and held closed.

				The schematic and relay logic diagrams for a forward-reverse control with mechanical interlocks of a three-phase ac motor are shown in Fig. 11.13(a). When the ‘Forward’ button is pressed, a current will flow through the forward contactor (F) and normally closed (NC) overload contact (OL). The forward contactor (F) closes the forward contact (F) as well as the other three F contacts connected between the line terminals R, Y, and B to the respective motor line terminals. This prevents the reverse coil from closing its reverse contacts (R) due to mechanical interlocks. 

				If the ‘Reverse’ button is pressed, the current will flow through the reverse contactor (R) and normally closed (NC) overload contact (OL). The reverse contactor (R) moves a lever to a position that prevents the forward contactor (F) from closing its forward contacts and the current will flow through the reverse contactor (R) and normally closed (NC) overload contact (OL). This reverse contactor (R) closes the reverse contact (R) as well as the other three R contacts connected between the line terminals R, Y, and B to the respective motor line terminals. Now, the motor will rotate in the reverse direction. When the ‘Stop’ button is pressed, the running contactor (either F or R) will be deenergised. Eventually, the motor will stop from its present direction of rotation.

				Figure 11.13(b) illustrates the PLC connection and ladder logic diagrams of a forward-reverse control with mechanical interlocks for a three-phase ac motor. The contact 001 in a PLC ladder logic stops operation in either direction. Contacts 002 and 003 are used for 
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				Fig. 11.13(a)	Schematic and relay logic diagram of a three-phase ac motor for forward and reverse control with mechanical interlocks.
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				Fig. 11.13(b)	PLC connection diagrams and PLC ladder logic of a forward-reverse control with mechanical interlocks for a three-phase ac motor.

				forward and reverse direction of rotation for the three-phase ac motor corresponding to the control relays CR017 and CR018 respectively. The interlocking contact CR018 (CR017), which is normally closed, is placed in the forward (reverse) path.

				Example 11.3

				Repeat Example 11.2 with electrical interlocks. 

				Solution. Electrical pushbutton interlocks are used to prevent the forward and reverse contactors from being activated at the same time. The schematic and relay logic diagrams for a forward-reverse control with electrical pushbutton interlocks of a three-phase ac motor are shown in Fig. 11.13(c). When the normally closed (NC) ‘Forward’ button is pressed, a current will flow through the normally closed (NC) ‘Reverse’ button, forward contactor (F) and normally closed (NC) overload contact (OL). The forward contactor (F) closes the forward contact (F) as well as the other three F contacts connected between the line terminals R, Y, and B to the respective motor line terminals. After releasing the ‘Forward’ button, it will take its normally closed (NC) position.
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				Fig. 11.13(c)	Schematic and relay logic diagrams of a three-phase ac motor for forward and reverse control with electrical pushbutton interlocks.

				If the normally closed (NC) ‘Reverse’ button is pressed, the current will flow through the normally closed (NC) ‘Forward’ button, reverse contactor (R) and normally closed (NC) overload contact (OL). The reverse contactor (R) closes the reverse contact (R) as well as the other three R contacts connected between the line terminals R, Y, and B to the respective motor line terminals. After releasing the ‘Reverse’ button, it will take its normally closed (NC) position. It is assumed that the motor is rotating in the forward direction before closing the ‘Reverse’ button. At the time of closing the ‘Reverse’ button, it disconnects the forward current path and establishes the new reverse current path. Consequently, the motor will be rotating in the reverse direction. When the ‘Stop’ button is pressed, the running contactor (either F or R) will be deenergised. Eventually, the motor will stop from its present direction of rotation. 

				Figure 11.13(d) illustrates the PLC connection and ladder logic diagrams of a forward-reverse control with electrical interlocks for a three-phase ac motor. The contact 001 in a PLC ladder logic stops operation in either direction. Contacts 002 and 003 are used for forward and reverse direction of rotation for the three-phase ac motor corresponding to the control relays CR017 and CR018 respectively. The interlocking contact CR018 (CR017) 
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				Fig. 11.13(d)	PLC connection diagrams and PLC ladder logic of a forward-reverse control with electrical pushbutton interlocks for a three-phase ac motor.

				which is normally closed, is placed in the forward (reverse) path. In Fig. 11.14(a), relay logic and PLC ladder logic diagrams of a three-phase ac motor for forward and reverse control with electrical auxiliary contact interlocks are illustrated. 
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				Fig. 11.14(a)	Relay logic and PLC ladder logic diagrams of a three-phase ac motor of forward and reverse control with electrical auxiliary contact interlocks.

				Example 11.4

				Repeat Example 11.3 with electrical auxiliary contact interlocks, except that the directions of forward and reverse rotations when the motor is running, are indicated by red and green pilot lights lights that respectively. Separate ‘Stop’ buttons for forward and reverse rotations are used. 

				Solution. In Fig. 11.14(b), the PLC logic connection diagram, the relay logic and PLC ladder logic diagrams of a three-phase ac motor for forward and reverse control with electrical auxiliary contact interlocks along with separate pilot lights are illustrated.
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				Fig. 11.14(b)	Relay logic and PLC ladder logic diagrams of a three-phase ac motor for forward and reverse control with electrical auxiliary contact interlocks.

				11.13.1 Jogging/Inching of an AC Motor

				Jogging or Inching is the momentary ON operation of a motor for the purpose of accomplishing a small movement of the driven machine. It involves an operation in which the motor runs when the pushbutton is pressed and will stop when the pushbutton is released. Jogging is used when the motor must be operated momentarily for a final adjustment of a machine’s position. 

				Repeated high starting currents created by jogging cause excessive heating of the power contacts. If a motor is expected to be jogged more than five times per minute, the rating of the starter must be derated. Fig. 11.5(a) shows a jog control circuit requiring a double contact jog pushbutton—one NC contact and one NO contact. When the ‘Jog’ button is pressed, the seal in circuit to the starter coil (M) is opened by the NC contacts of the ‘Jog’ pushbutton. As a result, the starter coil (M) will not lock in; instead, it can only stay energised as long as the ‘Jog’ button is fully pressed. As a result, a jogging action can be obtained.
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				Fig. 11.15(a) Relay logic diagrams of a jog/start/stop pushbutton without jog control relay and with control relay for a three-phase ac motor.

				On quick release of the ‘Jog’ pushbutton, should its NC contacts reclose before the starter main contacts (M) open, the motor would continue to run. A jogging attachment can be used to prevent the reclosing of the NC contacts of the ‘Jog’ button. This device ensures that the starter holding circuit is not reestablished if the ‘Jog’ button is released too rapidly. Jogging can be repeated by reclosing the ‘Jog’ button. It can be continued until the jogging attachment is removed.

				The control relay jogging circuit using jog control relay is much safer than the control circuit without the jog control circuit shown in Fig. 11.15(a). A single contact ‘Jog’ pushbutton switch is used. A jog control relay (CR) is incorporated in the circuit. Pressing the ‘Start’ button completes the circuit for the control relay coil (CR), closing the CR1 and CR2 contacts. As soon as the contact CR2 closes, the motor starter coil (M) is energised, starting the motor. On the other hand, pressing the ‘Jog’ button energises the motor starter coil (M) only, starting the motor. Both the contacts CR1 and CR2 remain open, and the control relay coil (CR) is deenergised. The M coil will not remain energised when the ‘Jog’ button is released. It is necessary to push ‘Stop’ button before going from RUN to JOG in the circuit of Fig. 11.15(b).
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				Fig. 11.15(b) Relay logic and PLC ladder logic diagrams of jog/start/stop pushbutton with jog control relay of an ac motor.

				Example 11.5

				There are four hazard inputs to the alarm system that go on as some operational malfunction occurs. The system operates as follows:

					(i)	If one hazard input is ON, nothing happens.

					(ii)	If any two hazard inputs are ON, a Red Pilot glows.

					(iv)	If any three hazard inputs are ON, an alarm siren sounds.

					(v)	If all four hazard inputs are ON, the fire department is notified.

				Draw a ladder logic diagram with PLC connection diagram for the above situation.

				Solution. The PLC connection diagram of an alarm system and its ladder logic diagram are illustrated in Fig. 11.16. The PLC program numbers for the inputs may be assigned as Input A – I : 001, Input B – I : 002, Input C – I : 003, and Input D – I : 004. 
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				Fig. 11.16 Relay logic and PLC ladder logic diagrams of an alarm system.

				If any two hazard inputs among inputs A, B, C, and D are ON, the Red Pilot
glows. There will be six combinations of different inputs. The control relay may be assigned CR017. 

				If any three hazard inputs among inputs A, B, C, and D are ON, the alarm sounds. There will be four combinations of different inputs. The control relay may be assigned CR018. 

				When all the four hazard inputs are ON the fire department is notified. There will be only one combination. The control relay is assigned CR019.

				MULTIPLE CHOICE QUESTIONS

					1.	A PLC is capable of 

						(a)	counting, and calculating analog signals. 

						(b)	comparing analog signals. 

						(c)	processing analog signals.

						(d)	all of the above.

					2.	PLCs are used to control 

						(a)	batch processes 	

				(b)	manufacturing processes 

						(c)	industrial processes	

				(d)	all of the above.

					3.		PLC controls are used in annunciators for the working of the plant that could be monitoring of 

						(a)	pressure. 	

				(b)	temperature. 

						(c)	both (a) and (b).	

				(d)	none of the above.

					4.	PLCs can be used in controlling of 

						(a)	electrical machines within a sequence of values of time, pressure, temperature, level, etc.

						(b)	mechanical machines within a sequence of values of time, pressure, temperature, level, etc. 

						(c)	both (a) and (b).	

						(d)	none of the above.

					5.	If a programming error occurs in a PLC controlled ladder diagram, 

						(a)	this error can be corrected quickly. 

						(b)	this error cannot be corrected at all.

						(c)	a new program has to be written.

						(d)	none of the above.

					6.	A data processing computer system is 

						(a)	an event-driven system. 	

				(b)	a non event-driven system

						(c)	both (a) and (b).	

				(d)	none of the above.

					7.	The input sensing devise in a PLC is 

						(a)	a motion sensor. 	

				(b)	a sound sensor

						(c)	a heat sensor.	

				(d)	a all of the above.

					8.	PLCs with word processors are used 

						(a)	when processing text and numerical data are required

						(b)	when calculations are required. 

						(c)	when simple processing of signals in binary code is required.	

						(d)	for all of the above.

					9.		If a PLC system is made up of TTL ICs, the internal power supply will be 

						(a)	5 V. 	

				(b)	10 V.

						(c)	15 V.	

				(d)	18 V.

					10.	The programming device in a PLC can be 

						(a)	an LCD hand-held terminal. 	

				(b)	a video display unit with keyboard.

						(c)	either (a) or (b).	

				(d)	none of the above.

					11.	If the programming unit in a PLC is removed, 

						(a)	the operation of the user program will be affected. 	

						(b)	the operation of the user program will not be affected.

						(c)	the user program will be terminated automatically.

						(d)	none of the above will occur.

					12.	The microprocessor in a PLC 

						(a)	receives and analyses data. 	

				(b)	processes data.

						(c)	sends data to the output devices.	

				(d)	does all of the above.

					13.	In the RUN/PROGRAM mode of a PLC, 

						(a)	the program cannot be completely erased. 	

						(b)	the program can only be modified.

						(c)	both (a) and (b) can be done.	

						(d)	either (a) or (b) can be done.

					14.	The scan in a PLC is normally a continuous process of 

						(a)	reading the status of inputs. 

					(b)	evaluating the control logic.

						(c)	updating the outputs.	

				(d)	all of the above.

					15.	If an active sensor allows current to flow from a supply through the output device to ground, it is 

						(a)	sinking. 	

				(b)	sourcing.

						(c)	both (a) and (b).	

				(d)	none of the above.

					16.	A thermistor is 

						(a)	a nonmetallic as well as a non-linear resistor.

						(b)	a nonmetallic as well as a linear resistor.

						(c)	a metallic as well as a non-linear resistor. 

						(d)	a metallic as well as a linear resistor.

					17.	An optical pyrometer has a 

						(a)	linear output and is used at high temperatures. 	

						(b)	linear output and is used at low temperatures.

						(c)	non-linear output and is used at high temperatures. 	

						(d)	non-linear output and is used at low temperatures.

					18.	A solar cell converts electromagnetic radiation (EMR) into electrical voltage which is proportional to 

						(a)	wind pressure. 	

				(b)	temperature.

						(c)	EMR intensity. 

					(d)	none of the above.

					19.	The resistance of strain wire in a strain gauge changes if the strain wire is 

						(a)	compressed. 	

				(b)	elongated.

						(c)	either compressed or elongated. 	

				(d)	subjected to none of the above.

					20.	A ladder logic scan begins at 

						(a)	the top rung. 	

				(b)	the bottom rung.

						(c)	the middle rung. 	

				(d)	none of the above.

					21.	The main function of the ladder logic diagram program is 

						(a)	to control inputs based on the output conditions.	

						(b)	to control outputs based on the input conditions.

						(c)	both (a) and (b). 	

						(d)	none of the above.

				TRUE OR FALSE STATEMENTS

				State whether the following statements are true or false.

					1.	A PLC is capable of performing not only the relay switching tasks, but also other applications such as counting, calculating, comparing, and the processing of analog signals. 

					2.	The programmable logic controller (PLC) is a non-event driven device.

					3.	In a PLC, a program is needed to process the inputs and decide the means of turning OFF and ON load devices.

					4.	PLCs are used in annunciators for the working of the plant that could be monitoring of pressure, temperature, motor and valve status.

					5.	A PLC has a limited number of contacts for each coil available in its programming.

					6.	Troubleshooting a PLC cannot be done more quickly during visual observation.

					7.	A PLC is built for a specific purpose.

					8.	PLC’s software is designed for different jobs.

					9.	A data processing computer system is used for batch processing.

					10.	A process control computer system is used for real-time control applications.

					11.	If the integrated circuit is a complementary metal oxide semiconductor (CMOS) type, the power supply voltage will be in the range of 3 V to 18 V dc.

					12.	The input module terminals do not receive signals from wires connected to input sensors and transducers.

					13.	The output module terminals provide output voltages to energise actuators and indicating devices.

					14.	Even if the CPU signal does not match, the terminals of the output module will be energised.

					15.	The optoisolator protects the CPU from any erratic voltage surge which may be produced by the output device.

					16.	If the programming unit in a PLC is not in use, it may be unplugged and removed.

					17.	In the OFF/PROGRAM mode of a PLC, a system cannot run, but can be programmed or reprogrammed. 

					18.	The information stored in a ROM is erased when the system is switched off.

					19.	The scan time in a PLC does not vary with program content and length.

					20.	A PROM device can be programmed only once in its lifetime.

					21.	A data storage memory in a PLC stores information needed to carry out the user program.

					22.	The LVDT measures the circular displacement using magnetic coupling.

					23.	The outputs to actuators allow a PLC to cause something to happen in a process.

					24.	The output module terminals receive signals from CPU and drive the output load.

					25.	A watch-dog timer will cause an error and shut down the PLC if not reset within a short period of time.

					26.	When the ladder scan is done, the outputs will not be updated in memory.

					27.	When the outputs to a PLC are scanned, they are copied from memory to the physical outputs.

				REVIEW QUESTIONS

					1.	(a)	What is a PLC? Why is PLC an event-driven device?

						(b)	What are the functions of PLC?

						(c)	State the industrial applications of PLC.

						(d)		Mention the advantages and disadvantages of PLC over the conventional relay type of control.

					2.	(a)	Compare the data processing computer system with the process control computer system.

						(b)	What are the factors to be considered in selecting a PLC?

						(c)	Name the different parts in a functional block diagram of PLCs.

						(d)	Write the addressing format of an I/O module. What do (i) I : 012/03 and
(ii) O : 024/07 mean?

					3.	(a)	What are the functions of input module and multiple modules in a PLC?

						(b)	Explain the necessity of isolation of I/O module from its input.

						(c)	How does an output module in a PLC function?

						(d)	Briefly explain the working of a CPU in the PLC.

					4.	(a)	What are the functions of RAM and ROM in a PLC?

						(b)	How does the scan block perform its task?

						(c)	Classify ROM. What is mask ROM? State its disadvantages.

						(d)	Describe PROM. What are the different links used in PROM? A PROM chip is a one-time programmable memory. Justify.

					5.	(a)	Discuss EPROM. Why is EPROM referred to as ultraviolet EPROM?

						(b)	EEPROM is superior than EPROM. Justify.

						(c)	Compare EPROM with EEPROM.

						(d)	Describe flash memory. What are the limitation of flash memory?

					6.	(a)	On what factors does the requirement of memory depend?

						(b)	Write the functions of user memory and data storage memory.

						(c)	Describe the typical format of default data files in a PLC.

						(d)	Explain the input and output image table with its necessary diagrams.

					7.	(a)	Explain the meaning of different bits used in timer/control memory in a typical PLC.

						(b)	What are functions of integer and floating memory used in data files of a typical PLC?

						(c)	What is meant by sinking sensor?

						(d)	Explain a PLC input card for sinking sensor with a diagram.

					8.	(a)	How does an optical sensor operate?

						(b)	What are sinking and sourcing in a PLC?

						(c)	Mention the most common ON/OFF switches used in PLCs.

						(d)	What is thermal transducer? Name the different types of thermal transducers. Explain the basic difference between thermistor and RTD.

					9.	(a)	What are magnetic transducers? Write the basic difference between LVDT and RVDT.

						(b)	Explain the function of ‘Latch/Unlatch system’ input in a PLC. Draw its ladder logic.

						(c)	How does an ac input card in a PLC work?

						(d)	Mention the most common ON/OFF output devices used in PLCs.

					10.	(a)	Explain a motor feedback controller system in a PLC.

						(b)	How does a dc input card in a PLC work? Draw its ladder logic.

						(c)	Describe the basic operation cycle in a PLC with a diagram.

						(d)	What are the different stages of operations that are repeated many times in a PLC?

					11.	(a)	Explain what is meant by (i) self-test, (ii) input scan, (iii) logic solve/scan, and 
(iv) output scan.

						(b)	How does a dc input card in a PLC work? Draw its ladder logic.

						(c)	What is the importance of logic scan?

						(d)	Mention the common lights used on the front panel of a PLC.

					12.	(a)	Explain the ladder logic language.

						(b)	Define contact symbology.

						(c)	Draw a relay logic and ladder logic diagram when a mixer motor is used to automatically stir the liquid in a vat when the temperature and pressure reach the preset values.

						(d)	Explain with the help of a schematic diagram the working of a DOL starter used for starting of a three-phase induction motor. Also draw its (i) relay logic diagram, (ii) ladder logic diagram with start/stop/seal circuit, and (iii) PLC connection diagram.

					13.	(a)	Explain how a three-phase induction motor is rotated either in the forward or in the reverse direction with mechanical interlocks. Also draw its (i) relay logic diagram, (ii) ladder logic diagram, and (iii) PLC connection diagram.

						(b)	Describe part 13(a) with electrical pushbutton interlocks.

						(c)	Describe part 13(a) with electrical auxiliary contact interlocks.

						(d)	Explain the forward-reverse control with electrical auxiliary contact interlocks, except that the forward and reverse rotations are indicated by red and green pilots respectively. Separate ‘Stop’ buttons are to be provided. Also draw its (i) relay logic diagram, (ii) ladder logic diagram, and (iii) PLC connection diagram.

					14.	(a)	Explain what is meant by jogging/inching of a motor.

						(b)	Explain the relay logic diagram of a Jog/Start/Stop pushbutton control circuit for a three-phase induction motor. How is this circuit modified with the help of a jog control relay?

						(c)	Draw a ladder logic diagram with PLC connection diagram of a Jog/Start/Stop pushbutton control circuit for an induction motor.

						(d)	There are four hazard inputs to the alarm system that go on as some operational malfunction occurs. The system operates as follows:

				(i)	If two hazard inputs are ON, nothing happens.

				(ii)	If any three hazard inputs are ON, an alarm siren sounds.

				(iii)	If all the four hazard inputs are ON, the fire department is notified.

						Draw a ladder logic diagram with PLC connection diagram for the above situation.

				
					
						*A transducer is a device which converts a physical quantity into its equivalent electrical signal.

					

					
						†In a ball screw, rotation is converted to linear motion using balls screws. These are low-friction screws that drive nuts filled with ball bearings. These are normally used with slides to bear mechanical loads.
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					1.1	(i) 24.75 mA, 7.87 mA, 12.37 mA; (ii) 0.0612 W; (iii) 0.155 W; (iv) 40%; (v) 1.21
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					3.1	– 6.8 V

					3.2	[image: Answer.wmf]

					3.3	800p cos 2000wt mV
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					4.1	RL = 3 kW,  RB = 150 kW, and C = 24 pF

					4.2	R1 = 11.4 kW, R2 = 22.8 kW, R = 1.2 kW, duration of output pulse = 1 ms

					4.3	9.79 mA, 0.49 mA, – 1.02 V

					4.4	0.48 MHz, 66.67%
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				chopper control, 415

				generator voltage regulator, 540

				circuit diagram, 540
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				power conditioner, 533
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				hybrid model, 90

				input impedance, 91
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				hybrid parameters, 89

				power
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				Central processing unit (CPU), 551

				Chopper(s)

				applications, 380

				frequency, 383

				voltage step-down, 380

				voltage step-up, 380

				Circulating current type dual converter (dual-bridge configuration), 375

				Circulating current type dual converter (mid-point configuration), 373
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				Colpitt’s oscillator, 473

				Commutating, transpose, or speed-up capacitors, 187

				Compliance voltage, 84

				Contact symbology, 590

				Continuous actuators, 582

				Corona, 478
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				CSCR (complementary SCR), 227

				Cuk converter, 45
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				limitation, 85
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				applications, 360

				principle of operation, 360
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				applications, 301

				principle of operation, 300
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				with current mirror, 85
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				difference mode signal, 71

				double-ended input and double-ended output, 61

				double-ended input and single-ended output, 72

				DC equivalent circuit, 72
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				dual input, balanced output, 61

				figure of merit, 80

				input bias current, 74

				input impedance, 74

				input offset current, 74

				single-ended input and double-ended

				floating load, 64

				single-ended input and double-ended output, 64

				Single-ended input and single-ended output, 66

				noninverting amplifier, 69
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				tandem connection, 96
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				Diode
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				power

				applications, 305

				construction, 303

				current ratings, 305

				principle of operation, 305
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				Diode rectifier
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				Ebers–Moll ac Model, 59
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				Electromechanical transducers, 580

				Electron tubes
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				glow discharge, 322
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				Event-driven device, 589

				

				

				Fixed linear negative voltage regulator, 36

				Fixed positive voltage regulator, 33

				Flyback converter, 42

				Forward converter, 43

				Four-quadrant operation, 369

				Function generator using, 741
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				dielectric, 466, 474

				applications, 478
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