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Preface 

There have been many developments in the field of power electronics since 
the publication of the second edition, almost five years ago. Devices have 
become bigger and better - bigger silicon die, and current and voltage 
ratings. However, semiconductor devices have also become smaller and 
better, integrated circuit devices, that is. And the marriage of low power 
integrated circuit tecnology and high power semiconductors has resulted in 
benefit to both fields. 
The third edition of the Power Electtunics Handbook reflects these 

changes. Although the basic design chapters have been largely unchanged, 
those on power and control components have been updated with the addition 
of sections on power devices such as the IGBT, and on the integration of low 
and high power devices, such as in smart power components The section on 
EMC has also been updated to include recent standards. A new d o n  on the 
application of power components within automobiles has been added, since 
the use of power devices in this area has increased considerably. 

The fust chapter describes the processes used in the manufacture of power 
semiconductors and the construction and characteristics of the power 
semiconductors currently available. Chapters 2 to 5 cover devices which are 
used in conjunction with power semiconductors. Chapter 2 introduces the 
methods and components for removing heat generated within the power 
semiconductor, a vital requirement for effective operation. Chapter 3 
describes low power devices, including those classified BS smart power, 
which are used to control the operation of power semiconductors. Chapter 4 
introduces the techniques and components necessary to minimise radio 
frequency interference generated by power electronic circuits; with the 
tightening of European and world regulations, this is clearly an important 
consideration. Chapter 5 describes components and circuits used to protect 
power components from malfunction, such as caused by overcurrent and 
overvoltage. 

Chapters 6 to 13 provide detailed information on the arrangements and 
design of the various types of power semiconductor circuits. Because there 
are a large number of different types of such circuits, this whole field is first 
surveyed in Chapter 6, to give the student a unified picture. 

Chapter 7 describes the most basic type of power circuit, that used for 
simple static switching. This is taken further in Chapter 8 to controlling the 
value of the a.c. line voltage. Chapter 9 extends the voltage control concept 
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to include rectification, so taht the a.c. is controlled to give a variable d.c. 
voltage. 

Although similar in concept to ax. line control and rectification, the next 
chapter describes a completely different application, the use of power 
electronics to vary the frequency of an a.c. supply without first going through 
d.c. These are also referred to as cycloconverters. 

Chapters 11, 12 and 13 are related, since in these the power semi- 
conductors switches operate from a d.c. supply and need to be forced 
commutated. Chapter 11 classifies the various commutation systems which 
are popularly used, and Chapters 12 and 13 describe two prime application 
areas, those of voltage control and of frequency changing. 

Finally Chapter 14 describes some of the most common applications of 
power semiconductor components and circuits, introduced in earlier chapters 
of the book. This includes power supplies, electrical machine control, heating 
and lighting, and automobile control applications. 

I started my career as a power electronic engineer at just about the time 
that the first thyristors were becoming commercially available. From then on 
I have continued to learn daily, as new developments have been made and 
new material published. I am grateful to the many authors who have enriched 
the technical press with their writings and so made this possible. To them, 
and to the many other power electronic engineers, who have worked to 
extend our knowledge in this valuable area, this book is gratefully 
dedicated. 

Fraidmn Mazda 
Bishop’s Stortford 

September 1997 
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Chapter 1 

Power semiconductor devices 

1.1 Introduction 
1.1.1 Historical development 
The field of power electronics is not new. The post- and pre-war periods, 
from about 1930 to 1950, saw extensive application of power electronics, 
based primarily on the mercury arc rectifier and the gas-filled tube. 

It was in December 1939 that William Shockley first noted the principle 
of a semiconductor which could be used for controlling electrical power. 
However, it was not until 23 December 1947, the official date for the 
invention of the transistor, that a simple point contact transistor was 
demonstrated by William Shockley , John Bardeen and Walter Brattain, to 
the executives of Bell Laboratories. It was at this point that semiconductor 
electronic technology was born. 

Two other dates are important when tracking the development of power 
semiconductors. The integrated circuit was invented by Jack Kelby of 
Texas Instruments in 1958. Integrated circuits, especially microprocessors, 
are now used extensively to control power semiconductor devices. Finally, 
the thyristor, the workhorse of the power semiconductor field, was 
announced by General Electric in 1957. It was originally called the 
silicon-controlled rectifier (SCR), to differentiate it from the common 
silicon rectifier, and it was some time later that the name was changed to 
thyristor. 

1.1.2 Applkations 
Power semiconductors are used in wide-ranging applications. The 
following gives only a representative sample. 

(i) Industrial applications consist primarily of two areas, motor control 
and power supplies. The motors which are controlled vary from the 
very large, as used in steel mills, to the relatively smaller ones, such 
as in machine tools. Power supplies too come in many shapes and 
sizes, such as for battery charging, induction heating, electroplating 
and welding. 
Consumer applications cover many different areas in the home, such 
as audio amplifiers; heat controls; light dimmers; motor control for 
food mixers and hand power tools; and security systems. 

3 

(ii) 
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(iii) Transportation applications, the largest being motor drives for areas 
such as electric vehicles, locomotives, and fork-lift trucks. Equally 
important are non-motor drive applications, such as traffic signal 
control, vehicle electronic ignition and vehicle voltage regulation. 

(iv) Aerospace and defence applications include VLF transmitters; 
power supplies for space and aircraft; and switching using solid state 
relays and contactors. 

1.1.3 Power semiconductor operation 
This chapter describes the construction and characteristics of several types 
of power semiconductor devices. These can generally be operated in 
different modes, due either to their construction or the application in 
which they are used. Four operating modes are considered in this chapter: 

One way of differentiating devices is whether they are capable of 
being controlled, regarding their turn-on point. The power rectifier 
cannot be so controlled, since it will conduct as soon as the voltage at 
its anode is more positive than that at its cathode. All other power 
devices described in this chapter, such as the transistor, thyristor, 
gate turn-off switch and triac, can be turned on (and sometimes off) 
by a control signal on an auxiliary input. 
Some power devices can also be operated in a linear or a switching 
mode. The transistor is the only component described here which is 
capable of linear operation, so it is the obvious choice for this 
application. Losses, caused by the product of current through the 
device and voltage drop across it, are much higher when in the linear 
mode. Switching devices can handle greater power, since their 
dissipation is lower. Their power gain is also generally higher, so that 
they need less drive current to control their operation. 
The third operating mode is the type of signal required to control the 
power semiconductor devices. Generally, this consists of an 
electrical signal, although in a large class of devices optical energy is 
used. 
Finally, the voltage and current capability of power devices can be 
considerably increased by operating several of them in series or in 
parallel mode, so that the total voltage and current are shared across 
several devices. 

1.1.4 Device characteristics 
Many of the power semiconductor devices described here have special 
characteristics. There are, however, also many similarities, such as: 
(i) The voltage drop across the device when it is carrying current. 
(ii) The capability of the device to handle current. Both the steady state 

current and the peak or overload current-carrying ability are 
important, since overload capabilities often determine the need for 
protection. 

(iii) The capability of the device to block voltage, both in the direction 
reverse to that in which it normally conducts, and in the conduction 
direction, when it has not yet been turned on. 
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(iv) The maximum rate of rise of current which the device can withstand, 
without being destroyed due to localised heating, and the maximum 
rate of rise of voltage in the forward direction which it can withstand, 
without turning on prematurely. 

(v) The switching speed of the device, which influences its switching 
losses and the maximum frequency at which it can be operated. 

(vi) The rate at which a conducting device can recover its blocking 
capability. This again influences its maximum operating frequency. 

(vii) The maximum power dissipation which the device can withstand. 
This characteristic is often linked to the maximum junction 
temperature at which the device can operate and its thermal transfer 
characteristic, that is, its ability to transfer heat to a heatsink. 

(viii) The power gain of the device, which is the ratio of the controlled 
power to the power needed in the control terminal. The higher this 
gain, the lower the power dissipation in the control electronics of the 
power semiconductor. 

1.2 Fabrication process 

The manufacturing processes for power semiconductors closely resemble 
those used for other semiconductor devices. These consist of the following, 
which are described further in this section: 

(i) Preparation of a wafer of very pure silicon, which forms the base to 
support the power semiconductor. 

(ii) Oxide growth over selected areas of the semiconductor surface, to 
protect the layers below it from contamination and to form a mask for 
subsequent processing steps. 

(iii) Growth of an epitaxial layer onto the silicon wafer, which forms a 
controlled layer into which the various parts of the semiconductor 
device can be formed. 

(iv) Photolithography, used to control the areas where the p and n 
components are formed. 

(v) Diffusion, which is the most common method used to form the p and 
n components of the semiconductor device. 

(vi) Ion implantation, which is able to produce p and n areas to a high 
precision. 

(vii) Metal formation, which is used to interconnect the various p and n 
parts of the semiconductor devices together, and to provide a base for 
connection of the silicon to the package of the device. 

1.2.1 cryst8l prcpprstion 
In order to obtain high-quality semiconductor components it is important 
to start with a semiconductor material which has a very low level of defects 
in its crystal structure. Several techniques exist for growing bulk 
semiconductor crystals, some of these being illustrated in Figure 1.1. 

In the zone-levelling method a crucible, made from silica, holds the 
impure silicon, and it is slowly moved along a quartz tube, containing an 
inert gas. Zoned heating coils are placed along the length of the tube, 
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Figure 1.1 Semiconductor bulk crystal purification and growth systems: (a) zone-levelling; 
(b) Czochralski growing; (c) floating zone-refining; (d) pedestal pulling 

which cause an area in the silicon to melt. This molten area is moved down 
the silicon, to one end of the crystal, as the silica crucible moves along the 
tube. Impurities in the silicon are camed by the molten area to the end 
region, so that after several passes this end can be cut off, leaving a 
relatively pure section of silicon behind. 

Although the zone-levelling method is simple and cheap to operate, it 
gives a relatively high level of residual impurities and poor crystal 
structure, since the silicon cools in contact with the silica crucible. The 
Czochralski growth method overcomes these problems by avoiding contact 
between the crystal and its crucible. In this system a tiny seed of silicon 
crystal is lowered into a bath of molten silicon, contained in a graphite 
crucible. The seed is rotated and slowly withdrawn from the molten bath. 
This causes the silicon from the melt to settle on the seed crystal and to 
cool, resulting in the formation of a bar of pure silicon. 

The floating zone-refining method uses an r.f. heating coil, which is 
slowly moved along the length of a silicon bar. This results in a molten 
layer of silicon moving along the bar, carrying impurities with it, which can 
eventually be cut off from the end of the silicon bar. The method is 
therefore similar to the zone-levelling technique of Figure l.l(a), except 
that the risk of contamination is considerably reduced, since the silicon is 
not in contact with a crucible. 

The pedestal-pulling technique is similar in principle to the Czochralski 
method except that the melt is formed in the surface of the impure silicon 
bar itself, so that risk of contamination from the use of a crucible is once 
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again avoided. Since in both the floating-zone and pedestal-pulling 
methods the molten silicon is held in place by surface tension, the size of 
the melt, and therefore of the silicon bars (and wafers) produced by these 
methods, cannot be very large. These techniques are used for making 
relatively low-power components. 
During preparation of pure silicon, impurities of p or n type can be 

added to the melt, to give the final silicon ingots the required resistivity. 
The ingots are then cut into slices, using a diamond-impregnated saw. The 
saw cuts are made along the <111> or <loo> planes of the crystal. These 
cuts usually damage the crystal lattice near the silicon surface, resulting in 
poor resistivity and minority carrier lifetime. The damaged area, which is 
about 20pm deep, is removed by etching in a mixture of hydrofluoric and 
nitric acids, and the surface is then polished to give a strain-free, highly flat 
region. 

1.2.2 oxide growth 

Silicon oxide, also called silica or SiO,, may be grown and removed several 
times from the suxface of the silicon slice during manufacture of the 
semiconductor device. The oxide layer is used for diffusion masking, for 
sealing and passivating the silicon surface, and for insulating the metal 
intemnncctions from the silicon. Although the oxide layer may be 
deposited onto the slice, as done for the epitaxy layer described in the next 
section, it is more usual to grow it using dry or wet oxygen or steam. 

Figure 1.2(a) shows a typical arrangement of the apparatus used for 
oxidation (and diffusion). The silicon slices are stacked upright in a quartz 
boat and inserted into a quartz tube. The tube is heated to between 1ooo"C 
and 1200°C by zoned heaters, so that the boat is located in an area having a 
uniform temperature along a length of the tube. Nitrogen, dry oxygen, wet 
oxygen (which is oxygen bubbled into water at 95OC) or steam can be 
passed over the slices to grow the oxide layer. A thickness of about 1 pn 
takes about 4 h to grow and consumes between 0.4 pn and 0.5 pm of the 
silicon. The colour of the silicon surface changes with the thickness of the 
oxide layer, due to the shift in the wavelength of the reflected light. This 
effect is used as an indication of the layer thickness. 

1.2.3 Epitaxy p w t b  

Epitaxy means growing a single-crystal silicon structure on the original 
slice, such that the new structure is essentially a molecular extension of the 
original silicon. Epitaxy layers can be closely controlled regarding size and 
resistivity, to about 210%. This compares favourably with the f30% 
resistivity control obtained when pulling from the silicon melt. 

Epitaxy apparatus is similar to the oxide growth arrangement shown in 
Figure 1.2(a). However, r.f. heating coils are normally used and the silicon 
slices are placed in a graphite boat, which may be coated with quartz to 
prevent the graphite contaminating the silicon. The bubbler usually 
contains silicon tetrachloride (Sit&) to which may be added a controlled 
amount of an impurity, such as Pa3.  Hydrogen gas is bubbled through this 
mixture before entering the quartz epitaxy tube. 
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Initially the slices are heated to about 12000C and pure hydrogen and 
hydrochloric acid vapour are passed over them to etch away any oxide or 
impurities which may exist on the surface of the silicon. HCl vapour is then 
turned off and hydrogen bubbled through the Sick, the vapour passing 
over the silicon slices. When this reaches the hot silicon it dissociates and 
silicon atoms are deposited on the slice, where they rapidly establish 
themselves as part of the original crystal structure. It is essential to saturate 
the tube with SiCl, vapour, to ensure a uniform layer thickness over the 
whole slice. 

The epitaxy layer may be doped with p- or n-type impurities by 
introducing these, in the required concentration, into the vapour stream. 

1.2.4 Photolrthagraphy 
The main use of photolithography, in the manufacture of semiconductor 
components, is to selectively remove areas of oxide or metal from the 
surface of the silicon slice (Levenson, 1995; Jeong et al., 1994). To do this 
the surface is first covered with a thin uniform layer of liquid photoresist. 
This is best obtained by holding the silicon slice in a vacuum chuck and 
placing a fixed amount of photoresist onto its centre. The slice is then rotated 
at very high speeds, to distribute the resist, the excess flying off due to 
centrifugal forces. The amount left on the slice is clearly a function of the 
oxide properties and the viscosity of the resist. The slice is then heated for a 
few minutes in an oven to harden the resist. 

The mask, containing the pattern of the area which is to be selectively 
removed, is then placed in contact with the surface. This may consist of a 
glass or chrome mask, or, more commonly, a projection of the image onto the 
surface of the silicon. Once in place, the surface is exposed to ultraviolet 
light. If negative resist material is used the exposed areas become hardened 
by the light. The slice is now covered with developer, which dissolves the 
unexposed resist areas. The slice is then placed in a bath of etchant, such as 
hydrofluoric acid, which dissolves the exposed areas of the surface, but not 
the silicon. For applications which require most of the covering surface 
material to be removed it is more convenient to use a positive resist material, 
such that the areas exposed to ultraviolet light are dissolved in the 
developer. 

The alternative to the use of photolithography is ion beam lithography in 
which an ion source is used to form the required pattern directly onto a 
silicon dice. This system is currently economic only when dense circuits, 
with very fine lines, are required (Finkelstein and Mondelli, 1995). 

1.2.5 Dif?wbn 
In epitaxy a large area is doped by a closely controlled amount of impurity. 
Diffusion, on the other hand, enables selective areas to be doped. These 
areas represent those which are not covered by an oxide layer, so that the 
photolithographic stage is normally followed by diffusion. 

The diffusion furnace resembles the arrangement shown in Figure 1.2. 
The bubbler contains the impurity and nitrogen is passed through it, on its 
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way to the boat containing the silicon slices. The furnace temperature is 
kept close to the melting point of silicon, Le. 12WC, and at this value the 
silicon atoms are highly mobile. Impurity atoms readily move through the 
silicon lattice by substitution, going from a region of high concentration to 
one of lower density. 

Diffusion can be carried out by one of two techniques, as shown in 
Figure 1.2. In the error function or one-step process the concentration of 
impurities is kept k e d  throughout the diffusion period, giving the curves 
shown. In Gaussian or two-step diffusion a fixed amount of impurity is 
present, so that as this moves deeper into the silicon bulk the surface 
concentration decreases. This gives a flatter dopant distribution of higher 
resistivity. Generally, diffusion takes place in a slightly oxidisiig 
atmosphere. This results in the formation of a glassy layer of impurity on 
the silicon surface, as well as a slight penetration into the silicon bulk. 

The silicon slice can be removed to a second furnace and heated in an 
inert atmosphere, when the dopants diffuse out of the glassy layer to give 
an error function distribution. The glassy layer now not only forms a 
diffusion source but also protects the silicon surface from evaporation, and 
acts as a getter for impurities from the silicon bulk. For Gaussian diffusion 
the glassy layer is etched off using hydrofluoric acid, prior to the slice being 
heated in an inert atmosphere. The critical dopants just below the surface 
now diffuse into the silicon bulk. 

Apart from the open-tube arrangement, shown in Figure 1.2(a), it is 
possible to diffuse slices by putting them in a sealed quartz container with 
doped silicon powder and then heating the combination in a quartz 
furnace. The advantage of this method is that many slices can be diffused 
simultaneously, giving a larger throughput. However, the quartz container 
must be broken to remove the slices after diffusion, so the process can 
prove expensive. 

The most commonly used p- and n-type impurities are boron and 
phosphorus respectively. Both reach maximum solubility at about 1200°C 
and have a high diffusion constant. Arsenic, on the other hand, is an n-type 
impurity, which diffuses very slowly. It is used for making the buried layer 
in transistors, since this must not diffuse appreciably during subsequent 
high-temperature processes. 

Gold is often introduced as an impurity into semiconductor devices. This 
is a lifetime killer and enables fast-switching components to be built. The 
gold atom is much smaller than a silicon atom. This means that it does not 
move through the silicon lattice by substitution, as other impurities do, but 
very rapidly in between the silicon atoms, that is, intrinsically. 

1.2.6 Ion implantation 
Ion implantation is a technique for precisely determining the concentration 
and location of impurities within a silicon slice (Singer, 1995b). In this 
process selected ions of the required impurity are accelerated into the slice of 
silicon, where they plough their way through the crystal structure to the 
required depth. Because of this the material is distorted after ion implantation 
and it usually needs to go through an annealing stage, in which the atoms are 
allowd to drift into their places within the lattice. 



Fabrication process 1 1  

Mass Ion 
analyser detector 

? - - - - - - 
Acceleration 

’ 
Beam 
scanner ion 

source 

- 
Wafer 
chamber 

1 

There are several basic requirements which must be met in any 
implantation system: 
(i) The impurity concentration must be uniform over a given slice, and 

the process must be accurately reproducible over repeated slices. 
(ii) The system must have a high throughput. 
(iii) The punty of the dopant must be accurately controlled. Most ion 

sources produce a range of dopants in addition to the one required. 
The impurities must be completely removed from the ion stream 
before it reaches the silicon slice. 

(iv) The energy imparted to the ions by the accelerating voltage must be 
high, to enable them to penetrate the maximum distance likely to be 
required. 

Figure 1.3 shows a simplified arrangement of an ion-implantation 
system. The ion source produces an abundance of the required dopant. 
The source output should remain constant over a long time, to allow 
reproducible devices to be made without the need for constant adjustment. 
A focusing system, which is usually electrostatic, is used to focus the ion 
beam onto the silicon slice. The ion accelerator gives the ions the neceSgary 
penetration energy by applying a high voltage across the ions. A mass 
analyser is used in conjunction with the focusing system to separate out the 
impurities from the ion beam. 

The beam scanner Scans the ion beam over the silicon surface, resulting 
in uniform dopant concentration. In addition, the silicon slices can be 
moved past the beam for more uniformity. The doping concentration is 
monitored by measuring the current in the ion detector. This is quite easily 
done since each ion carries one p i t i v e  charge unit. The dose imparted to 
the silicon, measured in iondcm , is equal to the product of the current and 
the exposure time, divided by the wafer area. The wafer chamber holds the 
silicon samples. It must be quickly accessible and large enough to hold a 
useful batch at each operation. 

1.2.7 Metal formation 
Metal is deposited onto the surface of the semiconductor slice using one of 
two main methods. In the first system the semiconductor is held face down 
in the top half of a bell jar, operating in vacuum. The material to be 
deposited is located at the bottom of the jar and heated until it vaporim 
and settles as a thin layer onto the semiconductor surface. 
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The second deposition technique is called sputtering. A bell jar is again 
used, but now it is filled with an inert gas, such as argon. The 
semiconductor, again face down in the top half of the jar, is connected to 
the positive terminal of a high-voltage source and the material to be 
deposited is placed at the bottom of the jar and connected to the negative 
terminal. Under the effect of this voltage the argon is ionised and positive 
ions bombard the cathode, causing it to sputter and emit material, which 
settles on the semiconductor surface, i.e. the anode. 

An alternative technique for metal deposition, which can also be used to 
deposit other films such as polysilicon and silicon dioxide, is known as 
chemical vapour deposition (Singer, 1995a). It is primarily used to produce 
devices of very small geometry, as in integrated circuits. 

1.3 Power rectifier principles 
1.3.1 Physics of rectification 
It is not intended in this brief introduction to delve into atomic physics. 
Instead some of the basic concepts of semiconductors are introduced. 

The structure of an atom is well known. It consists of a central nucleus 
and revolving electrons in various orbits. The positive charge on the 
nucleus is balanced by negative electronic charge. The atom is said to be 
stable if its outer shell is full, the electrons for the first four shells, working 
outwards from the nucleus, being 2,8,18,8 or 32. The number of electrons 
in the outermost shell determines its group number. Silicon has 2, 8, 4 
electrons, and is in group IV, and although unstable on its own, a crystal of 
silicon forms stable covalent bonds between atoms. Each shares its four 
electrons with neighbouring atoms and so has eight orbital electrons. 
However, if energy is given to the material, say in the form of heat, an 
electron can break away from its valency bond and cause conduction in the 
material. This is called intrinsic conduction. 

If an impurity of group V (donor) or group I11 (acceptor) is added to 
silicon then there will be an abundance or shortage of electrons 
respectively, causing increased conduction at a given temperature. This is 
called extrinsic conduction. A shortage of electrons results in a p-type 
doping, where holes are the majority carriers and electrons the minority 
ones, whereas extra electrons results in an n-type material, in which the 
carrier function is reversed. 

Holes and electrons are constantly being created in a semiconductor. 
They disappear due to recombination, a process which can be increased by 
the presence of specially created trapping centres in the crystal. These hold 
a carrier until an opposite polarity charge arrives for recombination. 

A power rectifier is a two-layer device, similar in principle to a diode, 
consisting of a p and an n layer formed within the same semiconductor 
material. Figure 1.4 shows a simplified arrangement of the two layers. The 
p layer has an abundance of holes (holes are the majority carrier) and the n 
layer has electrons as the majority carriers. Electrons and holes form the 
minority carriers in the p and n layers, respectively, as shown in Figure 1.4. 

As the junction between the layers is approached, the concentration of p 
and n decreases to match that in the other layer. Therefore there is a 
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gradient in the material, which results in the diffusion of holes and 
electrons across the junction. These cause recombination to occur in the 
opposite layer, so that a negative charge barrier is formed in the p layer, 
close to the junction, and a positive barrier is formed in the n layer, as 
shown in Figure 1.4. These result in a potential barrier which hinders 
further diffusions. Because of this barrier only a few holes and electrons, 
with high kinetic energy, can cross or remain in the junction region. This 
region therefore has only a few majority carriers and it is known as the 
depletion region. 

Since the depletion layer has only a few charge carriers it is in effect an 
insulator. The device therefore resembles a capacitor in having two 
conducting regions separated by an insulator. The width of the layer, and 
hence the capacitance, is proportional to the applied reverse voltage across 
the p-n junction. The capacitive effect influences the switching 
performance of the rectifier, as will be seen in the next section. 

The surface of the semiconductor, even if it is completely pure, forms a 
break in the overall replarity of the crystal structure. This is shown in 
Figure 1.5. In the whole lattice each silicon atom is bound to its 
ncighbouring atom by two electron bonds, so that each atom is c o ~ e c t t d  
to four other atoms. On tbe surface layer, however, the atom is bound to 
three other atoms only, so that two holes are unfilled, resulting in a pure 
semiconductor having a positive surface charge. In pr& these surface 
atoms attract impurity electrons from the atmosphere, so that the surface 
of a semiconductor is intrinsically impure, resulting in problems in the 
surface region. It is therefore important, in any semiconductor, to 
thoroughly clean its surface and then to protect junctions by stabilisers 
such as oxides and nitrides 

The voltage induced in the depletion region is determined by the 
intrinsic carrier concentration, which for silicon is 1.4 x 10" per cubic 
centimetre. This gives a junction voltage of about 560mV. 
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Figure 1.5 A crystal lattice showing the surface effect 

1.3.2 Forward and reverse bias 
Connecting a battery across the junction in the forward direction, that is, 
with its positive terminal connected to the p layer, will decrease the 
depletion region, acting with the potential barrier, and cause a cutrent to 
flow as given by 

where Vj is the voltage across the junction, 1, is the reverse junction 
current, q is the electron charge, T the absolute temperature, and k is 
Boltzmann’s constant. 

When the voltage across the p-n junction is reversed, the battery 
potential helps that of the internal depletion barrier, so that only a small 
minority current can flow. This leakage current is due to three causes: 

(i) Surface contamination, which can be reduced by cleaning the surface; 
by coating it with protective material such as glasses or silicon resins; 
or by designing the device such that surface fields are lower than 
internal fields. This includes bevelling and the use of surface plates, 
as described in section 1.3.3. 

(ii) Diffusion of minority Carriers from the neutral areas into the 
depletion region. Tbis is low for diodes operating below about lWC, 
but is more significant for power devices whose junctions frequently 
operate above this temperature. If the width of thep and n regions of 
a reverse-biased diode are W and W,, as measured from the edge of 
the depletion layer; Zp ancf,, are equilibrium concentrations of 
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(iii) 

minority carriers in the p and n regions, respectively; then the reverse 
current density for diffusion-limited operation is given by equation 
(1.2), assuming that the p and n regions are short compared to the 
minority carrier diffusion length. In this equation Dp and Do are the 
hole and electron diffusion constants, respectively. 

Charge generation within the depletion layer. This is generally the 
cause of most of the leakage current, and its value is given by 
equation (1.3), where ZIr is the space charge generated leakage 
current in A per square centimetre; q is the charge on an electron; ne 
is the intrinsic electron concentration; W, is the width of the 
depletion layer; and r, is the space charge generation lifetime. 

The current therefore varies directly as the volume of the depletion layer 
and inversely as the space charge generation lifetime. High-voltage 
junctions have wide depletion layers, so it is important to have long 
lifetimes during processing. The charge generation is proportional to ne so 
it doubles for approximately every ll°C rise in temperature. 

1.3.3 Modifled structures 

In order to reduce the surface currents, and improve the breakdown 
characteristics of rectifiers, several techniques can be used. Figure 1.6 
shows a method in which the surface, at which the junction between the p 
and n materials is formed, is bevelled. Both positive and negative bevelling 
can be used. In positive bevel the part of the crystal which is reduced in 
volume has a lower concentration of impurities. For negative bevel the 
converse is true, that is, the part of the crystal which is reduced in volume 
has the higher concentration of impurities. 

F w r e  1.6 shows the effect of bevelling on the depletion layer as it 
approaches the surface. As seen, the layer is wider at the surface than at 
the centre for positive bevel, giving a lower surface field and therefore 
leading to less leakage current and a higher breakdown voltage. Since 
bevelling reduces the metal contact area it is sometimes necessary to use 
double bevelling, which achieves the same effect on breakdown voltage, 
but with less shallow bevel angles, and therefore leaves a greater amount of 
surface contact metal area, 

In a p-n structure, as the applied reverse field is increased, a point is 
reached when mobile carriers attain thermal drift velocities, which for 
silicon are lo7 cm/s for electrons and 6.5 X 106 cm/s for holes. As the field is 
further increased beyond this point the velocities of the carriers exceed 
their thermal drift velocities, and they become 'hot' carriers. These collide 
with atoms and give enough energy to electrons in valence bands to cause 
them to move to the conduction band, resulting in hole-electron pair 
generation. Each new pair is involved in ionisation of further hole-elec- 
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1.6 Bevelling the semiconductor edge: (a) and (b) positive bevel; (c) and (d) negative 

bevel; (e) double bevel 

tron pairs. When this process attains infinite rate, avalanche breakdown 
occurs. 

If + and a, are the ionisation coefficients for holes and electrons, then 
breakdown occurs when equation (1.4) is satisfied. For the case of a,, 
approximately equal to q,, and both equal to an average value of a,, this 
equation simplifies to equation (1 5). 

The breakdown voltage of an n+-p junction can also be improved by 
making the p region almost intrinsic. The p +  area is used to a good 
ohmic contact for connecting leads. This results in an n+-i-p structure, 
which has good breakdown characteristics. 

Many power devices are made by forming diffused junctions. These 
junctions tend to be cylindrical in shape at the edges, which causes a 
distortion of the space charge lines in this region, resulting in breakdown 
voltages lower than that for abrupt junctions. The voltage characteristic 
can be improved by the use of a field plate, as shown in Figure 1.7(a). With 
no voltage applied to this plate the depletion layer is cylindrical, as in curve 
a. Applying an increasing positive voltage causes the p region to become 
successively less p type, that is, more resistive, resulting in the curves b and 
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c. This gives improved breakdown voltage performance. Conversely, a 
negative voltage on the field plate causes the layer to change to curves d 
and e, reducing the breakdown voltage. 

Figure 1.7(b) shows a practical arrangement of the field plate, which 
does not need a separate field supply. The strength of the field under the 
field plate is controlled by the thickness of the oxide, and it distorts the 
depletion layer as before. It is also usual to surround the field plate with an 
equipotential ring, as shown in Figure 1.7(c). This prevents the slow 
drifting breakdown, which field plate structures are prone to exhibit. 
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1.4 Power rectitfer operation 
1.4.1 The diode curve 
The symbol for a diode is shown in Figure 1.8(a) and its d.c. characteristic 
in Figure 1.8(b). When the voltage across the diode is increased in the 
forward direction the current through the device rises rapidly, once the 
internal potential barrier, caused by the depletion layer, has been 
overcome. This curve is temperature sensitive and data sheets normally 
give a typical and a maximum curve, usually at a junction temperature oi 
125°C. 

In the reverse direction the diode blocks and a much lower current flows, 
equal to the leakage current of the diode. This current increases slowly 
with applied voltage, until at a high enough reverse voltage, called the 
avalanche voltage of the device, it breaks down due to avalanche 
conduction, as described in section 1.3.3. The current through the device 
now increases very rapidly and since the voltage across the diode is still 
equal to its breakdown value (Vz), which can be several thousand times the 
value of the forward voltage (VI), the diode will dissipate a large amount of 
power, and could be destroyed. 

The reverse characteristic curve of the diode is affected much more by 
temperature than its forward curve. The leakage current increases with 
temperature, resulting in a lower breakdown voltage. 

1.4.2 R d e r  ratings 
Data sheets normally specify semiconductor devices by two sets of 
parameters, ratings and characteristics. The ratings define the maximum 
values at which the component can be operated without being damaged, 
and the characteristics indicate its performance under specified conditions. 

The following are some of the ratings of a diode: 
The maximum reverse voltage. This is usually specified in three ways. 
The first is the peak working voltage, which defines the normal 
operating voltage of the device at which it could work indefinitely 
without any damage. The second is the peak repetitive voltage. This 
is higher than the peak working voltage, but the diode is capable of 
withstanding this voltage for a limited period only, this period being 
specified in the data sheets. The third reverse voltage rating is the 
peak non-repetitive voltage. This is the voltage which is permitted to 
occur only infrequently during the life of the device, since it causes 
the highest power dissipation, and therefore strain, to the silicon die. 
The maximum current rating. This is also specified in three ways, 
which correspond to the three voltage parameters. For all these three 
ratings the assumption is made that the junction temperature of the 
device does not exceed its rated value. The first is the peak working 
current, which is the maximum current that the rectifier can carry, 
provided its junction temperature rating is not exceeded. The second 
is the peak repetitive current, which is the current the rectifier can 
carry for short periods. The thud is the peak non-repetitive current, 
which the rectifier can carry for a short t h e  and only infrequently 
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during its lifetime. This third current is usually used to blow 
protection fuses associated with the rectifier. The working current of 
a rectifier may be specified as a direct current or as an average value. 

(iii) The peak power dissipation which the device can withstand. Power 
dissipation is linked to the device junction temperature and its 
cooling characteristics. 

(iv) The maximum junction temperature at which the rectifier can be 
operated. Also specified is the maximum storage temperature of the 
device, and this is given as the highest and lowest temperatures, since 
the semiconductor can also be damaged by prolonged exposure to 
sub-zero temperatures. 

1.4.3 Rectifler characteristics 
The characteristics of a semiconductor component can often be divided 
into static and dynamic. The following are some of the static 
characteristics: 
(i) Forward voltage drop. This varies with forward current, as shown in 

Figure 1.8(b), so it is normally specified at a given current or by a 
graph. The average forward voltage drop is usually specified as an 
average over a full cycle, at a stated frequency, average forward 
current and case temperature. 

(ii) Reverse leakage current. This is specified at a defined reverse voltage 
and temperature, or as an average value over one cycle at a given 
temperature. 

(iii) The forward power dissipation. This is the product of the forward 
voltage drop and current and is given as a curve. 

(iv) The reverse power dissipation. This is equal to the reverse leakage 
current times the reverse voltage, at a defined point in the device 
curve. 

(v) The junction to case thermal resistance. This characteristic, specified 
in units of degrees Centigrade per watt, indicates the difference in 
temperature between junction and case, when the rectifier is 
dissipating power. It is required for designing rectifier cooling 
systems, as described in Chapter 2. 

The dynamic characteristics of a rectifier relate to its switching periods, 
both on and off. When a rectifier is switched into conduction a finite time is 
required for the minority carriers to flow across the junction and to prime it 
to carry the full load current. This can result in an initial peak voltage 
across the device, as seen in Figure 1.8(d). The load current rises rapidly, 
being limited by the circuit inductances, but the rectifier is in its fully-on 
mode after a delay time of fd. This time is very short, but it does represent 
a period of large power dissipation, which for very high-frequency 
operation can start to become important. Data sheets normally specify this 
forward delay time 

When a diode is switched from the forward-conducting to the 
reverse-biased mode two changes occur. First, the minority charge is swept 
away as reverse current, in the external supply. This current can be large, 
often being limited only by the external circuit impedances. It could be 
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described as the surge current through the device junction capacitance, 
although this is not strictly true. In addition to this external current flow, 
holes and electrons disappear in the vicinity of the reverse-biased region, 
due to recombination. The current decays to zero, as the reverse 
voltage-blocking capability of the diode increases, as shown in Figures 1.8(e) 
and 1.8(f). 

The reverse recovery time of the rectifier is several orders of magnitude 
greater than its forward turn-on time, so the power dissipation during 
switch-off is much greater. Clearly the reverse recovery time tm must be 
kept as short as possible, in order to limit the device dissipation. However, 
the decay of current, over time tr, must not be too abrupt as this will give 
rise to large voltage spikes in any associated inductive circuits. The ratio of 
t,hm should be as large as possible and devices which have a relatively high 
value of this ratio are said to be ‘soft’. 

In circuit applications the reverse recovery current, which for power 
devices can be high due to the larger silicon area involved, is often 
overlooked, with disastrous effects. For instance, consider the chopper 
circuit shown is Figure 1.9(a). The semiconductor switch is opened and 
closed at a relatively high frequency and varying duty cycle, in order to 
control the magnitude of the mean load voltage and current. Suppose the 
load is inductive. This requires a diode D, often called a free-wheeling 
diode, to be connected across it, to prevent excessive surges in the switch 
when it opens. 

Ignoring the reverse recovery current in the diode, the system would 
operate as follows. With the switch closed D is non-conducting and load 
current is supplied via the d.c. source V,. When the switch opens the load 
current free-wheels in D and, provided the loss in this path is not large, the 
current will be substantially unchanged when the switch is again closed. If 
the reverse recovery current through D is not ignored then, with the load 
current free-wheeling through it, the operation is basically as before. 
However, when the semiconductor switch closes this current transfers to 
the supply. In addition there is now a reverse recovery path as shown, and 
since this is of a very low impedance, a surge of current can pass, which 
could destroy the switch. 

Chopper circuits are not exclusively prone to reverse current effects. 
Figure 1.9(b) shows a commonly used bridge rectifier Circuit. Suppose line 
A is positive to B so that load current is supplied via rectifiers 1 and 4. 
When the voltage reverses and line B becomes positive, the current in 
rectifiers 1 and 4 will decay to zero, whilst that in 3 and 2 will increase to 
support the load. As soon as 1 and 4 turn off a reverse current path exists 
through them, as illustrated. This provides a short circuit across the supply 
lines, which could destroy rectifiers 2 and 3. In all such applications great 
care must be taken to ensure that there is sufficient line impedance, which 
would limit this short-circuit current until the reverse-biased device 
recovers its full blocking capability. 

Several design techniques exist to enhance power rectifier characteris- 
tics. A p+-p-n-n+ (or n+-n-p-p+) structure can be used in which the 
base consists of high-resistivity n- (or p-) type material, chosen to 
withstand the required reverse voltage. One face has a p  (or n) diffusion 
made into it and the opposite face has an n+ (orp+) diffusion layer. Due to 
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7 

the high resistivity of the base material a good reverse characteristic is 
obtained, and the n+ and p +  layers cause a large rate of carrier injection 
into the high resistivity region, giving good forward characteristics. 

Fast commutating rectifiers are often obtained using a double-diffused 
construction. In this the starting material is high-resistivity n type, whicb is 
chosen to withstand the required reverse voltage. Into this material n+ and 
p +  diffusions are made, on opposite sides, for the cathode and anode 
connections. 

Even faster rectifiers are obtained using an e itaxial construction, as 
shown in Figure 1.10. The base material is now n! Into this is grown an n 
epitaxy layer of high resistivity, which is designed to provide the required 
reverse voltage blocking capability. A p +  diffusion or ion implantation is 
then made, to form the anode layer. This technique is capable of providing 
devices in which the reverse recovery time rm is less than 100ns for a 
component having a rating of over 1OOOV. 

n P n - 

1.5 Bipolar transistors 
1.5.1 Principle of opention 
The bipolar transistor is a three-layer device, which can be made up of 
p-n-p or n-p-n layers, as shown in Figures l.ll(a) and l.ll(b). The base 
region is narrow and lightly doped, unlike the emitter and collector layers, 
which are heavily doped and comparatively wide. With the biasing 
arrangements shown the emitter-base region is forward biased so that 
majority carriers flow across this junction. These carriers are electrons in 
the case of the n-p-n transistor and holes for p-n-p. 

+ + . I I 

- P n P - 

+ I  + I  - 
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Since the base is lightly doped only a few holes (for n-p-n) or electrons 
(for p-n-p) are available to cross into the emitter. The collector-base 
region is reverse biased resulting in a small minority carrier flow, which is 
holes from collector to base and electrons from base to collector, for an 
n-p-n transistor, and vice versa for a p-n-p transistor. 

The collector bias is much greater than that of the base, and since the 
base region is narrow, the majority carriers which cross the emitter-base 
region are diffused across the base and into the edge of the collector 
depletion layer. These carriers then reach the collector, resulting in 
collector current flow. A small amount of the majority carriers, crossing 
from the emitter to the base, combine within the base and this, along with 
the small number of minority carriers crossing from the base to the emitter, 
results in a low value of base current. 

Transistors can be operated in common base, common emitter or 
common collector modes. Common emitter is the most popular 
configuration, common collector being used in emitter follower applica- 
tions. For common emitter the base current ZB is the input and the collector 
current IC is the output. The ratio between these two (Zc/ZB) is called the 
common emitter forward current transfer ratio hm. In the transistor a low 
base-emitter voltage and small base current change results in a large 
collector current across the high reverse-biased collector-base region. 
There is therefore power gain within the transistor. 

Leakage current is caused within the reverse-biased collector-base 
junction due to minority carriers. For common emitter this current is 
multiplied by the gain of the device and flows in the emitter, when the base 
is open circuit. This leakage current is further increased with temperature. 

1.5.2 Characteristics 
The main ratings of a power transistor are related to current and voltage. 
Since the transistor has three terminals, base, collector and emitter, the 
ratings are associated with each terminal. The maximum collector current 
is described as the maximum continuous current and the peak current. 
Since the peak current is only of the order of twice as large as the maximum 
continuous value, the transistor does not have a high surge rating. The 
maximum current is usually limited by the gain of the device and by the 
bonding wires. 

There are also several voltage ratings for a transistor, depending on 
which junction is being considered and the state of the third terminal. For 
example V C B ~  is the breakdown voltage between the collector and base 
junctions with the emitter open circuit; VCES is the breakdown voltage 
between the collector and emitter with the base short-circuited to the 
emitter; V C ~ ,  is the collector emitter breakdown voltage with the base 
open circuit. 

The output characteristic of a bipolar transistor is shown in Figure 
l.ll(c). For very low values of collector-emitter voltage the collector does 
not gather up electrons which pass through the base region. This process 
becomes more efficient as V ,  increases, giving a rapid rise in collector 
current. After the knee of the curve has passed, most of the carriers 
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generated at the base-emitter junction are gathered up by the collector, so 
that increasing V, does not appreciably affect IC. This is known as the 
saturation region of the characteristic. The larger the value of base current, 
the higher the collector current at which saturation occurs. Therefore a 
bipolar transistor is essentially a current-operated device. At very large 
values of VcE the carriers attain sufficient energy to cause avalanche 
breakdown. 

There are two gains which are important in bipolar transistors, the large 
signal or d.c. gain (hm) and the small signal or a.c. gain (h& given by 
equations (1.6) and (1.7). 

For switching applications the d.c. gain is the most important, and is 
given by the ratio of the d.c. values of the collector and base currents. It 
falls off slowly at low values of collector current, as shown in Figure 
l.ll(d), and also increases slightly with VcE, which accounts for the slope 
in the output characteristic of the transistor. The d.c. current gain falls off 
rapidly at high values of collector current, as the saturation resistance line 
is approached. The gain also increases with temperature. 

For linear applications, and for low-frequency and audio amplifiers, the 
a.c. gain is of more relevance. It is the ratio of the change in collector 
current for a small change in the base current, and its value is determined 
by the magnitude of the steady state collector current. 

The bipolar transistor is said to be in saturation when increasing base 
current gives no further increase in collector current. The voltage drop 
across the external terminals of the device is now known as the saturation 
voltage. Data sheets usually give the collector to emitter saturation voltage 
(V,sA,) and the base to emitter voltage (VBE(SAT)), and specify the 
conditions, such as collector current, base current and temperature, under 
which they were measured. At saturation both collector-emitter and 
base-emitter junctions are forward biased and the junction voltages 
oppose. The net junction voltage appearing across the collector-emitter 
forms one part of the saturation voltage, the drop in the saturation 
resistance (Ra) forming the other. Data sheets sometimes specify the 
value of RCE instead of V-(sAm. 

Transistor sustaining voltage is defined as the minimum collector-emitter 
breakdown voltage. It can be specified with the base open circuit, short 
circuit, or biased in the forward or reverse directions. For example, 
V,?(S"S) is the minimum collector-emitter voltage with the base open 
circuit. As the voltage across the transistor increases it reaches the 
sustaining value, at which point the voltage across the device remains 
relatively constant, over a wide current range. Figures 1.12(a) and 1.12(b) 
show the measurement of VcEo(sus). Switch S, is initially closed, and then 
opened once the current has reached a steady state value. The current 
starts to decay and the inductor L1 causes the voltage to rise. At a voltage 
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level, given by the collector-emitter sustaining voltage, the junction breaks 
down, and the voltage across the transistor remains relatively constant, 
until the energy in the inductor has been dissipated. 

Figure l.ll(e) shows the transfer characteristic of a bipolar transistor. 
With no base current the collector current equals the leakage value, given 
by ZCEO. This leakage current decreases as the transistor is driven by 
negative base current until it reaches a minimum value given by ZCBO, 
known as the collector-base leakage current with no emitter current. It is 
related to the collector-emitter leakage by equation (1.8). 

ICE0 .= k B 0  ( l  + hFE) (1.8) 

Power transistors are often used in switching applications, and Figure 
1.12(c) shows a test circuit to measure switching parameters, with the 
waveforms being given in Figures 1.12(d), 1.12(e) and 1.12(f). For a sharp 
rise in the base current there is a delay in the start of the collector current, 
due to the time taken to charge emitter and collector depletion 
capacitances to new values. Once conduction has commenced, the rise 
time (4) is determined by the junction capacitances and the transit time of 
the charge carriers in the base region. Removing the base current initially 
does not cause any decay in collector current. The storage time, shown in 
Figure 1.12(f), is the time needed for the excess charge in the collector and 
base regions to recombine, to the extent needed for the transistor to come 
out of saturation. The rate of charge decay is determined by the minority 
carrier lifetime in the collector and base regions, the reverse base current 
(ZBR) and the amount of turn-on base drive (IB). Once the current has 
started to decrease, the rate of decay, which determines the fall time (tf), is 
determined by the collector junction capacitance and decreases as negative 
base current is increased. The overall turn-on (roN) and turn-off (tom) 
times of the transistor are given by equations (1.9) and (1.10). The losses in 
a transistor during switching can be considerable since during the transition 
stages the voltage and current of the device are high. 

f 0 N  = fd  + tr (1.9) 

ton: = t, + tf (1.10) 

(a) 

vcEocsus,; 
pirvc 1.12 Bipolar transistor test circuits and waveforms: (a) test circuit to measure 
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Usually the working range of a transistor is limited by the maximum 
voltage and current. However, when working into inductive loads the 
device can be destroyed, even when below the maximum limits, giving 
second breakdown. This is due to hot spots caused by current 
concentration, resulting in local thermal runaway. Current concentrations 
occur due to causes such as unstable lateral temperature distribution, base 
region potential drops, uneven base widths, and uneven mounting of the 
silicon chip onto the heat sink. 

Figure 1.13(a) shows the second breakdown characteristic of a bipolar 
power transistor. For a given base current the collector current (I,) will 
increase as the collector-emitter voltage (V,) increases. After a point A 
on the characteristic the device will go into saturation and the current will 
remain substantially constant until point B, when avalanche breakdown, or 
first breakdown, occurs. This causes a rapid rise in current until point C 
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Figure 1.13 Power bipolar transistor characteristic: (a) second breakdown characteristic; 
(b) safe operating area 
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when a second breakdown effect develops. This results in rapid local 
heating of the silicon die, the collector-emitter voltage collapses, and the 
current escalates, destroying the transistor. There is a series of curves for 
different base currents and these give rise to individual second breakdown 
points, which all lie on a locus, as shown. As the duty cycle of the transistor 
decreases it runs cooler so that it can work on a wider second breakdown 
locus. 

Power transistors must be operated in a mode such that second 
breakdown is avoided. This is done using the safe operating area (SOA) 
curves, of the type shown in Figure l.l3(b). Although these curves are for 
a device rated at a peak current of ZM and a voltage of VM, the transistor 
cannot be run at this current and voltage simultaneously. For low values of 
VcE the current can increase to lM, where it is limited by the 
current-carrying capability of the bonding wire and the metallisation tracks 
used on the silicon. As V, increases so also does the power dissipation, 50 
that eventually ZC will need to be decreased. For large values of V, the 
value of Zc is reduced still further in order to prevent the occurrence of 
second breakdown effects. The SOA of the transistor increases as the duty 
cycle reduces, since both the dissipation and second breakdown effects are 
now lower. 

1.5.3 Construction 
Several different construction techniques are used for power transistors, 
each giving some advantage, such as high voltage ratings or speed of 
operation. Figure 1.14 shows a few of these. 

In the mesa structure the junction area is reduced by a mesa etch, so that 
junction capacitances are decreased. This technique also allows the edges 
of the transistor, mainly the collector-base junction, to be defined and 
passivated, which prevents contamination, so avoiding high electric fields. 

The hometaxial structure is easy to produce so that it is cheap and 
rugged. It has good overall voltage ratings but suffers from relatively long 
switching times. 

The epi-base transistor generally has a relatively low voltage rating, but 
this can be increased by adding high-resistivity collector epitaxy. This 
causes the collector voltage to be shared by the base and collector epitaxy 
layers, but the voltage rating is still less than for hometaxial. The process 
uses shallow emitter diffusions and a narrow-base epitaxy, so. it has higher 
speed and current-handling capability than a hometaxial transistor for the 
same emitter area. 

The planar epitaxial arrangement has all its junctions protected during 
fabrication by an oxide layer, so it is capable of being designed for very low 
leakage current. The diffusion process also enables very narrow base 
widths to be built, thus giving higher speeds and lower saturation voltage 
drops than hometaxial or epi-base transistors. The disadvantage of the 
planar epitaxial device is that it is not very resistant to the effects of second 
breakdown. 

The triple-diffused transistor is better than planar on second breakdown, 
but it is still not very resistant to this. Speed and saturation voltage drops 
are similar to planar epitaxial, but the construction is more expensive and 
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Figure 1.14 Power bipolar transistor structures: (a) mesa; (b) hornetaxial; (c) epi-base; 
(d) planar epitaxial; (e) triple diffused 

has a higher leakage current. The process is also difficult to control, so that 
a wide distribution in parameters is obtained between batches. 

In bipolar transistors operating at high frequencies the current is forced 
out towards the edges, so the ratio of emitter periphery to area is large. 
Two techniques are used to overcome this, as illustrated in Figure 1.15. In 
the interdigitated structure the base and emitter are interleaved and 
formed on the silicon die. Diffusions for both these are under the metal 
contact area shown. In the overlay device the emitter metal contact is 
formed over the base rather than adjacent to it. Emitter diffusions are 
segmented and spread out from the emitter metal contact, whereas the 
base diffusion lies below and along the length of the base metal contact. 

1.6 Unipdar transistorS 
1.6.1 R.iadpks doperation 
Unipolar transistors, unlike bipolar, have a conduction mode which is 
dependent on only one type of carrier, which may be holes or electrons. 
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1.15 High-frequcncy transistor geometries: (a) interdigitated; (b) oveday 

Unipolar transistors are also known as field effect transistors (FET) and 
they are capable of several different operation modes, as illustrated in 
Figure 1.16. The junction field effect transistor (JFET) can have a p  or an n 
channel, but it can only operate in depletion mode, as explained later. The 
metal oxide semiconductor field effect transistor (MOSFET) can also be p 
or n channel, and both these may be designed to operate in enhancement 
or depletion mode. 

Unipolar transistor (FET) 

MOSFET 

n channel Gl p channel , pcha,nnel r - l  , , nchjnnel , 
(depletion) (depletion) 

Depletion Enhancement Depletion Enhancement 

Figure 1.16 Unipolar transistor variations 
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The operation of a JFET can be illustrated by use of the schematic of 
Figure 1.17(a), a practical arrangement of the device being shown in Figure 
l.l7(b). The source and drain are formed in the same n-type material, 
hence this is called an n-channel device and electrons are the carriers. The 
gate is made as a p diffusion in the n material. With this arrangement p-n 
junctions are formed which, with the biasing arrangement shown, result in 
depletion regions, which extend deep into the n material since it is lightly 
doped. The gate-source and the gate-drain junctions are reverse biased and 
current flows between source and drain in the absence of any gate-source 
voltage. The device is therefore known as depletion mode. 

Figure 1.17(c) shows the drain voltage and current curves for a 
depletion-mode device and it is seen that, with the gate-source voltage held 
constant, the drain current increases as the drain-source voltage increases. 
However increasing the drain-source voltage causes the depletion region to 
extend further, until the two regions in Figure 1.17(a) meet, resulting in 
the pinch-off state. The pinch-off voltage is shown on Figure 1.17(c) as 
VDs(p). Increasing the drain-source voltage beyond the pinch-off value 
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- - - - - - *  
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Gate-to-channel 
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Figure 1.17 Junction field effect transistor (JFET): (a) n-channel representation; 
(b) n-channel practical representation; (c) static characteristic 
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does not cause any significant increase in drain current, but the point along 
the channel at which the depletion regions meet moves nearer to the 
source. The drain current is maintained by the electrons being swept 
through the depletion layer, similar to the process in the base of a bipolar 
transistor. Eventually the breakdown region is reached at high values of 
voltage. Making the gate-source voltage negative lowers the value of 
drain-source voltage at which pinch-off occurs. 

Figure 1.18(a) shows the construction of a MOSFET. The source and 
drain diffusions are separated by the gate region so no current flows in the 
absence of a gate voltage. This device is therefore called enhancement 
mode. For a depletion mode MOSET a narrow n channel would be 
formed under the gate such that current flowed when there was no gate 
voltage. Figure 1.18(b) shows the characteristic for an enhancement-mode 
transistor. As the gate-source voltage is increased a point is reached, called 
the threshold voltage (VT), when an inversion layer (the doped 
semiconductor reverses its polarity) is formed under the gate connecting 
the source to the drain and resulting in current flow. The value of this 
threshold voltage is determined by the impurity concentration in the 
semiconductor, the amount of charge in the gate oxide, the type of metal 
used for the gate, and temperature. As temperature increases, the 
threshold voltage decreases. 

Source Gate Drain 

Silicon dioxide 

D-tvDe substrate 

(a J 

'D 

Increasing 
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Figure 1.18 Metal oxide scmioonductor field effect transistor (MOSFET): (a) comtruction of 
an n-chaanel device; (b) static characteristic of an n-chmncl enhancement-mode device 
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Increasing drain-source voltage causes a rise in the drain current. 
However, the resulting increase in the voltage drop causes a reduction in 
the channel conductivity. This reduction has the same effect as a 
constriction in the inversion layer, resulting in a knee in the curves of 
Figure 1.18(b). When the drain-source and gate-source voltages are equal 
the voltage between the gate and drain ends of the channel is zero and this 
is the pinchsff condition (V-1). Further increase in the drain-source 
voltage causes the drain depletion layer to increase and the end of the 
channel to move towards the source. The drain current is kept substantially 
constant by the electrons being swept through the depletion layer. 

Figure 1.19 shows some of the symbols possible for unipolar transistors. 
The arrows point from the p to the n regions. The depletion-mode device 
shows a solid line between source and drain, since current flows in the 
absence of any gate voltage, and the MOSFET symbol indicates the oxide 
layer between gate and source-drain. 

+ 
s 'I:"""'"' 

(d) 

4; .&: 4 G r a t e  

Figure 1.19 Unipolar transistor symbols: (a) IFET n channel; (b) JFET p channel; 
(c) MOSFET n channel depletion mode; (d) MOSFET p channel enhancement mode 

(a) (b) (C) 

1.6.2 Characteristies and construction 
Unipolar transistors are majority carrier bulk semiconductors and are free 
from minority carrier storage times, so they are inherently faster than 
bipolar devices. They are also voltage controlled so that their gain is much 
higher. As the temperature in a unipolar transistor increases, the majority 
carriers decrease, since the bulk resistivity increases, so there is no thermal 
runaway effect. Several devices can therefore be connected in parallel to 
increase the current rating, without any sharing components. The biggest 
advantage in using unipolar transistors in place of bipolar for power 
applications is that they do not suffer from second breakdown effects. 
Therefore the safe operating area curve can be extended, as shown by the 
shaded area of Figure 1.20(a). 

The transfer characteristics of both enhancement- and depletion-mode 
transistors are shown in Figure 1.20(b). The slope of this curve, given by 
equation (l.ll), is known as the transconductance or mutual conductance, 
and determines the amplification factor. 

(1.11) 
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MOSFETs are used in preference to JFETs for power applications. The 
breakdown voltage of this structure, shown in Figure l.l8(a), is largely 
determined by the thickness of the oxide between the gate and drain, 
which can be quite thin. Vertical structures, as shown in Figure 1.21(a), are 
used for power devices. The gate voltage creates a horizontal channel 
between the two source regions, which results in an inversion layer down to 
the drain. The figure shows a plysilicon gate arrangement. Once inversion 
occurs, the device behaves as a non-linear resistor and not as an n-p-n 
transistor. This arrangement gives high breakdown voltages, but the 
capacitance between drain and gate is relatively large, so it is not very good 
for high-frequency use. The figure of merit of a transistor is given by 
equation (1.12), where Ci, is the input capacitance. 

g m  Figure of merit = - 
Cin 

(1.12) 
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The on-resistance ( T ~ s ( ~ ~ ) )  of the device is given by equation (1.13), 
where Rfb  is the resistance of the channel beneath the gate; Re, is the 
resistance of the substrate, solder connections, leads and package; and Rbk 
is the resistance between the two p layers and the drain, through the body 
of the vertical transistor. 

TDS(ON) = Rbk -I- Rch + Rex (1.13) 

The channel and external resistances are constant but the bulk resistance 
increases with the breakdown voltage of the device. Therefore the 
on-resistance will also increase as the breakdown voltage capability of the 
transistor increases. To avoid this, large chips are constructed using many 
identical parallel cells, which give a low on-resistance and a high 
breakdown voltage. 

The shorter the gate channel in a unipolar device, the higher the 
transconductance and the lower the parasitic capacitance. The maximum 
frequency of operation cfmu) is given by equation (1.14), where W, is the 
length of the channel in micrometres and V, is the camer velocity in cds .  

(1.14) 

Figure 1.21(b) shows a short-chamel arrangement which is formed byp 
and n diffusions, hence it is often called a double-diffused (DMOS) 
transistor. As the drain-source voltage is increased the depletion layer 
spreads into the drain drift region since it is lightly doped. Since the drain 
drift region is increased the breakdown voltage is higher, but the 
drain-source resistance also increases. This can be reduced by using several 
parallel cells on the semiconductor die. 

Figure 1.21(c) shows part of the short-channel transistor of Figure 
1.21(b), with an illustration of the parasitic components. The action of the 
parasitic transistor is usually avoided by a metal contact which bridges the 
source and the body, i.e. the base and the emitter of the parasitic 
transistor. Therefore theoretically this transistor should be off, but since 
the ohmic p layer puts a resistance into the base of this transistor it is 
possible to turn it on, for example via the parasitic capacitance (C,) which 
can destroy the device. The parasitic capacitance is formed by the p base 
and the n drift region. The parasitic diode is useful when switching 
inductive loads. 

The V-groove MOSFET or VMOS device, is shown in Figure 1.21(e). Its 
operation is identical to the DMOS structure except that it is a vertical 
structure, and there are now two parallel paths down to the drain. The metal 
gate shown in the figure is also usually replaced by a silicon gate. 

1.7 The IGBT 
The insulated gate bipolar transistor (IGBT) is a hybrid device which aims to 
combine the benefits of power MOSFETs, such as low input current drive 
and wide safe operating area, with the advantages of bipolar transistors, such 
as low saturation voltage (IR, 1992; Goodenough, 1994; Bush, 1996). Figure 
1.22 shows the basic construction of this device, with its equivalent circuit 
and symbol. 
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The p+ of the substrate causes the IGBT to be a minority carrier device, 
resulting in superior conduction characteristics compared to MOSFETs. The 
equivalent circuit shows that the device primarily consists of a p-n-p 
transistor driven by an n-channel MOSFET. The voltage drop across the 
IGBT is the sum of the p-n junction and that across the MOSFET. 
Commercial devices minimise this voltage drop by increasing the size of the 
MOSFET, so as to reduce its on-resistance, and by increasing the gain of the 
p-n-p device. 

The turn off time of the IGBT is relatively high, due to the lifetime of the 
minority carriers in the n- epi, which is the base of the p-n-p transistor. This 
causes the IGBT to have switching characteristics which are not as good as 
an equivalent MOSFET. Lifetime killers can be introduced to improve 
switching speed, or an n+ buffer added, as shown in Figure 1.22(a). Both 
these techniques, however, increase the volt drop across the device, so 
compromises are often needed. 

As seen from its construction the IGBT contains four alternate layers, 
p-n-p-n, which can result in a latching operation, similar to a thyristor, as 
explained in Section 1.9. This effect can be reduced by the use of a wide epi 
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Figure 1.22 The Insulated Gate Bipolar Transistor: (a) construction; (b) simplified equivalent 
circuit; (c) symbol 

base and by adding an n+ buffer layer, which reduce the gain of the p-n-p, 
and by reducing the value of rb which reduces the gain of the parasitic n-p-n 
device. 

1.8 Power Darlington 

One of the disadvantages of using power transistors is their low gain at high 
current levels, which requires a large base current, placing stringent 
requirements on the base drive circuitry. This is one of the reasons why 
thyristors, which need a fraction of the gate power for turn-on, are so 
popular. The power Darlington, named after its inventor, also overcomes 
this disadvantage by using a combination of two transistors, one to provide 
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Figure 1.23 Darlington transistor arrangements: (a) conventional; (b) composite; 
(c) MOS-bipolar; (d) conventional with bias components added 

the power output and one for the drive input. Figure 1.23 shows a variety 
of such Darlingtons, in which transistor TRl provides the base drive to the 
power output transistor TR2. The overall gain of the combination is now 
equal to the product of the gains of the two individual transistors. 
However, the disadvantage is that the voltage drop is also high, being 
equal to the collector emitter saturation voltage of the output transistor 
plus the base emitter saturation voltage of the driver transistor. 

Additional components are often added to the two-transistor pair, as in 
Figure 1.23(d). Resistors R, and R2 prevent leakage current amplification, 
whilst diode D1 is used to speed up the turn-off, by removing the charge 
carriers stored in the base of the output transistor. Diode Dz protects the 
output transistor by preventing reverse voltages across it. The Darlington 
pair, with all the external components shown in Figure 1.23(d), can be 
made from discrete components, although it is more usual to build them as 
a monolithic structure into a semiconductor dice. 

1.9 Thyristors 
1.9.1 Prindples of operation 
The thyristor, also known as a silicon-controlled rectifier (SCR), is a 
four-layered semiconductor device with three terminals, as illustrated in 



42 Power semiconductor devices 

Figure 1.24(a). If the anode is connected to a positive supply, with respect 
to the cathode, then junctions J1 and J3 are forward biased and J2 is reverse 
biased. The p-n-p-n structure can conveniently be represented by the 
p-n-p and n-p-n transistors, as shown in Figure 1.24(b). There are now 
clearly two possible gate connections G1 and Gz, and the thyristor should 
be able to be turned on by putting current into Gz or taking it out of GI. 
The latter technique has poor gain and is not normally used, so the 
terminal is not brought out of the thyristor case. 

If Zcol and ZCo2 are the leakage currents of the two transistors and a1 
and a2 their gains, then the anode current of the combination is given by 
equation (1.15). 

(1.15) 

Usually the gains of the transistors are low, so that in the absence of any 
gate current the overall anode current is a little more than the leakage 
currents. When the sum of the gains approaches unity, however, the 
current rises to a large value, usually limited by external circuit 
impedances. Several techniques can be used to raise the gain of the 
transistors, such as light, temperature, anode voltage and gate current. 
Increasing the anode voltage results in a rise in the hole-electron 
multiplication factors which causes turn-on. 

Once the thyristor is conducting, its junctions are heavily doped with 
holes and electrons. To turn the device off the polarity of anode and 
cathode is reversed. This causes the carriers from J1 and J3 to be swept 
away to the supply, resulting in a reverse recovery current. However, the 
charge at junction J2 can be removed only by gradual recombination, a 
process largely independent of external circuit conditions. 

Jl J2 J3 

Figure 1.24 Thyristor representations: (a) schematic of four layers; (b) schematic of two 
transistors; (c) two-transistor analogy 
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1.9.2 Thyristor characteristics 

Figure 1.25(a) shows the static thyristor characteristics. In the reverse 
direction it behaves like a diode, blocking voltage until the reverse voltage 
V, is reached, when avalanche breakdown occurs. In the forward direction 
the thyristor also blocks voltage until it breaks down into conduction at VI. 
The thyristor will go into conduction so long as the current through it is 
greater than a value called the latching current. Thereafter its 
characteristics are similar to those of a diode, the device remaining in 
conduction provided the anode-to-cathode current does not fall below a 
value called the holding current. This holding current is lower than the 
latching current. 

The larger the gate current, the smaller the voltage at which the thyristor 
breaks down into forward conduction. When the thyristor is fired its gate 
current is made very large, so the device switches rapidly into conduction 
at a relatively low anode voltage. Once again the anode current must be 
greater than the latching current for it to remain in conduction in the 
absence of gate drive, and it must not fall below the holding current or the 
device will turn off. 

The voltage rating of thyristors can be specified by three terms, the 
repetitive blocking voltage, the breakdown voltage or peak repetitive 
voltage, and the non-repetitive peak voltage. These three may be 
considered in the forward or reverse directions. The repetitive blocking 
voltage is that which is normally applied to the device. The breakdown 
voltage causes the device to break over, but causes no damage provided 
the power through it is limited. The non-repetitive peak voltage can result 
in damage to the thyristor if it is applied frequently. 

The current rating of the thyristor is determined by the thermal 
dissipation which this causes through it. RMS current determines the rating 
of the device, but in most applications the average current delivered to the 
load is more important. Therefore data sheets usually give average 
currents, but since the form factor (RMVAverage) varies with the 
conduction angle of the thyristor a series of curves exist, which show the 
maximum average current for various conduction angles. This is illustrated 
in Figure 1.25(b). 

The shorter the time for which the current flows, the greater its possible 
overload value, as shown in Figure 1.23(c), and this is called its surge 
current rating. If rated load was flowing in the device, then it will already 
be hot and can therefore carry a lower surge current. 

The surge current capability of the thyristor is also specified as its Pt 
rating, and this is primarily used to determine the value of protective fuses, 
as explained in Chapter 5. 

The gate current in a thyristor causes a gradual spread of the turned-on 
area of the silicon chip. Therefore if the anode current is allowed to build 
up too rapidly it will result in current crowding through a small area of the 
device, causing localised heating and bum-out. The dildt rating of the 
thyristor specifies the maximum value of the permitted rate of rise of 
current, and construction techniques which can be used to increase these 
are described in the next section. 
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A thyristor can be forced into conduction if a rapidly rising voltage is 
applied across it, even though the magnitude of the voltage is less than its 
peak value. This is called the dv/dt rating of the thyristor, and it causes the 
thyristor to turn on due to current flow through the capacitance associated 
with the depletion layer (C,) of the reverse-biased junction, given by 
equation (1.16). 

dv i =  C d x  (1.16) 

Techniques which improve this rating are also illustrated in the next 
section. 

Hold 

i 
(a) 

Ib) Mean current o w  (A) 

7000 - I I I I 

6000 - - 

From: No load followed by - 
rated load or rated load 

01 I I I I I 
1 10 io* 103 104 105 

(C) Number of cycles at 50 Hz 
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The switching characteristic of a thyristor determines its switching losses 
and maximum operating frequency, much as it did for the transistor. The 
shape of the turn-on curve is very similar to Figure 1.12, where the current 
through the device rises as the anode-to-cathode voltage falls. The time for 
10% turn-on, measured from the application of gate drive, is called the 
delay time, and that between 10% and 90% is the rise time. The sum of the 
delay and rise times is the turn-on time of the thyristor. The turn-on time is 
reduced if a steep rising gate pulse is used and the power in this drive is 
increased. 

The turn-off waveforms of a thyristor are shown in Figures 1.25(d) and 
1.25(e). During forward conduction all the junctions of the device are 
forward biased. To be able to block voltage the charge carriers must be 
removed, and this is usually done by applying a reverse voltage across the 
device, a process known as commutation. This causes holes and electrons 
to migrate from the centre junction to the end junctions, until all the 
carriers at the centre have recombined. A reverse recovery current flows 
during this process, and it starts to decrease, with a corresponding increase 
in reverse voltage across the thyristor, when recombination has been 
completed. The time between the start of the reverse recovery current and 
when it has fallen below a specified value, say 20% of the peak, is called 
the reverse recovery time. The magnitude of this time is largely determined 
by the amount of forward current which was flowing in the thyristor prior 
to turn-off and the rate of decay of this current. 

A further time, called the gate-recovery time, is now needed before the 
thyristor is capable of again blocking forward voltage. This time increases 
at high junction temperatures and with an increase in the rate of reapplied 
forward voltage (dv/dt). The turn-off time of the thyristor is the sum of the 
reverse-recovery and gate-recovery times. Several techniques exist for 
reducing the turn-off time, such as adding gold doping which will decrease 
the minority carrier lifetime, but this will now increase the voltage drop 
across the device when it is in forward conduction. 

The gate characteristics of a thyristor are important in the design of 
thyristor drive circuitry. These are given by means of the curves shown in 
Figure 1.25(f). The spread in the gate-to-cathode diode characteristic is 
given by the three curves at -55"C, +25"C, and +125"C, so that for any 
load line, such as the two shown for 6.25 P and 12.5 52, the operating point 
can be fairly widely spread. These must lie outside the box, bounded by the 
minimum gate voltage and gate current required to turn the thyristor on, 
whilst at the same time it must be below the relevant maximum 
power-dissipation curve. The shorter the gate duty cycle, the larger the 
permitted gate drive, and high-power pulse firing is often used for 
thyristors to ensure rapid turn-on. 

In the example shown in Figure 1.25(f) to turn on all devices at 25°C 
would require a current and voltage exceeding 20 mA and 3.0 V. The graph 
is also useful in determining the gate drive impedance. For instance, 
suppose the thyristor is driven from a source of V through a resistance of 
R 9. The peak gate dissipation would occur when the gate characteristic is 
such that it has a voltage drop equal to V/2. The dissipation is then equal to 
p 4 R .  For a duty cycle of x% equation (1.17) would hold, where PG(AV) is 
the mean gate power. 
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x v2 
PG(AV) 

R =  (1.17) 

Therefore for V equal to 5 V and P G ( ~ ~  equal to 0.5 W, R equals 12.5 P 
for a 100% duty cycle and 6.25 P for a 50% duty cycle. R is the minimum 
value of the trigger source impedance. Plotting the above two load lines on 
Figure 1.25(f), they are seen to be tangential to their respective maximum 
gate power curves. Gate source impedance is usually chosen to give an 
operating load line between this line and the area bounded by the 
minimum firing gate voltage and current. 

1.93 Thyristor construction 
Several different thyristor structures are used to achieve various 
performance parameters. Figure 1.26(a) shows a conventional arrange- 
ment in which the edges of the silicon chip are bevelled to reduce stress at 
the junctions and so enable the voltage rating to be increased. An 
alternative technique for increasing voltage rating is to increase the 
thickness of the control layer, but this also results in an increased voltage 
drop across the thyristor. 

Figure 1.26(b) shows what is known as the shorted emitter thyristor 
structure. It is used for applications which require a high dv/dt rating. In 
this structure the current generated by a rapidly rising voltage flows 
directly to the cathode, so that only a small proportion of it crosses the p-n 
junction as gate current. 

It was mentioned earlier that when a thyristor turns on the initial 
conducting area is localised around the gate lead and then spreads 
relatively slowly over the whole silicon chip. The turn-on time of the whole 
chip is therefore relatively long, resulting in current crowding and a limit on 
the di/dt rating of the thyristor. Where a large value of this rating is required 
special constructional techniques must be used. The most direct is to use an 
interdigitated gate structure, as shown in Figure 1.26(c), so that several areas 
around the chip periphery are triggered simultaneously. Unfortunately this 
also means that a much larger gate current is required since the gates are, in 
effect, connected in parallel. This disadvantage is overcome by the 
regenerative gate and amplifying gate structures. 

The amplifying gate works on the principle shown in Figures 1.26(d) and 
1.26(e). A low-power auxiliary thyristor is used to trigger the main 
high-power thyiistor. The auxiliary thyristor is triggered by an external 
source, the power for the main thyristor being derived from the load which 
is being driven by the main thyristor. 

The regenerative gate structure of Figure 1.26(f) makes use of a 
phenomenon known as ‘emitter lip’ resistance, which acts as an 
impediment to the rapid turn-on of conventional thyristors. When a device 
is initially triggered most of the anode current tends to be squeezed 
through a small turned-on portion near the gate, and this effect is worsened 
by the fact that all thyristors have an ‘emitter lip’ between the cathode n 
layer and the cathode plate. This lip presents impedance to current flow, as 
shown in Figure 1.26(g), so that if the anode current is increasing rapidly a 
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voltage is developed across it which opposes the gate signal. If the gate 
voltage is low, it may even be reversed, as in Figure 1.26(h), which would 
reduce the turn-on time sti l l  further. 

In the regenerative gate arrangement of Figure 1.26(f) conduction is 
commenced by a signal on the trigger gate, which is the only gate terminal 
brought out of the package. Once anode-to-cathode current starts to flow it 
causes a voltage drop across the emitter lip resistance. This is picked up by 
the regenerative source and fed to the regenerative gate, which is usually 
an interdigitated arrangement. The external circuit needs to provide only a 
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Figure 1.27 Comparison between a conventional and an asymmetrical thyristor: 
(a) conventional; (b) asymmetrical 

modest gate signal at the trigger terminal since the regenerative gate 
signals are derived from the load current. 

All the thyristor structures demibed so far have been symmetrical, in 
that the forward and reverse blocking capabilities are optimised. Often, 
however, a thyristor is used in series with another thyristor or a diode 
which can provide the reverse blocking voltage needed by the circuit. It is 
then possible to use an asymmetrical thyristor (or ASCR), as shown in 
Figure 1.27, where a highly doped layer has been added near the anode 
junction, which stops the extension of the electrical field. The ASCR has a 
reduced forward voltage drop and lower turn-on time, and so lower losses, 
but also a lower reverse blocking voltage capability, so it is usually used in 
applications where it is connected in series with another rectifying device. 

1.10 The gate turn-off switch 
The gate turn-off switch (GTO) is similar in construction to a thyristor, 
having four layers, with three terminals, anode, cathode and gate. It is 
turned on by current flowing into the gate terminal, as for a conventional 
thyristor, but it can be turned off by taking current out of the gate, that is, 
with negative gate current. The operation of the GTO can be explained 
with reference to the two-transistor analogy of Figure 1.25(c). Here gate 
current ZG is shown as flowing into terminal G2, but assuming that the two 
transistors are in conduction, then if gate current is taken out of this 
terminal, it will divert all the base current away from the n-p-n transistor, 
turning it off. If ZG is the value of this negative gate current, then turn-off 
will occur if it exceeds that given by equation (1.18). 

(1.18) 

Defining the turn-off gain $om of the GTO by equation (1.19), allows 
equation (1.18) to be rewritten as in equation (1.20). 

I A  
BOFF = - 

ZG 
(1.19) 
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A large value of turn-off gain for a GTO is desirable for an efficient 
device. It can be increased by making the gain of the n-p-n transistor (a2) 
as close to unity as possible, by having a narrow base region (pl) and heavily 
doping the emitter (q). At the same time the gain of thep-n-p transistor (a,) 
must be kept low, by making its base (n2) wide and adding gold doping, or 
using some other lifetime control technique. These modifications give a fast 
recovery device, but also result in the GTO having a higher voltage drop than 
a thyristor. 

The symbol for the GTO is shown in Figure 1.28(a), being similar to that 
of a thyristor except for the gate, indicating the dual direction of current 
flow. The static characteristics for the GTO, shown in Figure 1.28(b), are 
also similar to that of the thyristor, once it has been turned on by sufficient 
gate current. At low levels of gate current it operates in the transistor 
region, having a family of curves for increasing gate drive. 

Most of the ratings and characteristics of a GTO are the same as those of 
a thyristor, except for the following. The GTO has a high forward blocking 
voltage rating, comparable to that attainable from a thyristor, but its 
reverse voltage rating is lower, and in this aspect it is similar to a transistor. 
The GTO also has a higher voltage drop and a higher latching current than 
a thyristor. This latter parameter means that the gate drive needs to be 

C 
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Figure 1.28 Gate turn-off switch (GTO): (a) symbol; (b) static characteristic 
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maintained for a longer period, during turn-on, to ensure that latching current 
is reached. 
As expected, it is in the turn-off process that the GTO differs most from 

a thyristor. Prior to turn-off all the regions are heavily saturated, and the 
excess charge needs to be removed before turn-off can occur, resulting in 
storage time and fall time. The excess charge is first removed from the p1 
layer, in the vicinity of the gate terminal, and this recovered region then 
spreads over the whole junction. Current continues to flow by squeezing 
into parts of the junction not yet turned off, until eventually all the region 
recovers and the storage period ends. The effect of turn-off is therefore 
similar to the turn-on of a thyristor, where the current initially squeezes 
into the small turned-on region closest to the gate. Two parameters are 
quoted in GTO data sheets, which are not given for thyristors, the gate 
turn-off voltage (V,) and the gate turn-off current (Z&. The turn-off 
time, turn-on time and turn-off gain are all degraded with temperature 
increase. 

1.11 Wacs 

A four-layer device, such as a thyristor, can conduct in one direction only, 
and for operation in an a.c. circuit two thyristors must be c o ~ e ~ t e d  in a 
back-to-back mode. A triac, or TRIode AC semiconductor switch, is 
designed to be able to conduct in both directions, the onset of conduction 
being controlled by a gate, as for a thyristor. The triac is a five-layer 
device, as shown in Figure 1.29, which can operate in quadrants I or III. It 
can be triggered by current into (plus) or out of (minus) the gate terminal, 
so that the four operating modes are I(plus), I(minw), III(plus), and 
III(minus). Generally the triac is relatively insensitive in mode III(p1us) so 
that it is normally operated in I@lus) and III(minus). 

is positive with respect to L1, and the gate 
is positive to L1, so that the device is in essence a thyristor with layers 
plnzpzn3 giving the p-n-p-n arrangement and the gate terminal at p2.  For 
mode III(minus), p2nglnl are the active layers, and the p2 and n3 regions 
are forward biased causing emission of electrons into the main body of the 
device and eventual turn-on. 

Triac ratings and characteristics are very similar to those of a thyristor, 
except that they apply to two quadrants of operation. However, because a 
triac conducts in both half cycles of an a.c. waveform it does not have time, 
as in the case of a thyristor, to adequately recover its blocking capability, 
so its dv/dt characteristic is poorer than that of a thyristor. 

For mode I(p1us) terminal 

1.12 Photothyristors 

Photothyristors have the same basic structure as conventional thyristors 
and function in similar modes, except that they are triggered by light 
instead of gate current. The symbol for the photothyristor, also d e d  a 
light-activated SCR (LASCR) or a light-triggered thyristor (LTT'), is 
shown in Figure 1.30(a), and it is seen that the gate terminal is sometimes 
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Figure 1.29 Triac: (a) five-layer representation; (b) construction; (c) characteristic; 
(d) symbol 

brought out so that a combination of light and gate current can be used to 
control the device. The advantage of using light triggering is that the device 
is now insensitive to electrical signals, which can cause faulty operation in 
electrically noisy environments. 

Figure 1.30(b) shows the construction of a photothyristor. In the absence 
of light, junction Jz is reverse biased. When illuminated, hole-electron 
pairs are created in the vicinity of 52 and are swept across to the anode and 
cathode. This acts as a triggering current, and if it is large enough it will 
turn on the thyristor. Usually a bias can be applied on the gate lead to vary 
the threshold light level for turn-on. 

The photothyristor is made from thin layers to enable greater light 
penetration, but this also results in a lower blocking voltage. It is designed 
with a larger junction to increase light sensitivity, but this has the effect of 
making it more sensitive to variations in temperature and voltage, and in 
increasing the turn-off time. Resistors can be added between the gate and 
cathode to reduce its susceptibility to noise and dv/dt effects, but this 
degrades its sensitivity to light triggering. Although a photothyristor has been 
described here, other devices, wich are turned on by light, are also available, 
such as photo triacs and photo Darlingtons (Rosen and Zutavern, 1994). 
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Figure 1.30 The photothyristor: (a) symbol; (b) construction 

1.13 Voltage-reference diodes 

Voltage-reference diodes are two-layer devices which are used primarily 
for providing a stable voltage reference, or for overvoltage surge 
suppression. The device is capable of passing a large current whilst 
maintaining a high voltage across it, hence it dissipates considerable 
amount of power, placing it in the category of a power semiconductor. 
Figure 1.31(a) shows the symbol for a voltage-reference diode. In the 
forward direction it behaves like an ordinary diode, whilst in the reverse 
direction it functions as a reference diode. 

The operation of the voltage-reference diode is based on two distinct 
effects, zener and avalanche, although these devices are often referred to 
collectively as zener diodes. If the p and n regions of the diode are heavily 
doped, then the depletion region between them will be narrow. Applying a 
low voltage in the reverse direction across the device will now caw a high 
electric field to be formed across the junction, given by the ratio of this 
voltage to the depth of the depktion layer. When this field exceeds a 
cr i t id  value, equal to 3 x 10-~ ~ c m ,  electrons will gain sufficient energy 
to break away from their bonds (see figure 1.5) causing a large cumnt to 
flow. This is known as zener breakdown and the characteristic is shown in 
Figure 1.31@). The zener breakdown occurs below about 5 V and has a 
fairly gentle knee in its characteristic curve. 

If the p and n layers of the diode are lightly doped, then they will have a 
wider depletion layer between them, so that the critical field strength for 
the zener effect cannot be reached, even under relatively large reverse 
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voltages. However, the wider space charge region now allows the electrons 
to reach sufficient velocity, if the distance is greater than the mean free 
space for electrons at a given temperature, such that, on impact, they have 
enough energy to knock out other electrons from their crystal structure. 
These new electrons then free further electrons, so that the current builds 
up to a high value very quickly. This is known as the avalanche effect and, 
as shown in Figure 1.31(b), it has a very sharp knee in its characteristic, 
occumng at voltages in excess of about 7V. In between 5V and 7V a 
combination of the zener and avalanche effects takes place. 

Voltage-reference diodes are available in the range of 1-3OOV by 
control of the doping profiles. Diodes below about 10 V are usually made 
by alloyed junctions, whilst above this the junctions are diffused into an 
epitaxial layer. The tolerance in the breakdown voltage is usually k5%, 
but it is possible to select to tighter limits. The zener voltage decreases with 
temperature, whilst the avalanche voltage increases with temperature, so 
that the temperature coefficient of reference voltage follows a curve similar 
to that shown in Figure 1.31(c). By combining zener and avalanche diodes 
it is possible therefore to obtain devices with very good temperature 
characteristics. The same effect is obtained by using an avalanche diode in 
series with a forward-biased conventional diode, since a forward-biased 
junction has a negative temperature coefficient of voltage. These devices 
are often referred to as stabistors. 
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Figure 1.31 Voltage-reference diode characteristics: (a) symbol; (b) static characteristic; 
(c) temperature coefficient of reference voltage; (d) dynamic impedance 
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As seen from the characteristics of Figure 1.3 l(b), the reference voltage 
is not strictly constant, but varies with the current through the device. 
There is therefore an impedance 2, associated with this, called the 
dynamic impedance and given by equation ( 1.21) where AVz and AIz are the 
voltage and current at any point on the characteristic. Dynamic impedance 
curves are illustrated in Figure 1.31(d). 

(1.21) 

1.14 Series and parallel operation 

Semiconductors are available today with the ability of controlling many 
megawatts of power, therefore it is only in very specialised applications 
that several devices need to be connected in series or in parallel, in order to 
increase the voltage or current rating, respectively, over that available 
from a single device. The techniques for doing so are illustrated in this 
section with respect to the thyristor, although these apply equally to any of 
the other power semiconductors described in the book. 

Figure 1.32(a) shows two thyristors connected in series to share a voltage 
V. If the peak-rated voltage of each thyristor is V,, it is hoped that the 
maximum permissible value of V can approach 2V*. However, since the 
two thyristors are in series they must share the same leakage current I,, so 
that if they had blocking characteristics as in Figure 1.32(b), thyristor TH2 
will be operating very close to its rated voltage, whilst thyristor THI only 
blocks a fraction of this voltage. Therefore the peak value of V is severely 
limited. 

V 

(8)  

v2 vpk 
(b) v1 Voltage 

Figure 1.32 Unequal voltage distribution in a series string: (a) series-connected thyristor; 
@) spread in device characteristics 

Forced sharing of voltage among a series string of thyristors can be 
accomplished by using sharing resistors, as in Figure 1.33(a). To be 
effective, the current through these resistors must be large enough to 
swamp the inequality in the thyristor leakage currents. If RPk denotes the 
maximum value of this resistance, in the limiting condition the worst case 
of unequal sharing occurs when one thyristor, say TH1, has negligible 
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leakage whereas the remaining have maximum leakage current, 4. If there 
are n cells in series, then equations (1.22) and (1.23) can be written down, 
where Vl is the peak-rated voltage of the thyristors and V is the maximum 
voltage which can be safely applied to the series string when sharing 
resistor Rpk is used. 

(1.22) v - v, = v, (n - 1) 

Solving equations (1.22) and (1.23) gives equation (1.24). 

(1.23) 

(1.24) 

Provided the value of the resistor does not exceed that given by equation 
(1.24), the voltage will be effectively shared across the series string of 
power semiconductors, in their static state. However, when the devices are 
turned on or off, sharing resistors are ineffective in ensuring equal voltages 
across them. For example, the thyristors which recover their blocking state 
fastest, or which turn on last, will see the full voltage of a series string, 
often with disastrous effects. This transient voltage distribution is in 
inverse proportion to their capacitances, and inequality can be protected 
against by using a capacitor across each device, as in Figure 1.33(b), of a 
value greater than the device capacitance. This slows down the rate of 
change of voltage across the device during turn-off and turn-on. A 
low-valued resistor is also now required, in series with the capacitance, to 
limit the large discharge currents of the capacitors, which would otherwise 
occur when the thyristors are turned on. The value of the capacitance C 
can be obtained from empirical equation (1.25), where I ,  is the peak 
forward current through the thyristor before commutation occurs and V ,  is 
the maximum voltage rating of the thyristors. 

(1.25) 

In a normal application the sharing components for static and dynamic 
operation are combined, so that each power device would have across it 
both the sharing components shown in Figures 1.33(a) and (b). 

RPk Rpk RPk 
(a) (b) 

Flgnre 1.33 Additions for greater equality in sharing d.c. and transient voltages: (a) d.c. 
voltage sharing; (b) transient voltage sharing 

R C  R C  R C  



Series and parallel operation 57 

1.14.2 PIvllkl operation 
Several power semiconductor devices, connected in parallel, all have the 
same voltage across them when they are conducting, but due to unequal 
characteristics they carry different currents. This is illustrated for a 
thyristor pair in Figure 1.34. Once again it is possible to swamp the 
inequality of the device voltage drops by seriesconnected impedances, 
such as inductors or resistors, or by current-sharing reactors. Inductances 
are effective only during transient conditions, when the current is 
changing. Current-sharing reactors, where the imbalance in different parts 
of the reactor forces equal current flow in the various parallel arms, are 
expensive and bulky. Resistors are cheaper, but dissipate power. 

V vdtr 
(a) (b) 
1.34 Unequal current distribution in paralleled thyristors: (a) paralleled thyristors; 

(b) spread in forward characteristics 

Figure 1.35 shows two thyristors connected in parallel with sharing 
resistors. If V I  and V, are the maximum and minimum voltage drops across 
the thyristors and Zl and Zz the permitted variations in the shared current, 
then equation (1.28), which gives the desired value of the sharing resistor R, 
can be derived from equations (1.26) and (1.27). 

v2 - v1 
11 - 12 

R =  

(1.26) 

(1.27) 

(1.28) 

The series resistors force d.c. more equally through paralleled power 
devices, but fail to compensate for unequal turn-on times, latching currents 
or holding currents. For instance, in a paralkl-conncctcd set of thyristors, 
if one device turns on before the rest, it will be forad to momentarily carry 
the full load current. This need not be serious so long as the di/& or surge 

IVFi 

L V 2 A  Flgwe 1.35 Series resistance for forced current sharing 12 
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rating of the thyristor is not exceeded. If required, a small reactor can be 
connected in series with each device, to compensate for unequal tum-on 
times. 

If the latching currents of a parallel set of thyristors differ, it could mean 
that for pulse firing some thyristors will reach their latching currents before 
the end of the pulse whereas others will not. This will mean that only these 
devices will conduct and support the total load current, and clearly the 
firing signal must be long enough to prevent this from occurring. Similarly, 
if the thyristor currents decrease momentarily, devices with holding 
currents below this value will turn off. When the load current again 
increases to its full load value the off thyristors will not turn on unless 
refired, and some devices may be overloaded. It is therefore essential to 
ensure that the load current does not fall to too low a value. 

Although series connection is common, paralleling power devices is 
inefficient, due to the loss across the series impedance, and is not often 
used. In the instances where it is necessary, specially matched pairs, with 
equal voltage drops, can normally be obtained from the semiconductor 
manufacturers. 

1.15 Power semiconductor packaging 

The package used with power semiconductor devices has to accomplish 
several functions, some of which are as follows: 

(i) Provide a convenient method for electrical current to flow from the 
device. 

(ii) Enable the heat generated in the silicon to be conducted away to the 
ambient, usually via a heatsink. 

(iii) Give mechanical support to the semiconductor dice. 
(iv) Protect the semiconductor dice from the chemical effects of the 

environment. 
(v) Give adequate insulation between the external terminals of the device 

such as gate, cathode and anode. 

Many different packages have been used for power semiconductors, 
from the small metal can TO18, T039, TO3 through to plastic TOE, 
T0220, T0218, and the large stud-mounted and ‘hockey puck’ devices. A 
few of the larger packages are illustrated in Figure 1.36. The relevant 
surface of the silicon dice, which can be the cathode or anode for a power 
diode, the collector for a power transistor, and the anode for the thyristor, 
is coated with a multilayer structure of titanium, nickel and silver. Gold 
was used in the past but is becoming less popular. This dice is then attached 
to the semiconductor package header, made from a copper-nickel alloy, 
using soft or hard solders. 
Soft solders, such as lead, silver, indium, antimony, or a mixture of 

these, are easier to use, but are not able to withstand repeated thermal 
cycles without fatigue. Hard solders, such as molybdenum, and eutectics 
like Au-Ge, Au-Sn, Au-Si, are able to withstand many more thermal 
cycles. It has been shown that the number of cycles to failure (N) for a 
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silicon dice of diameter D ,  cycled through a temperature range dT, is 
given, for hard-soldered joints, by equation (1.29) where K is a constant. 

(1.29) 

Connections to the emitter and base of a transistor, or the gate and 
cathode of a thyristor, are usually made by ultrasonic bonding using 
aluminium or aluminium-magnesium wire. Aluminium wire is needed for 
the gate terminal of a thyristor to ensure a non-rectifying contact. 

For very large devices, such as the hockey puck package shown in Figure 
1.36. the silicon dice is held in contact with the package using pressure only, 
usually in the form of springs or washers. This is known as compression 
bonding, and the absence of all solders makes this arrangement specially 
suitable for large thermal stresses. 

(0 )  (f 1 
Figurn 1.36 Power scmiconductor packages: (a) and @) T0220; (c) press fit; (d) stud; (e) and 
( f )  hockey puck; (g) high-frequency 
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Plastic packages such as TO220 are relatively inexpensive, easy to 
mount, and the epoxy used gives a good hermetic seal. 

The stud-type encapsulation is shown in Figure 1.36, for a thyristor. with 
the dice hard soldered into the package, although compression bonding 
could be used instead. The dice is soldered to the base and encapsulated in 
ceramic, usually a top metal being used which is welded to the header. 

An important consideration in high-frequency applications is the 
package, which must have low stray capacitance and good cooling 
properties, Figure 1.36(g) showing one type of package which can be used 
for high-frequency transistors. Twin-emitter leads are used, which gives 
symmetry of board layout when devices are combined for greater power. 
The leads are low-inductance strip lines, which can interface to microstrip 
lines used in UHF-VHF equipment. Beryllium oxide forms the dice 
insulator, since it has good thermal conductivity and the dice is located 
onto a copper stud which is bolted to a heatsink. 
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Chapter 2 

Thermal design 

2.1 Introduction 

The parameter which has the greatest impact on the design of power 
semiconductor devices is the power which they generate and that which can 
be dissipated through it. This power dissipation results in temperature rises 
and bond fracture, due to uneven expansion between the silicon dice and 
its joints within the package. Special precautions must be taken to dissipate 
this heat to the ambient in order to prevent excessive temperature rises 
within the device. 

This chapter describes the losses which occur within power semiconduc- 
tors, their thermal characteristics, and the techniques which are used to 
cool the devices. 

2.2 Power losses in lrgelncoo1ductors 

There are four main sources of power loss within a semiconductor, as 
follows: 

(9 

(iii) 

Power loss during forward conduction. For a diode this is given by the 
product of the current through the device and the forward voltage 
drop across it. The same applies for a thyristor, but since the 
conduction angle can now be varied the power loss curves are usually 
given in data sheets as in Figure 2.1, where the average current over 
the whole conduction cycle is used. For a transistor the forward 
conduction loss is given by the product of the collector current and 
voltage, to which is added the base dissipation, equal to the product 
of the base current and voltage. Usually the base losses are small 
compared to the collector loss. 
Leakage loss, when the power semiconductor is blocking voltage in 
the forward or reverse direction. This can occur when a diode or 
thyristor is reverse biased, or when a transistor or thyristor is forward 
biased but not turned on. These losses are usually small in 
comparison with the forward conduction losses. 
Switching losses which occur during turn-on or turn-off of the power 
semiconductor. Although relatively small, these losses can became 
appreciable when the device is being operated at high frequencies. 

61 
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Average forward current (A) 2.1 Power loss curves for a thyristor 

They can occur due to the gradual turn-on and turn-off processes, 
which enable large amounts of currents to flow whilst the voltage 
across the device is still high. Figures 1.8(c) and 1.8(d) show one 
example of the turn-on phenomenon, whilst Figures 1.8(e) and l.S(f) 
show an example of a turn-off characteristic. These turn-on and 
turn-off losses give rise to power spikes in the overall power- 
dissipation curve, as in Figure 2.2, the mean power loss due to 
switching being seen to be relatively small at low frequencies. 

01 I 1 I 

(b) t0 tl t2 
2.2 Power losses in a semiconductor during a typical cycle: (a) current; (b) power loss 
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(iv) Losses in the control terminal of the power semiconductor. The loss 
in the base of a transistor has already been considered as part of the 
forward conduction loss in item (i) above, since it is always present 
whilst the device is on. However, devices such as thyristors need only 
be pulse fired, so the gate power loss can be separated from the 
forward conduction loss. Four parameters are now usually defined; 
the peak gate power PGM, i.e. the maximum value of the product of 
the forward gate current and voltage which is permissible; the 
average gate power PG,,,, which is the maximum value of the 
forward gate current and voltage averaged over one cycle; and peak 
reverse gate power PGMR and average reverse gate power PGR(*V), 
which are the corresponding reverse values. Figure 1.23 shows the 
peak gate power curves within which the gate drive locus needs to 
stay. 

2.3 Semiconductor thermal characteristics 
A power semiconductor mounted on a heatsink can be analysed by analogy 
with electrical circuits in which the flow of current is replaced by heat 
transfer and the electrical impedances by thermal resistances. The unit of 
heat transfer is measured in joules per seconds or watts, and the unit of 
thermal resistance is in degrees centigrade per watt. Therefore if Q is the 
thermal power in watts being dissipated within a device, and dT is the 
temperature difference 8ctosp the device in degrees Centigrade, then the 
thermal resistance Rh of the device is given by equation (2.1). 

R& = dT/Q (WW) (2.1) 
A complex thermal circuit, such as a power semiconductor mounted on a 

heatsink, can be broken into its separate parts and then analysed using 
equation (2.1). Figure 2.3 shows the equivalent circuit of such an assembly. 

P J u n c t i o n  (Ti) 

Rth Ic-h) z z  cca 

zzcha Rth (h-a) 

A - - 
Ambient (T,) 

2.3 Equivalent circuit of a semiconductor device mounted on a heatsink 
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If Tj and Tc are the temperatures of the semiconductor junction and its 
case, and the thermal resistance between junction and case, then 
for a power flow of Q W between junction and case the thermal resistance 
is given by equation (2.2). 

&h(j -c )  = ( T j  - TcVQ (2.2) 
Similarly, the other thermal resistances between case and heatsink, and 

heatsink and ambient, can be obtained. Figure 2.3 also shows the thermal 
capacitances (Cj,, etc.) which can generally be ignored in any r.m.s. 
calculation and are only used for transient analysis. The thermal resistance 
between case and ambient is usually large compared to that through the 
heatsink, so that it too can be ignored. The equivalent circuit therefore 
simplifies to three elements in series, and for this total system the thermal 
resistance between semiconductor junction and ambient is given by 
equation (2.3) and the temperature rise by equation (2.4). 

Rth(j -a) = &h(j - c) + Rth(c - h) -k Rth(h - a) 

T j  - Ta = Q Rth, -a) 

(2.3) 

(2.4) 

So far, the discussions have dealt exclusively with instances in which 
there is steady state power loss in the semiconductor. Often, however, only 
intermittent operation is required, and Figures 2.4(a) and 2.4(b) show the 
effect of a step increase in power on the junction temperature. The power 
device, along with any heatsink used, presents a finite thermal mass so that 
the junction temperature increases gradually. Since thermal resistance is 
defined as the ratio of the rise in temperature to the power increase, this 
impedance will build up with time, as in Figure 2.4(c), and this is referred 
to as the transient thermal resistance (Rth(& It is generally difficult to 
calculate the transient thermal resistance accurately for an assembly, and it 
is measured experimentally and published as a graph in data sheets. It 

Figure 2.4 Transient thermal resistance: (a) and (b) thermal inertia of a power transistor; 
(c) transient thermal resistance c w e  
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should be noted that this information applies for a fully conducting cell, 
such as when operating into fault conditions, and it cannot be used for 
power devices which are in the process of being turned on, since now the 
turned-on area is still spreading. 

Figure 2.5 shows some examples of power pulses, and how the 
temperature rise can be calculated under these conditions. The single pulse 
shown in Figure 2.5(a) can be considered to be made up of two pulses, P,,, 

t9 t l l  t12 t14 t16 t18 t19 tZO 
t13 t15 t17 

(4 
Figure 2.5 Illustration of power pulses: (a) single pulse.; (b) multi-pulse; (c) pulse train; 
(d) implar pulse 
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starting at fl and -Prn starting at f2. The junction temperature rise at time r3 
is then given by equation (2.5). 

d T(ts) = pm Rth(t,) - p m  Rth(b) 

= pin [Rth(t,) - &h(k)] (2.5) 
The case of multiple-power pulses, shown in Figure 2.5(b), can be 

considered as a series of single superimposed pulses, and the temperature 
rise at time f7 is given by equation (2.6). 

dT(,) = pm1 [Rth(t,) - R*h(tJI + pm2 [4h(t3) - Rth(t,)l 

f pm3 [Rth(b) - Rth(Ql (2.6) 
In the pulse train situation, shown in Figure 2.5(c), the last few pulses 

are the only ones making individual contributions, and the rest can be 
averaged, so that the temperature rise is given by equation (2.7). 

The last example of transient operation to be considered here is that of a 
non-rectangular pulse. This can be approximated into a series of 
rectangular pulses, as in Figure 2.5(d). The temperature rise at time fm is 
now given by equation (2.8). 

dT(a = prnl Rth(t,) + (pm2 - pml) Rth(tJ + (pm3 - pm2) Rth(Q) + 

= {pm(n) - Pm(n - I))Rth(f) (2.8) 

2.4 Heatsinks 
The thermal capacity (cth)  of a device, which provides a measure of its rate 
of change of thermal energy with temperature, is given by equation (2.9). 

c t h  = C.m (2.9) 

where m is the m a s  of the device and C its specific heat. 
Heatsinks are usually used to improve the thermal capacity of power 

semiconductors and therefore to enable them to dissipate the heat 
generated when they are in operation. This section first looks at thermal 
equations, which provide a guide to the various methods of cooling power 
devices, and then describes the heatsinking methods which may be used. 

2.4.1 Thermal equations 
Three methods exist for removing heat from a power semiconductor, 
conduction, convection, and radiation, and these are described by thermal 
equations. 
Conduction. The rate of heat flow across a heatsink, having a 
cross-sectional area of a, a thickness of d, and a thermal conductivity of kT, 
is given by equation (2.10), where dT is the temperature difference across 
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the heatsink and P, is the rate of heat flow in watts. The thermal resistance 
of the heatsink (&) is then given by equation (2.11). 

kTadT 
Pc = - d 

(2.10) 

(2.11) d = -  
kT a 

connctioll. Convection may be due to natural air flow or forced air flow. 
Forced convection is further dependent on whether the air flow is laminar 
or turbulent. At low air velocities the flow is laminar and this changes at 
higher velocities to turbulent, the actual point of changeover being 
dependent on the design of the heatsink. 

The heat flow from the heatsink having a cross-sectional area of a, a 
vertical length of I ,  and a temperature difference above the surrounding of 
dT, is given empirically by equation (2.12). 

(2.12) 

where the constant k, has a value of about 1.37. 
If the heatsink is now cooled by forced air, having a velocity of v,, then 

the heat flow for laminar and turbulent air flow are given by equations 
(2.13) and (2.14) respectively, where the constants have the approximate 
values kfl = 3.9 and kft = 6.0. 

M 
Pn = kaadT  (7) 
Pn = knadTF V.0.8 

(2.13) 

(2.14) 

Rdhtion. The heat loss due to radiation is dependent on the emissivity of 
the heatsink (E) and its temperature difference above the ambient. The 
maximum value of emissivity is unity, that of a black body radiator. If TI 
and T2 are the temperatures of the surface of the heatsink and that of the 
surrounding air, then the heat loss in watts due to radiation*is given by 
equation (2.15) where the constant k, is approximately equal to 5.7 X 
lo-*. 
P, = k,ae(T: - a) (2.15) 
Thermal analysis using the equations given above can result in errors up 

to 25% since many factors affect the actual heat-dissipation properties of 
heatsinks. The errors arise due to: 
(i) The mix of heat transfer modes and the difficulty of predicting the 

actual heat transfer path. Heat radiating from adjacent bodies also 
grossly affects the final result. 

(ii) The variation in power dissipation between semiconductors of the 
same type, even when these come from the same batch. Power 
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dissipation will vary due to differences in clamping pressure between 
the device and its heatsink, and these are difficult to predict. 

(iii) Many of the constants used in the thermal equations are actually 
low-order variables and choosing the right value often needs 
judgement and experience. 

Analysis of forced air-cooled systems gives less accurate results than 
analysis of natural air-cooled equipment because: 

(i) There are differences in flow over interior and exterior surfaces. 
(ii) It is not possible to calculate the air velocity at each point in the flow 

path. 
(iii) Thermal analysis usually assumes symmetrical shapes, e.g. cylinders 

and spheres, and in practice these shapes rarely occur. 
Performance can be improved by mounting heatsinks vertically within an 

enclosure with openings at the top and bottom, to create a chimney effect. 
Several devices can also be mounted on a common heatsink, since this 
would result in a higher temperature differential between heatsink and 
ambient, and so improve its efficiency, although the devices now run hotter 
and upstream components will be working at a higher case temperature. 
The advantage of mounting devices on the same heatsink is that there is 
good thermal coupling, as is needed when they are being operated in 
parallel. 

2.4.2 Construction of heatdnks 
Heatsinks are available in a variety of shapes and sizes to accommodate the 
many different package types used for power semiconductors. For 
example, Figure 2.6(a) shows a heatsink for a hockey puck construction 

f 
Heatsink 

nductor 

semiconductor 

Figure 2.6 Examples of heatsinks: (a) air cooled; (b) liquid cooled 
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which is air cooled, whilst Figure 2.6(b) gives an arrangement for the same 
device cooled by liquid, as described in Section 2.5. 

Heatsinks are usually made from aluminium alloy extrusion, aluminium 
being a good conductor of heat, malleable so that it can be readily shaped, 
easy to extrude and made with a smooth surface finish. Aluminium gives a 
heatsink which is inferior to that made from copper, but it is much cheaper. 
Heatsinks are designed with a large surface area, for radiation and 
convection of heat, and the weight is minimised. The heatsink may be left 
bright, but coloured matt surfaces are more efficient. Black is not 
necessarily the best colour since at the temperatures being considered heat 
radiation occurs in the infrared region and all enamels, varnishes, anodised 
surfaces and oil paints have high emissivities regardless of colour. 

Heatsinks are usually designed with fins, the greater the number of fins, 
the larger the area for convection cooling, but if the fins are too close 
together there is less heat radiation, so a compromise is needed in the 
heatsink design. Forced air-cooled heatsinks are three to four times more 
efficient than natural cooled systems. Radiation effects are now neghgible, 
and since the rate of air flow is less dependent on temperature the thermal 
resistance is less variable, so the thermal system can be assumed to be 
linear. The air flow is also more independent of heatsink fin spacing and 
should be designed to create turbulence over the surface of the fins and 
break up any layer of static air. 

Electrical isolation is often needed when a device is mounted on a 
heatsink, and this can be obtained by using isolating washers. Several 
materials are used for these washers; beryllia is the most expensive but has 
the highest thermal conductivity and dielectric strength, followed by 
hardened anodised aluminium washers which have good thermal 
conductivity and dielectric strength. Mica washers were very popular but 
they suffer from the fact that they can crack and peel and, because they are 
transparent, it is easy for two to become stuck together, which would cause 
an increase in the thermal resistance. High-temperature plastics such as 
Kapton and Mylar have lower dielectric strength than mica but they are 
cheaper, and since they are coloured their shading gives a visual indication 
if two are stuck together. An alternative to using an isolating washer is to 
spray the heatsink during manufacture with an electrical insulation 
material. 

The interface between the case of the component being cooled and the 
heatsink has a relatively low thermal resistance compared to other parts of 
the system. However, the resistance can increase during assembly by a 
factor of 10 times unless care is taken to minimise it. This is done by 
keeping the mating surfaces clean, by applying adequate mating pressure 
and by using a thermal grease between them. This grease, or heatsink 
compound, is a silicone material filled with heat-conductive metal oxides. 
The grease must not dry out, melt or harden even after operating for long 
periods at high temperatures such as 200°C. Figure 2.7 illustrates how the 
grease helps to even out the temperatures in the semiconductor package. 
Without the grease a slight bump, bow or dust particle causes the 
temperature at A to be higher than that at B. The thermal grease replaces 
the air and has a much lower thermal resistance so that the temperatures 
in the copper tab, and therefore the semiconductor, are more even. 
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(a) 

F4garc 2.7 Temperature contours at the heatsink-power device interface: (a) without thermal 
grease; (b) with thermal grease 

Table 2.1 compares the thermal resistance of some commonly used 
components; diamond is used to cool some specialised devices operating at 
high frequency. 

Figure 2.8 illustrates curves which may be used to determine the thermal 
resistance of a heatsink in any application. The left-hand set of curves gives 
the power dissipation through the power semiconductor, and is similar to 

'lhble 2.1 Comparison of thermal resistance of some typical materials 

Material 
Thermal resistance 

("c CmMr) 

Diamond 
Copper 
Aluminium 
Solder 
Thermal grease 
Mica 
Mylar 
Still air 

0.02 to 0.1 
0.3 
0.5 
2.0 
130 
150 
400 
3000 
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d.c. 

120Q / lmQ/ 

11 

Current 
Tl 

Ambient temperature 

Figure 2.8 Curves used to calculate heatsink thermal resistance 

Figure 2.1, whereas the right-hand curves are for a heatsink and give its 
thermal resistance. Such a series of curves would be obtained, for example, 
in a forced &-cooled heatsink operating under a variety of air speeds. If ll 
is the current through the power semiconductor, then PI is the power 
dissipated through it, and for an ambient operating temperature of TI the 
heatsink must have a thermal resistance of 4 " W .  

2.5 Liquid cooling 

Liquids can be used to cool power semiconductors, and this method is 
more effective than air cooling. Several methods exist for liquid cooling: 
(i) Interconnecting a series of individual, specially designed heatsinks, 

each of which carry a single device. These are all linked together by 
pipes through which the cooling liquid flows. 

(ii) Mounting the power devices on a common liquid-cooled structure, 
such as a hollow bus bar, the components being electrically insulated 
from each other. 

(iii) Immersing the power devices into the cooling liquid, the components 
sometimes having small heatsinks fitted to their bodies. 

The liquids used can be water or oil. Water has a high speed of flow but 
can cause electrolytic corrosion and can also freeze. De-ionised water is 
often used to which has been added a suitable anti-freeze agent. Oil is 
more viscous than water and can be inflammable. However, it does not 
permit the flow of electrolytic currents and devices can be immersed 
directly into it. 

Liquid-cooled systems can have a thermal resistance below O.Ol"C/W, 
which compares with figures of 0.25'W for natural air-cooled systems 
and 0.1"cMr for forced air cooling. The added advantage of liquid cooling 
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is that the heat can be removed to a location remote from the power 
semiconductor before it is dissipated. 

A heat pipe is a device which is sometimes used with power 
semiconductors to conduct the heat away from a component? mounted in 
an inaccessible position, to a larger, remote dissipater. A metal bar 
conducts heat very inefficiently: for example, conducting 1 kW of heat in a 
solid copper rod of 1.5 cm diameter over a 30cm length would give about 
800°C difference between its ends. A heat pipe of the same dimensions 
would give a 2°C difference, therefore it is much more efficient. 

Figure 2.9 Construction of a heat pipe 

Figure 2.9 shows the construction of a heat pipe. A hollow metal tube is 
sealed at both ends and its walls are lined with a wick material. The inside 
of the tube contains a small quantity of a working fluid which is in a partial 
vacuum so that it boils at a lower temperature than it would at atmospheric 
pressure. The component to be cooled is attached to the evaporator end of 
the tube. The working fluid vaporises and heat is absorbed in converting 
the liquid to vapour. The vapour travels towards the condenser end of the 
tube and this end is cooled externally by a heatsink. The vapour gives up its 
heat at this end as latent heat and condenses. The condensed fluid is 
returned along the wick by capillary action to the evaporator end. When 
the vapour condenses it tends to increase the vacuum so that more vapour 
is drawn from the evaporator end. A heat pipe is typically 0.3-1cm in 
diameter and up to 50cm long, with a variety of shapes to suit the 
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equipment layout, operating in the range +u)"C to +uK)"C, although the 
range -200°C to +6WC can be covered if necessary. 
Two equations are used in the design of a heat pipe. The maximum heat 

transport capability QM of the pipe is given by equation (2.16), where d is 
the inside diameter of the pipe, f is the length from condenser to 
evaporator, and K is a CollSfpIIt which is dependent on the heat pipe 
geomeay, the wick material, the working fluid and the orientation of the 
pip. The maximum temperature difference between the evaporator and 
condenser for a power of Q is given by equation (2.17), where UE is the 
evaporator area, a, the condenser area, and b a constant dependent on the 
CoIlfieurPtioLl of the pipe. Equation (2.17) is used to obtain an approximate 
design for a heat pipe which must then be tested and modified. 

K dZ 
QM = 7 (2.16) 

(2.17) 



Chapter 3 

Power semiconductor control components 

3.1 Introduction 

This chapter examines components which are capable of handling 
relatively low levels of power, but which are used to control high-power 
semiconductors. These components often take the form of low-power 
equivalents of the power components themselves, such as diodes, 
transistors, and light-triggered thyristors, although in this chapter only two 
types of components are considered; those which provide trigger pulses 
and are often used in oscillator circuits, and those which are used to 
isolate the drive circuits from the main power devices. 

In addition to these components, which transmit the pulse to the power 
semiconductors, logic devices are widely used as part of the overall control 
electronic function, which includes semi-custom-integrated circuits and 
microprocessors. These control devices are often packaged along with power 
components to form smart power circuits (see Section 3.5). 

3.2 Power semiconductor control requirements 

Power semiconductors which have a control terminal and are therefore 
capable of being controlled are transistors, thyristors, gate tum-off 
switches and triacs. These devices vary in that a transistor needs a control 
signal at its base during its entire conduction period, whilst the other 
components are turned on by trigger pulses on their gate terminals. The 
transistor, however, is similar to a gate turn-off switch in that it can be 
turned on and off by a control signal, whilst thyristors and triacs depend on 
a momentary break in the load current for turn-off. 

Irrespective of the type of semiconductor device, they all require a 
turn-on signal having a shape similar to that of Figure 3.1. A 
high-amplitude pulse VI is essential to provide the overdrive needed during 
the turn-on period, so that the turn-on time is reduced and the switching 
losses in the power semiconductor minimised. The pulse must have a short 
rise time since this also affects the turn-on delay time. The initial overdrive 
is usually kept to a short period since otherwise the power dissipation in the 
control section of the power semiconductor, and in the control circuitry, 
would be excessive. After time tl this pulse is reduced to a lower value V, 

74 
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3.1 Desired control signal waveform for a power semiconductor 

such that the dissipation is within the requirements of the power 
semiconductor. The shorter the pulse duration, the higher can be the 
power in the pulse, as shown in the gate control characteristic for a 
thyristor in Figure 1.25. 

The overall control drive period (rl+r2) must be long enough to suit the 
power semiconductor device. For a transistor this means the total 
conduction period of the device. For a pulse-triggered power semiconduc- 
tor the drive must be present until the current through the device reaches a 
critical value, called the latching current. If the load is inductive or the 
voltage across the device is rising slowly, then an extended pulse is 
required, so that it is common to control these components with a train of 
pulses. Oscillations on the pulse need to be minimised since they reduce 
the effective pulse duration, and a negative period may turn the power 
semiconductor off. 

Pulse-triggered semiconductors such as thyristors need to be protected 
from spurious turn-on, and this is often done by conneding a low 
impedance such as a resistor between the gate and cathode terminals, or by 
applying a slight negative voltage to the gate terminal when it is to be 
non-conducting. A positive voltage on the gate terminal is also to be 
avoided when the device is reverse biased since it increases its leakage 
current and hence its dissipation. 

A gate turnsff switch is turned on and off by means of a pulse on its 
gate, the turn-off pulse having a reverse polarity to the turn-on pulse. 
Various circuits exist for this, one being shown in Figure 3.2. With 
transistor TR2 off transistor, TR1 is on so that gate drive is provided to the 
GTO. Capacitor C1 charges and its voltage is clamped by the zener diode. 
When TR2 turns on it turns off TR1 and discharges C1 applying a reverse 
gate current through the GTO, turning it off. 

3.3 Trigger devices 

This section describes semiconductor devices which are commonly called 
trigger devices, and cover the unijunction transistor and its variants, the 
silicon unilateral and bilateral switch, and the diac. 
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3.2 Coatrol Circuit for a gate turn-off switch (GTO) 

3.3.1 U ~ u n c t i o n  transistor 
The unijunction transistor is a three-terminal, two-layer, semiconductor 
device, which exhibits a negative resistance region, enabling it to be used 
as an oscillator and trigger device. Figure 3.3 shows the construction, 
symbol and characteristic of the component. In its simplest arrangement it 
consists of an n-type silicon bar with two ohmic contacts for the base 1 and 
base 2 terminals. The emitter terminal is a p-type aluminium wire which is 
alloyed onto the silicon bar to form a p-n junction. The symbol for the 
UJT shows base 1 and base 2 terminals at right angles to indicate that these 
are non-rectifying ohmic contacts, but the emitter is represented by an 
arrow since it is a rectifying p-n junction, the arrow pointing from the 
p-type emitter to the n-type base. 

The resistance between the two bases, which consists of the ohmic 
resistance of the silicon, results in a uniform voltage drop when the diode is 
biased as in Figure 3.3(d), and this results in the emitter being reverse 
biased by qVBB, where q is known as the intrinsic stand-off ratio of the 
transistor. Therefore only a small leakage current will flow, as shown by 
the device characteristic of Figure 3.3(e), the emitter junction being 
reverse biased and the interbase resistance being in the region of 5-10 kQ. 
When the voltage exceeds the peak point voltage Vp given by equation (3.1) 
where V,, is the forward voltage drop of the silicon diode formed by the 
emitter base region, current starts to flow and minority carrier injection 
occurs into the base, increasing the conductivity between the emitter-base 1 
and causing current to flow between the two bases. 

v p  = VBB + VD (3.1) 
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pb.rc 3.3 Unijuncthn transistor: (a) aeries bar acucmbly; (b) cube assembly; (c) planar 
diffwcd assembly; (d) symbol and biasing; (e) cbarecteristic; (0 d o t o r  circuit 

The increasing current is accompanied by a reduction of voltage, causing 
further emission from the emitter, resulting in regenerative action or a 
negative resistance effect. This is shown clearly in the characteristics of 
Figure 3.3(e). Beyond the valley point the saturation region is reached, 
where further increase in conduction is limited by hole-electron 
recombination, so the emitter voltage must be increased in order to 
increase the emitter current. 

Several parameters are given in UJT data sheets. The interbase 
resistance ?BB is mehureci bcm een the two base terminals with the emitter 
open, and its value varies slightly with applied voltage and with 
temperature, data sheets normally providing a curve showing the variation 
of this resistance with temperature. The emitter-base 1 resistance re] 
decreases with increasing emitter current, although the emitter-base 2 
resistance is not significantly affected by this current change. When the 
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device is in its saturation region most of the power dissipation occurs in the 
emitter-base 2 resistance, which can result in localised heating; it can be 
minimised by use of a suitable external resistance in the base 2 lead, as 
shown in Figure 3.30. 

The peak and valley point currents and voltages are also given in data 
sheets and these define the negative resistance region. The valley point 
location is affected by the temperature and the value of the interbase 
voltage, whilst the peak point is a function of this voltage and the intrinsic 
stand-off ratio. The emitter-base 2 leakage current, when this junction is 
reverse biased with base 1 open, is also given in the data sheets. It is similar 
in value to that of leakage through a diode, and it affects the charging 
current of any capacitors used in timing circuits, so that it needs to be taken 
into account in the circuit design. The intrinsic stand-off ratio, given in data 
sheets, is a very important parameter in the design of UJT circuits, and 
although it varies from one UJT to another, it remains relatively constant 
for a device even with variations in supply voltage and temperature. 

Figures 3.3(b) and 3.3(c) show two other structures used for unijunction 
transistors. The cube arrangement gives a smaller distance between the 
emitter and base 1 and therefore has a smaller active area, giving faster 
turn-on times. The planar structure allows lengths to be accurately 
controlled, which results in shorter distances between emitter and base 1 
and a smaller chip size. This again results in faster turn-on times. The peak 
point current, valley point current and emitter saturation voltage are also 
decreased and so the device gives good sensitivity and low trigger currents, 
which is useful for long time-delay circuits since large-valued timing 
resistors can now be used, and capacitor sizes can be reduced. However, 
the average emitter current, which is often the load current, is also reduced 
so that the drive output is lower, requiring amplification before it can be 
used to control power semiconductors. 

Figure 3.3(f) shows an elementary relaxation oscillator using a UJT. 
Capacitor CI charges through R3 towards the supply voltage, and as soon 
as it reaches the peak point the emitter-base 1 of the UJT collapses, 
allowing the capacitor to discharge rapidly through resistor R1, producing a 
positive spike across it. When the voltage falls to the valley point the UJT 
recovers and the capacitor again begins to charge through its resistor. The 
train of positive pulses at point G can be used to trigger a power 
semiconductor, as will be described in later chapters. 

3.3.2 Complementary and programmable UJT 
There are two variations of the unijunction transistor which, although they 
have a different construction, exhibit very similar negative resistance 
characteristics and are also widely used to control power semiconductor 
devices. These are the complementary unijunction transistor (CUJT) and 
the programmable unijunction transistor (PUT), shown in Figure 3.4. 

The complementary unijunction transistor is a four-layer device 
consisting of a p-n-pln-p-n arrangement with internal biasing resistors, 
all built into a silicon planar monolithic die. The transistor pair is normally 
off, but will turn on when the emitter goes more negative than the base 1 
terminal (B1) by a value given in equation (3.1). Once in the conduction 
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Firprr 3.4 Complementary and programmable unijunction transistors: (a) complementary 
unijuaction transistor (CVJT); (b) CUJTsymbol; (c) programmable unijunction transistor 
(PUT); (d) PUT symbol; (e) a PUT oscillator circuit 

mode, the device exhibits a negative resistance characteristic, similar to 
that of Figure 3.3(e). Since the applied voltages and currents are of polarity 
opposite to that of the conventional UJT this device is called a 
complementary UJT. 

The intrinsic stand-off ratio of the CUJT is determined by the ratio of 
the two resistors R1 and R2 and since these are situated on the same silicon 
die as the rest of the components the device can be designed to exhibit a 
tight tolerance in this parameter, good stability over a wide temperature 
range, and low saturation voltage. 

The programmable unijunction transistor is also a four-layer device but 
it has its resistors R1 and R2 external to the silicon die so that they can be 
selected by the user. This enables parameters such as the intrinsic stand-off 
ratio, interbase resistance and the peak and valley point currents, to be 
programmable. By choice of suitable external components these para- 
meters can be made less susceptible to temperature variations than a 
conventional UJT. As seen from its symbol, the PUT is basically a thyristor 
with an anode gate. 

Figure 3.4(e) shows the PUT used in a relaxation oscillator circuit similar 
to that of Figure 3.3(f). External resistors R1 and R2 determine the value of 
the intrinsic stand-off ratio for the device and timing circuit R5C1 can be 
modified to vary the oscillator frequency. Diode D1 compensates for the 
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temperature variation in V,, given by equation (3.1), and so enables this 
circuit to maintain much greater frequency stability than conventional UJT 
systems. 

3.3.3 The diac 
Two construction techniques exist for a diac, as shown by their symbols of 
Figure 3.5. The three-layer device is made as a gateless transistor having a 
p-n-p or n-p-n arrangement, the base being relatively thick and the 
emitter and collectors being symmetrically placed. This gives the 
component a low gain if operated as a transistor, but a symmetrical 
breakover voltage when run as a trigger device. Irrespective of the polarity 
of the applied voltage, one junction is always forward biased and the other 
reverse biased. At low voltage levels very little current will flow, but when 
the voltage reaches a critical value the reverse current will reach such a 
value that enough carriers are injected from the forward-biased junction to 
flood the reverse-biased junction with minority carriers, and to turn it on. 
The device will remain on, turning off when the current falls to a low value 
again. 

(b) I 
3.5 Diac symboh (a) three-layer device; (b) five-layer device 

The three-layer diac has a typical breakdown voltage of about 30 V with 
a breakback voltage of about 8 V and canying a current of 1 A for a short 
duration. Much better characteristics, such as a lower breakback voltage, 
can be obtained by using a five-layer structure, which essentially consists of 
a triac, as shown in Figure 1.27(b), in which the gate has been omitted. 

The characteristics of a diac are as shown in Figure 1.27(c) for the case 
where the gate current is zero. Being bidirectional devices, diacs are very 
useful for firing triacs, and often the two components are built in the same 
silicon die, the diac being formed in the gate of the triac. The device is now 
referred to as a quadrac. Figure 3.6 shows a full-wave phase-control system 
which has found extensive use for domestic applications such as heater 
controls, light dimmers and motor speed variation. It is perhaps the 
simplest of circuits, containing three components, the triac and diac being 
available as a single unit. 



Isolating components 81 

& 
A.C. supply Triac 1 Mac 

3.3.4 siuum rtllfl.tarrl .d #hacrrldtClmJ 
The silicon unilntcral switch (SUS) is primsrily an integrated circuit in 
whicb the -r point of the two tranridors is deterrmnsd ' by azcner, 
&noted by Z1 in F i i  3.7(a). Ibe device is ncxmdy OtT until the 
breakdown voltrye of the zener diode is rcILchcd, whcn the p-n-p 
tmmhox turns on ptovidiru bare drive to the n-p-n tradstor and so 
turning the two deviceson. lhirtrigprpoint isdetermraed * bythevalucof 
the zener voltage and is typicrlEy 5-1OV. Two SUS components can be 
ummetcd in a reverse amnpnent  within the same caac, to provide a 
bi-dkdmal trisgcr device called a siliaon bihttral switch (SBS). F i i  
3.7 shows the symbols for the SUS and SBS trigger devices. 

I A  

3.4 Isolating components 

This section describes two classes of components which have been used to 
isolate the power semiconductor from the low-power circuit which is 
controlling it. Often the power semiconductor regulates megawatts of 
power, whilst the low-power circuit is handling a few watts and is 
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connected to a human operator, requiring effective isolation between the 
two parts. Two main types of components are described here, optical 
couplers and transformers. 

3.4.1 Optical couplers 
Optical couplers are made from a combination of an optical source and an 
optical detector, both within a single package. The gap between the source 
and the detector is usually totally enclosed for power semiconductor drive 
circuit applications. Glass or plastic separators are used between the source 
and detector, enabling them to be placed close together, so improving 
coupling efficiency whilst still giving good isolation between the two. 

Light-emitting diodes (LEDs) are invariably used as the optical source, 
although many different types of LEDs are in use, the most common being 
GaAlAs, which has an emission in the near infrared (750-850nm) and 
GaAs having an emission in the inftared (940nm). The LED material 
chosen needs to match the spectral response of the silicon photodetector, 
shown in Figure 3.8, as closely as possible and also have good efficiency in 
terms of light emission for current input. GaAlAs is the most popular 
material since its band gap can be varied relatively easily, to modify the 
emissions in the range 650-900nm, by varying the gallium-to-aluminium 
ratio. GaAlAs also needs a low drive current, so that it is well suited to 
being driven directly from low-power logic circuits. 

The parameters of most interest in optical couplers are the isolation 
between source and detector, the input-output current transfer ratio and 
the speed of operation. The isolation resistance is of the order of 10’151, 
and is usually higher than the leakage resistance between package pins on 
the printed circuit board. Another way of expressing this isolation is by the 

Wavelength (nm) 

Figure 3.8 Spectral response of a silicon photodetector 
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maximum voltage which can be applied between input and output without 
breakdown. If breakdown occurs it can form a resistive path due to 
carbonised moulding on the surface, or it can result in a short circuit caused 
by molten lead wires bridging the lead frames of the emitter and detector. 
For high isolation voltages the moulding is usually designed such that the 
input and output pins are brought out from separate sides of the package. 
It is also important to minimise the parasitic capacitance through the 
dielectric between input and output. 

The current transfer ratio is given as the ratio of the output current to the 
input current of the source, when the detector is biased in a specified way. 
This ratio is determined by several factors, such as the level of current into 
the source and detector saturation. Generally, an LED is used as a source 
and the light output of the device falls with time, giving a decrease of 
transfer ratio. The operating speed of the coupler defines how fast it can be 
switched and is usually specified in terms of its maximum operating 
frequency. 

Many different types of output detectors are used in optical couplers, a 
few of these being shown in Figure 3.9. The phototransistor coupler tends 
to’ be low cost with an operating speed of typically 1OO-u)okHz and a 
minimum current transfer ratio between 20% and 300%. Photo Darlington 
devices have a transfer ratio between 100% and 1OOO% but this is difficult to 
predict accurately due to the wide variation in the gain of the Darlington 
stage. The operating speed is relatively low, being typically between 2kHz 
and 1OkHz. 

For high currents, photothyristor and phototriac output stages are used. 
The current into the LED, which is needed to trigger the thyristor or triac, 
is now an important parameter. Since the coupling efficiency between the 
LED and photothyristor is low it is important that the thyristor is designed 
to have a high gate sensitivity. This usually requires careful process control 

r---------t 

L ________ J 

(C) (d) 
Figure 3.9 Examples of optical couplers used for controlling power semiconductors: 
(a) transistor output; (b) Darlington output; (c) thyristor output; (d) triac output 
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in order not to degrade other parameters, such as voltage rating. 
Photothyristor and phototriac couplers require of the order of 10-3OmA to 
trigger and can provide between 100 and 300mA of output current. The 
thyristor turn-on time is typically 1-lop. 

Figure 3.10 shows a few examples using optical couplers. A separate 
low-voltage supply is used in Figure 3.10(a), so the voltage rating of the 
optical coupler output stage is relatively low. The circuit of Figure 3.1qb) 
does not require a separate gate power supply, since it derives this from the 

I Y 

Main 
L o a d o  supp'v 

(C) 

Figure 3.10 Typical optical coupler applications: (a) thyristor control using a separate power 
supply; (b) triac control using the load supply; (c) series thyristor control 
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same source as the main power semiconductor. However, now the output 
stage will see the full load voltage when the power triac is off, so it must be 
rated for this value. Many optical couplers have a zero crossing detector 
built into the package, enabling the power triac to be switched at the zero 
crossing points of the a.c. mains, so minimising the generation of radio 
frequency interference. The circuit of Figure 3.1qc) shows two 
series-connected thyristors which are simultaneously fired. The blocking 
voltage of the optical coupler output stages is reduced by the use of a 
voltage-dividing resistor chain across the power thyriston, although now 
these resistors provide a leakage path for the load current, which bypasses 
the main power devices. 

3.4.2 Isohting tram&- 

Many different types of transformers are used in power circuits, such as 
mains transformers used for d.c. power supplies, current transformers, 
autotransformers and pulse transformers. Pulse transformers provide the 
isolation between the low-power control circuit and the power semi- 
conductor, and these are considered in this section, although the parameters 
of all transformers are very similar. 

The peak secondary voltage of a transformer will change between the 
no-load and full-load currents, due to voltage drops in the secondary and 
primary windings, even if the primary voltage is kept constant. This is 
called the regulation of the transformer, and is defined as the change 
measured as a percentage of the full-load voltage. The efficiency of the 
transformer is an indication of how well it converts the input power into 
output power, the difference between the two being dissipated as 
transformer losses, generating heat. 

Transformers need to withstand high voltages between the secondary 
and primary. These voltages result in corona, dielectric failure, surface 
creepage and flashover between points. Corona, being partial discharge 
within the transformer, can destroy the insulation and also generates radio 
frequency interference, which affects adjacent equipment and circuits. It 
increases with the magnitude of the applied voltage or frequency. 

Flashover is arcing between parts of the transformer and creepage is 
flashover across the surface of the insulation, both of which can result in 
high voltages in secondary circuits. The dielectric strength of the insulation 
between the primary and secondary windings is usually measured as a 
maximum withstanding voltage per unit thickness of insulation. Solids have 
a higher dielectric strength than liquids and gases. In a transformer, the 
presence of gas adjacent to a solid insulator presents a weakness in which 
corona can be generated, and this limits the maximum voltage which can 
be applied across the insulation system. It is therefore important to avoid 
air gaps in series with the insulation. When several insulating materials are 
used in series, the stress in each is inversely proportional to its dielectric 
constant. Therefore the insulation with the lowest constant has the highest 
stress, and this is usually air or gas. When a direct voltage is applied to the 
material the voltage drop is mainly due to its resistivity, so the material 
with the highest resistivity has the highest stress. 

Transformers can be shielded electrostatically and electromagnetically. 
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Electrostatic shielding reduces the voltage transfer through the inter- 
winding capacitances. It is needed to prevent the transfer of transient 
voltages or high-frequency noise from the power input circuit to the 
secondary circuit. The shield is usually a grounded metallic plate between 
the primary and secondary windings. Electromagnetic shielding is used to 
attenuate the magnetic field which leaks from the magnetic circuit of the 
transformer and induces voltages in adjoining circuits. Placing a magnetic 
shield around the transformer is not usually very effective, since most of 
the stray lines of flux from the transformer would be perpendicular to the 
shield and would pass through it. A better solution is to separate the 
transformer and adjoining sensitive circuits and to orientate them to 
minimise pick-up. The adjoining circuits can also be shielded by layers of 
thin, high-permeability material, which are usually interleaved with layers 
of non-magnetic material, such as copper. 

Pulse transformers must be capable of passing a square wave, or a pulse 
having a short rise and fall time, without appreciable distortion of the 
waveform. Figure 3.11 shows a typical output voltage waveform from a 
pulse transformer and indicates the terms used to describe it. 

A pulse transformer should be small, able to handle pulses with a short 
rise time and having a high pulse width-to-pulse rise time, called the span 
ratio. It should also be capable of resolving adjacent pulses in a high 
pulse-repetitive frequency application. Transformers are available in many 
sizes, several devices often being mounted inside a dual-in-line package. 
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Figure 3.11 Typical output from a pulse transformer 
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Usually these small transformers have a primary inductance less than about 
2mH and a maximum voltage-time product of about 10 V ps. To get a 
good span ratio requires a larger core size, and to resolve adjacent pulses 
the positive and negative halves of the waveform must have equal 
voltage-time products. This usually places a requirement for a high 
backswing, although it is usual to limit this in circuit applications, as it adds 
to the rating of semiconductors which are driving the transformer. The 
primary inductance will be high if a large stepup ratio is used in the 
transformer and this should be avoided if a high bandwidth and span ratio 
are required. Therefore, isolating transformers used for driving power 
circuits usually have a 1:l ratio. 

Figure 3.12 shows examples of circuits using isolating transformers to 
control power semiconductors. In all instances the drive current is derived 
from a separate power supply since the main supply cannot be used, as was 
done for optical isolators illustrated in Figures 3.10(b) and 3.1qc). Two 
seriesconnected thyristors are controlled in Figure 3.12(a), the resistors 
and capacitors across the gates of the power devices preventing spurious 
triggering, and the capacitor also improving their dv/dt rating. The diode 
and zener diode, D1 and D2 respectively, present a negative voltage across 
the primary during its off period, so enabling the transformer to recover 
quickly, increasing the pulse-repetitive frequency. However, th is  also applies 
a negative voltage across the secondary, which is prevented from reaching 
the gates of the thyristors by the series-connected diodes D, and D,. This 
voltage does appear at the collector of the drive transistor TR, and increases 
its rating. 

The circuit of Figure 3.12(b) shows how a simple arrangement can be 
used to obtain a two-step output waveform, of the type shown in Figure 
3.1. Capacitor C1 initially provides a low-impedance path to enable a high 
output pulse, which reduces in amplitude once the capacitor charges and 
resistor R1 limits the output voltage. 

Optical couplers are better suited than transformers in applications 
requiring continuous drive, such as for transistors, since they do not 
saturate. However, transformers can be used by operating them in an 
oscillatory circuit, the output being rectified to give d.c. drive. Such a 
circuit is shown in Figure 3.12(c), where the two transistors form a 
push-pull oscillator, and the output is rectified by diodes D1 and D2 before 
being applied to the base of the power transistor TR3. 

3.5 Smart power 

As mentioned earlier, it is common practice to include control circuitry 
within the same package as the power devices, and this combination is often 
referred to as smart power components. The amount of integration can vary 
and may be in various forms. The very basic combination may consist of the 
power devices with protection components, such as diodes and temperature 
sensors. However the term smart power usually refers to devices with a much 
greater level of integration, such as logic circuitry and memory (Clarke, 
1991; Murari, B. et al., 1995; Rubenstein, 1996). 
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The various components making up the smart power device may be 
assembled using different techniques. For example they may be built into the 
same silicon dice or they may consist of separate die which are assembled 
into the same physical package using techniques such as hybrid circuits or 
multichip modules. 

Smart power devices are often targeted at high volume applications with 
relatively low levels of power requirements, such as automotive, small motor 
control, and consumer. Examples are given in later chapters. 

3.5.1 Hybrid Circuits 

Hybrid integrated circuits can be considered to be miniature printed circuit 
boards in which the bare semiconductor die are connected onto the substrate 
and most passive components are formed directly on the substrate rather than 
added as discrete components (Sergent and Harper, 1995). Hybrid circuits 
are one of two types, thin film and thick film. Although these look very 
similar they differ in their production techniques, which gives thin films 
better performance characteristics but makes them more expensive than thick 
films. 

A variety of substrate materials can be used for thin film circuits, such as 
glass or pure glazed alumina. Thin films may also be formed on to silicon 
dioxide and can therefore be combined with monolithic circuits as a single 
dice. The surface of the substrate must be flat and free from deformations and 
it must also be chemically stable, so as not to effect the film 
characteristics. 

Gold is the commonest conductor material, used to interconnect the 
components on the substrate. Gold has very low resistance but it does not 
adhere well to glass. It is usual to cushion the gold with a layer of nicrome, 
which is an alloy of about 80 per cent nickel and 20 per cent chromium. 
Aluminium is also used as the conductor material. Although it is cheaper than 
gold, aluminium has a higher resistance and reacts chemically with the gold 
wires which are sometimes used to connect semiconductor chips to the 
tracks. 

Nicrome is the popular material for thin film resistors. It has excellent 
adhesion to glass and gives resistors with a low temperature coefficient. For 
high valued resistors, material consisting of a compound of dielectric and a 
metal, known as cermets, are used. 

Capacitors can be added to thin film circuits in chip form or built onto the 
substrate as layers of conductor and dielectric materials. Both tantalum oxide 
and aluminium oxide are used and they are formed by first putting down a 
layer of the metal, oxidising it to give the dielectric, and then adding the top 
conductor layer. 

The film can be deposited on the thin film substrate by several techniques, 
such as evaporation and sputtering. Evaporation is the most direct and 
consists of placing the source material and the substrate in a partial vacuum. 
The source is heated to vaporise it and this material then settles on the 
substrate. The disadvantage of the evaporation system is that it gives a film 
which has low adhesion to the substrate and a low density. 

An alternative technique, known as sputtering, overcomes these dis- 
advantages but is slower in forming a film of a given thickness. In sputtering 
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a glow discharge is formed in argon at between 0.01 to 1.0 torr, by a high 
voltage applied between the source to be sputtered (cathode) and the 
substrate (anode). Argon ions are formed and these strike the source releasing 
molecules which are negatively charged. These molecules bombard the 
substrate, giving a film which has good adhesion and density. The track 
pattern can be formed on the thick film substrate by either covering the 
whole surface with the track material and then using photolithography to etch 
out the areas not required, or by placing a mask in contact with the substrate, 
prior to film deposition, with cut outs in the regions where the film is to be 
deposited on the substrate. 

The materials used for thick film production are called inks or pastes. 
Many different ink compositions are available, depending on the supplier and 
whether conductor, resistor or dielectric material is required. Basically all 
inks are made from fine metal and glass powders which are mixed with an 
organic solvent. The substrate must be pure and flat with a high mechanical 
strength. It should have good electrical resistance and low thermal resistance. 
The thick film process involves very high temperatures, above 1OOO"C and 
the substrate must remain chemically stable throughout. A good general 
purpose substrate material is a compound of 96 per cent alumina and 4 per 
cent glass, although 99.5 per cent alumina substrates are also used. Beryllia 
is preferred for power circuits since it has good thermal conductivity. 

Thick film tracks are formed by printing the inks through a polyester or 
stainless steel mesh. The areas where the ink is not required are blocked off 
by emulsion. Figure 3.13 illustrates the print operation. After the ink has been 
printed onto the substrate it is allowed to stand for a few minutes, for the ink 
to coalesce. It is then dried in an oven or under infrared heaters to remove the 
volatile components of the paste. Following the drying process the circuit is 
fired in a zoned oven. This first removes the remaining volatile elements 
from the ink and carbonises and oxidises the organic binders. Then the glass 
content of the paste is melted and this forms a seal around the metallic 
particles as well as fixing the track to the substrate. 

Printed resistors have an accuracy between batches of about 30 per cent. 
For tighter tolerance, trimming must be used which removes a portion of the 
track area and so adjusts the resistance value upwards. Two techniques exist 
for trimming. The first is air abrasive trimming and uses a high velocity 
stream of fine abrasive powder to wear away the film. It does not result in 
any appreciable temperature rise or shock or vibration, but it does give an 
overspray action onto adjoining components. The trimming operation also 
removes the vitreous parts of the resistor paste and exposes the resistor to 
subsequent contamination. In laser trimming a high energy laser beam is 
directed onto the film, raising its temperature and vaporising the required 
area. It uses more expensive equipment than air abrasive trimming and the 
laser needs to be re-tuned each time a different colour resistor is trimmed. 
However, there is no overspray and the high temperature results in a flow of 
the vitreous contents of the film so that the cuts are re-sealed. 

There are many techniques in use for connecting semiconductor die onto 
hybrid substrates. First the die must be fixed to the substrate and then 
conducting bonds made to its terminals. Eutectic bonding may be used for 
connecting the chip to the substrate. It relies on the fact that an eutectic alloy 
such as gold-silicon has a lower melting point than both gold and silicon. The 



Smartpower 91 

squeegee 7 
Angle of attack '\ 

Screen opening Paste 

(a) 

Paste 
Screen Frame 

Carriage 

(c) 

Figure 3.13 Stages in thick film printing: (a) start of stroke, e) during stroke, (c) end of 
stroke 

area to which the die is to be attached is gold-plated and the chip is then 
pressed and scrubbed onto it to form the eutectic bond. Alternative 
techniques for die bonding include using silicon or epoxy adhesives, and 
soldering, which requires both the back of the die and the area on the 
substrate to be gold-plated. 
The terminals on the die can be wire bonded to the package pins or hybrid 

tracks, using thermocompression or ultrasonic techniques. Thermocompres- 
sion ball bonding uses gold wires and relies on heat and pressure to form the 
bonds. Ultrasonic bonding does not require the substrate to be heated and it 
uses aluminium wire. The wire is pressed and scrubbed at high frequency 
against the metal contact area and this removes surface oxides and results in 
a strong molecular bond. Instead of using wires for bonding, flip chip 
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bonding techniques can be used. In flip chip bonding contact bumps are 
formed on the die or the tracks and the die is flipped or inverted and then 
connected to the bumps by soldering, ultrasonic, or thermocompression 
bonding. In beam lead bonding metal leads or beams overhang the 
semiconductor die and these are attached to the substrate contact areas. In 
both flip chip and beam lead techniques no separate die bonding is required 
since the electrical contact and mechanical support are both provided by the 
beams and balls. 

3.5.2 Multichip modules 
A multichip module (MCM) is often mistaken for a hybrid circuit, although 
it should more correctly be considered to have grown out from hybrids 
(Iscoff, 1993; Sherwain et al., 1995). MCMs tend to have a thin film 
structure although some may use thick film techniques. They also usually 
contain many semiconductor chips on a substrate, compared to relatively few 
used in a hybrid circuit (Lall and Bhagath, 1993). Apart from these 
differences the techniques used to make hybrid circuits and MCMs are 
similar. They also show similar advantages compared to discrete compo- 
nents, i.e. smaller size and enhanced performance since the inductance of 
leads is reduced, especially when flip chips are used (Losch et al., 1993). 

MCMs are often classified by the technology used to make their 
substrates. Four types are in use: MCM-L, MCM-C, MCM-D and MCM-Si 
(Doane and Franzon, 1994; Tasker and Sekulic, 1994). 

An MCM-L (laminate) is generally based on advanced forms of printed 
circuit boards, which are usually multilayer structures. It consists of copper 
foil conductors on plastic laminate-based dielectrics such as FR-4 epoxy 
glass. An MCM-L typically has between six and eight layers and up to about 
ten semiconductor die. The problem with MCM-L, as with all MCMs and 
hybrids which use unpackaged die, is obtaining known good die (KGD), 
since the die must be ready for mounting without further tests on the chip 
itself. With improvements in semiconductor technology this problem is 
reducing. MCM-Ls are used in the IT industry, within computers and 
workstations. 

An MCM-C (ceramic) is formed using thick film technologies, such as 
screen printing paste, on cofired ceramic or glass ceramic multilayer 
substrates. The term cofired is used to indicate that the paste and the substrate 
are fired in an oven at the same time. The conductors are applied as pastes 
containing gold, silver, palladium and copper, and an MCM-C is therefore 
very similar to a thick film hybrid circuit. MCM-Cs are used in defence and 
in medical electronics, as well as in computers, where reliability and small 
size are important. 

An MCM-D (dielectric) uses dielectrics of polymers or inorganic 
compounds as the substrate. The conductors, such as aluminium or copper, are 
deposited on this substrate by sputtering, evaporation, or plating, and the 
patterns then formed by photolithography followed by wet or dry etching. An 
MCM-D is therefore similar to thin film hybrid circuits. The technology gives 
the highest interconnection density and the reduced signal paths result in lower 
loading and noise, so that it can be used in speed critical applications. 
Generally it tends to be more expensive than MCM-L or MCM-C. 
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MCM-Si uses a silicon wafer as the substrate with aluminium or copper 
conductors. Silicon dioxide may be formed to give an inorganic dielectric 
layer. The techniques used to form the systems are very similar to those used 
in integrated circuits, and very fine lines are possible primarily due to the 
smoothness and flatness of the silicon surface. Generally costs are the highest 
of all the MCM technologies. 

3.53 Packaging 
A variety of packages are used for smart power devices, most of the lower 
power packages being very similar to those used for integrated circuits, a few 
of these being described here (Iscoff; Maliniak, 1996). The TO type of package 
was a natural development from the transistor case. Various sizes are in use, 
such as TO-3, TO-5, TO-8, TO-99 and TO-100. The number of pins in these 
packages generally varies between 8 and 14. 

Flat pack encapsulations also come in many varieties. Figure 3.14 shows 
typical structures. The die is bonded to the base by eutectic solder. Gold 
plated leads are embedded in a glass frame and the lid is sealed with a low 
temperature glass frit. A metal flat pack uses kovar for most parts except for 
the walls between the ring and base, which are glass. The leads pass through 
this. A glass package is usually made from borosilicate and consists of a one- 
piece base and ring assembly in which the kovar leads are sealed. The lid can 
be made of glass, ceramic or metal and is attached by a low melting point 
sealing glass. The package has good thermal and mechanical properties. 
Ceramic flat packs are similar to metal devices. The base, ring and lid are 
now made from alumina or, for higher power dissipation, from beryllia. 

Figure 3.15 shows a dual-in-line package which can be made from metal 
or ceramic. The chip is placed in a cavity and bonded by a glass frit. The 
leads also pass through glass frit seals in the package. The ceramic lid is 
initially metallised and then brazed or solder sealed to the body, or a glass frit 
can again be used to connect the two together. 

With the ever-increasing density of boards, surface mount technology 
(SMT) is becoming a necessity, although surface mount packages are not 
viable for higher powers or large sizes (Flaherty, 1993; Wilson, 1995). Figure 
3.16 shows a few examples of SMT packages. The small outline integrated 
circuit package (SOIC) has gull-winged leads which extend out from two 
sides of the package. The leads are close together and the package is thin so 
that it takes up relatively little room. The package is self-aligning during the 
soldering process, the viscosity of the solder causing the leads to be pulled 
into place on its pads. Because the solder joints are visible they can be 
inspected and manual or automatic soldering can be used. 

Placing pins on all four sides of the package increases the number of pin 
outs. Plastic leaded chip carrim (PLCCs) can have gull-winged leads or J 
leads, as in Figure 3.16. J leads take up less mom than gull-wings and give 
a high positioning accuracy with low lead deformation. The package is again 
self-aligning, but since the solder joints are formed under the body of the 
package they cannot be inspected and special tools must be used for 
replacing components. 

The butt style package has straight leads, which are soldered into 
individual puddles of solder on the pads. The package has low deformation 
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Figure 3.14 Hat package: (a) top view of 14-lead package, (b) side view, (c) exploded view of 
10-lead ceramic package, (d) cross-section of metal package, (e) cross-section of ceramic 
package 
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Figure 3.15 Dual-in-line package: (a) side view, (b) top view, (c) end view, (d) cross-section 
of ceramic package 

and high positioning accuracy. Its solder joints can also be readily inspected. 
However, the package is not self-aligning, so accurate placement on a board 
is essential and manual soldering is difficult to achieve. 

An automated process for the attachment of silicon die to substrates, used 
for hybrids and MCMs, is known as tape automated bonding or tab 
(Westwater, 1994). This uses a continuous film of polymide which has 
copper lead frames mounted on its surface. A window in the film allows the 
inner leads of the frame to protrude. It is to these fingers that the silicon die 
is bonded. After bonding the lead frame and die are wound onto a second 
spool for storage until required. The lead frames are then removed from the 
film and connected into the required circuit or package by several bonding 
techniques such as ultrasonic or thennocompression. 

Figure 3.17 shows the steps used in bonding the lead frame to the 
semiconductor die. The inner leads are lowered onto the die, the die having 
bumps as for flip chip applications and being secured to the die carrier by 
wax. An inert gas now flushes away the ambient air and the bonding tool 
descends onto the leads. A current pulse heats the tool, forming the bond and 
melting the wax to release the die. The film carrier moves to the right and the 
die carrier to the left so that a new lead frame and die are in position for 
another bond operation. Since all leads are bonded in one step this method is 
much faster than normal wire bonding systems. 
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Figwe 3.16 Surface-mounted IC packages: (kb) SOIC, (c.d) PLCC sectioned, (e) PLCC sectioned, (f) 
butt style sectioned. 
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Figure 3.17 Film carrier bonding: (a) leads positioned for bond, (b) bonding operation, 
(c) bonded chip lifted off carrier, (d) next chip and leads in position 
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Electromagnetic compatibility 

4.1 Introduction 

Power electronic circuits, by switching large amounts of current at high 
voltages, can generate electrical signals which affect other electronic 
systems. These unwanted signals give rise to electromagnetic interference 
(EMI), also known as radio frequency interference (RFI), since they occur 
at higher frequencies. The signals can be transmitted by radiation through 
space or by conduction along cable. 

Apart from emitting EMI, the control circuit of power systems can also 
be affected by EMI generated by its own power circuitry, by other circuits 
or by natural phenomena. When this occurs the system is said to be 
susceptible to EMI. Any system which does not emit EMI above a given 
kvel, and is not affected by EMI, is stated to have achieved 
electromagnetic compatibility (EMC). 

This m e r  first describes some of the concepts behind electromagnetic 
compatib~ty, followed by a description of the sources of EMI in power 
electronic systems. The method by which the effects of EM1 can be 
mmlrmsed, using circuit techniques and shielding, to achieve EMC are 
then considered, followed by an introduction to the regulatory position on 
EMI. Finally the principles involved in the measurement of EMI are 
explained. 

. .  . 

4.2 EMC concepts 

There are three elements to any EMC system, the source of the EMI, the 
media through which it is transmitted, and the receptor, which is any 
system that suffers adversely due to the received EMI. Therefore 
eiectrompcpletk compatibility can be achieved by reducing the EMI levels 
from the source, blocking the propagation path of the EMI signals, or by 
making the receiver less susceptible to the received EM1 signals (Tihanyi, 
1995). 

The source of the EMI is primarily any system where the current or 
voltage changes rapidly (for example, the breaking of current by relay 
contacts, arcing of motor commutators, high-frequency switching such as 
the rapid turn-on and tum-off of a thyristor). 
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, Narrowband emission 

- Receptor bandwidth 

fb) 
Figure 4.1 Typcs of emissions: (a) broadband; (b) narrowband 

EMI can be radiated through space, as electromagnetic waves, or it can 
be conducted as a current along a cable. Conduction can take the form of 
common-mode or differential-mode currents. For differential mode the 
currents are equal and opposite on the two wires and are caused primarily 
by other users on the same lines. Common-mode currents are almost equal 
in amplitude on the two lines, but travel in the same direction. These 
currents are mainly caused by coupling of radiated EM1 to the power lines 
and by stray capacitive coupling to the body of the equipment. 

Emissions can be classed as broadband and narrowband. In broadband 
emission the signal bandwidth is greater than the reference bandwidth and 
the pulse-repetition frequency is less than that of the reference bandwidth. 
The reference bandwidth, for EMC purposes, may be considered to be the 
equipment being interfered with, or a test receiver. For a narrowband 
emission the signal bandwidth is less than the reference bandwidth and the 
pulse-repetition frequency is greater than that of the reference bandwidth. 
Figure 4.1 illustrates the difference between broadband and narrowband 
emissions. Broadband emissions are caused by low-frequency repetitive 
pulses or individual impulses of electrical or magnetic state changes, such 
as in switching or commutation. This results in many spectral lines 
separated by a frequency less than the receptor bandwidth. The frequency 
components may be coherent, Le. harmonically related in frequency, or 
incoherent, i.e. random, such as noise. Narrowband emissions are caused 
by high-frequency components separated in frequency by greater than the 
receptor bandwidth. 

4.3 Sources of EMI 
EM1 sources can be broadly divided into two categories, natural and man 
made. Naturally caused EM1 below 10MHz is mainly due to atmospheric 
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noise resulting from electrical storms. Above loMHz they are primarily as 
a d t  of cosmic noise and solar radiation. Lightning, which is caused by a 
sudden ditwharge of high potential between earth and a cloud, or a cloud to 
cloud, can d t  in interference to ground or airborne equipment, and 
damage i fa  direct hit occurs. Perk currents can exceed 5OkA with rate of 
ri# in the region of 100 Wp, giving field strengths in nearby conductors 
of greater than 200 kV/m. The voltage induced in antenna systems, having 
a large physical length, is especially high and these are also prone to direct 
StrikCS. 

Man-made EMI can be intentional or unintentional. In both cases it is 
the variation of the voltage and current which produces EMI, whose 
magnitude depends on the value of the cumnt, the length of the 
COWhlCtofS, the rate of change of voltage and current, and the physical 
position of the conductom relative to each other and any earth plains. 
Examples of intentional E M  are radar, radio, television, and pagers. 
Comprniea near airfields suffer moat from EMI resulting from radar, 
d y  in the frequency mges 6OOMHz, 1OOOMHz and 10OOOMHz. Field 
strengths approach 2OOV/m, with buildings giving only a low level of 
shielding. 

The most common source of radio interference, and the one which is on 
the increase, results from mob& radio. A variety of frequencies are used 
but the power levels do not exceed about 50 W. However, the source, such 
as police cars patrolling the street, can be very close to the equipment 
being interfered with, so the field strmgth can exceed 2OV/m. 

Unintentional man-made interference is caused by sources such as 
switches, relays, motors, and fhmrescent lights. The inrush current of 
tradormcrs during tum-on is another source of interference, as is the 
rapid collapse of current in inductive ekments, resulting in transient 
voltages. Integrated circuits also 8enerate E M  due to thek high operating 
speeds and the close proximity of circuit elements on a silicon die, giving 
stray capacitive coupling elements. 

The generation of EMI in power semiconductor circuits can be 
illustrated by the circuit of Figure 4.2, in which the power semiconductor is 

plla 4.2 Stray capacitance md inductance in a typical thyristor control system 



102 Electromagnetic compatibility 

shown as a switch Sw. In this circuit L1 and are series line impedances, 
which could be part of the supply transformer leakage reactance and the 
self inductance of cables between this and the load. C1 and C, are stray 
capacitances across the load and from the load to earth. C, and C4 are also 
stray capacitances to earth and C, and C, appear between the lines. With 
Sw open, the capacitors are charged to the peak instantaneous supply 
voltage, and when the switch closes the capacitors discharge. This creates 
an oscillatory system which produces a wide spectrum of unwanted 
frequencies, the magnitude of the EMI produced being determined by the 
peak energy stored in the capacitors at the instant the switch closes. 

An especially strong source of EM1 is nuclear electromagnetic pulse 
(NEMP), which results as a by-product of a nuclear explosion. The 
frequency spectrum of NEMP covers a wide range from 10 IrHZ to 10 GHz 
and is therefore difficult to protect against. The EMI resulting from NEMP 
depends on the type of nuclear explosion: high altitude, air burst or surface 
burst. In all cases the explosion releases high-energy gamma radiation 
which collides with air molecules releasing free electrons, called Compton 
electrons, resulting in a Compton current. 

In a high-altitude explosion the Compton electrons spiral around the 
earth's magnetic field and produce large current loops. The resulting fields 
exceed 50 kV/m and rise times are less than 10 ns. Because of the height of 
the explosion the EM1 field has a large coverage, for example an explosion 
at a height of 500km in the centre of the USA will cover the whole of 
North America. Therefore equipment which must continue to function in 
the event of a nuclear explosion must be unaffected by NEW. 

Air-burst explosions result in a small vertical dipole current and 
relatively weak radiated fields. Surface burst, on the other hand, gives a 
large vertical dipole current due to the asymmetry of the air-earth 
interface, but has local coverage only. 

4.4 Circuit design for EMC 
Electromagnetic interference is generated in power circuits due to rapid 
transitions and ringing. Oscillations can be damped by introducing 
resistance if the source of resonance is isolated. Harmonics generated by 
transformers can be minimised by using high-permeability material for the 
core, although this would cause the device to operate at high flux densities 
and result in large inrush current. Electrostatic shielding is often used in 
transformers to minimise coupling between primary and secondary. 

Interfering signals can often be bypassed to the case of circuits by 
high-frequency capacitors, or metal screens used around circuitry to 
protect them from these signals. Twisted signal leads, or leads which are 
shielded, can be used to reduce coupling of interference signals. 

The collapse of flux in inductive circuits often results in high-voltage 
transients, causing interference in connecting circuitry. This is prevented 
by providing a path for the inductive current to flow, such as through a 
diode, zener diode or voltage-dependent resistor, as in Figure 4.3. 

Emission from an electronic circuit and its susceptibility to these signals 
is significantly affected by the layout of the circuit, usually on a printed 
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Figure 4.3 Suppression of voltage transients across an inductive load: (a) diode; (b) zener; 
(c) voltagedependent resistor 

circuit board operating at high frequencies (Butcher and Whithnall, 1993). In 
these instances earthing strategies become important, as shown in Figure 4.4. 
In the common earth return arrangement the return current from all the 
devices passes through the return track to the earth point. The current from 
elements 2 and 3 causes a voltage drop of V to appear at the input to element 
1 , due to the impedance Zp of the return traci. This signal forms an unwanted 
interfering signal at the terminal of element 1, and its effect is especially 
severe if elements 2 and 3 are heavy-current devices or element 1 has a high 
sensitivity. 
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Several techniques can be used to overcome the problem of a common 
earth return, illustrated in Figure 4.4(a). Increased track widths can be 
used so as to reduce track impedance. Heavy-current components can be 
placed closest to the earth point. Alternatively, separate earth returns can 
be used for the various elements in the circuit. For example, Figure 4.4(b) 
shows three separate earth returns, each carrying a different level and type 
of current. This is especially useful in circuits which have a very different 
mix of circuit elements. 

"P 

Return track 

- Earth 
- point - 

Earth plane 
(d) 

Figure 4.4 Earthing strategies: (a) common earth return; (b) separate earth returns; 
(c) multipoint ground, (d) balanced differential circuit 
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The signal ground should have a low impedance to handle large signal 
currents, and this is usually done by making the ground plane large. The 
inductance is reduced by placing the signal current-carrying conductor 
close to its ground return. Single-point grounds, as illustrated in Figures 
4.4(a) and 4.4(b), are difficult to maintain at a low impedance and are not 
suitable for frequencies above about 1OMHz. Generally, above these 
frequencies multipoint grounds are used, as in Figure 4.4(c). However, 
care is now needed to prevent the occurrence of ground loops, which can 
generate fields which interfere with the signal. 

Interference noise induced in circuits can be common mode, in which the 
voltage is induced between common terminals of the transmitting and 
receiving circuits, and differential mode, where the currents are caused to 
flow in opposite directions in the source and return lines. For the 
singleended circuit shown in Figure 4.4(c) the noise voltage which appears 
in the signal loop will interfere with the signal, either adding or subtracting 
from it. The function of the differential amplifier, in the balanced 
differential circuit of Figure 4.4(d), is to sense the differential signal and to 
reject the wmmon-mode signal. Therefore this circuit can tolerate a 
substantial amount of common-mode noise. 

The impedance of power supplies used with electronic circuits should be 
as low as possible, and common-mode impedance coupling must be 
avoided. Several techniques are used: 

(i) Dewupling the circuit elements using high-frequency capacitors. It is 
important in these instances to keep the leads short to minimise their 
inductance, and for critical rrpplications integrated cirmit holders can 
be used which have space in their body for mounting a decoupiing 
capacitor, so that it is attached close to the pins of the integrated 
circuit. 

(ii) Increasing the cross section of the power supply tracks, to reduce 
their impedance. 

(iii) Keeping high-voltage and power return rails as close to each other as 
possible. 

Multiple pins are often used on the printed circuit board connectors to 
transmit the power into and out of the circuit. This enables a network of 
power supply rails and earth returns to be built up to carry current to the 
high-usage devices. Often these tracks divide the board into areas 
containing high-, medium- and low-frequency circuits, which are therefore 
effectively segregated from each other. 

4.5 EMI shielding techniques 
The previous section described design techniques which could be used to 
reduce a system’s susceptibility to EMI whilst also reducing the amount of 
EMI which it generated. The present section describes methods for 
protecting against EM1 reaching a given system, or for preventing EM1 
which has been generated within a circuit from reaching other systems. The 
concepts involved in radiated EMI shields are first introduced, followed by 
a description of the factors which need to be considered in the design of the 
shields and protection against conducted EMI. 
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4.5.1 Radiated EM1 shielding concepts 
EM1 can be caused by electrical or magnetic fields and a shield is any 
material which is placed in the path of the field to impede it, although this 
material is usually a conductor. The effectiveness of the shield is 
determined by the distance between the source of EM1 and the receiver, 
the type of field, and the characteristic of the material used in the shield, 
including the number and type of discontinuities in it. 

Shielding is effective in attenuating the interfering fields by absorption 
within its body, or by reflection off its surface. If E, is the strength of the 
unshielded electrical field and E, is the subsequent strength of this field 
after it has passed through a shield, as shown in Figure 4.5(a), then the 
shielding effectiveness is given by equation (4.1). 

E U  s = 2010g- 
E, 

Similarly, if Hu and H, are the corresponding unshielded and shielded 
magnetic fields, then equation (4.2) gives the shielding effectiveness. 

H U  s = 20log - 
Hs 

The shielding effectiveness can also be expressed in terms of the 
absorption loss (Al) and reflection loss (Rl), as in equation (4.3), where all 
the terms are in decibels. The factor BI is introduced to take account of 
multiple reflections, as described later. 

S = Ai + R1 + B1 (4.3) 

Conductors have poor dielectric characteristics, so fields, whether 
electrical or magnetic, will suffer absorption loss when going through 
them. The amount of absorption is determined by the skin depth (6) of the 
material, where skin depth is the distance into the conductor at which the 
field is attenuated by an amount equal to l/e. Skin depth decreases with the 
conductivity (y )  and permeability (p) of the material, and with frequency 
(o), as given by equation (4.4). 

M [&I (4.4) 

The field strength decreases exponentially as it passes through the 
material, so that the shielded field strength for the arrangement of Figure 
4.5(a) is given by equation (4.5) and the absorption loss by equation (4.6). 

E, = Eue-" (4.5) 

A = 8.69(d/6) (dB) (4.6) 
Therefore the absorption loss is proportional to the thickness of the 
material and equals 8.69 for each skin depth of distance into the shielding 
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material. As an example into the use of equations (4.4) and (4.5), a 1 mm 
aluminium sheet at lwIz would have a skin depth of 2.7mm and an 
absorption loss of 3.2dB, whereas at 1oOMHz the skin depth would be 
8.3 p, and the absorption loss 1047dB. Reflection loss, which together 
with absorption loss determines the shielding effectiveness, occurs 
whenever there is a discontinuity in the characteristic impedance between 
the shield and its surrounding. This is illustrated in Figure 4.5(b). When 
the field reaches the point of discontinuity, at surface A, some of the 
incident field is reflected and the rest penetrates, to be attenuated by the 
absorption loss in the material of impedance Z2. When the field reaches 
surface B it will exit, again with reflection loss at this interface. 

The characteristic impedance of an electromagnetic wave is the ratio of 
the electrical to magnetic fields. This impedance depends on the properties 
of the shield material and the distance from the source of interference to 
the measurement point. If D is the distance from the source and h the 
wavelength, then, defining K by the value shown in equation (4.7), the 
impedance of the electromagnetic wave is given by equations (4.8) and 
(4.9), for a magnetic and an electric source, respectively. 

2rrD 
h 

K = -  (4.7) 

(magnetic source) (4.8) 

M 
2, = 120n [l + 4 (electric source) (4.9) 

These equations are shown graphically in Figure 4.5(c), which illustrates 
that close to the source of EM1 the impedance is high if the source is 
electrical, whilst it is low if the source is magnetic. As the distance from the 
source increases, the impedance reaches asymptotically towards the free 
space wave impedance of a plane wave, of 120n, or 377 P. 

For a conductor the charactertistic impedance is given by equation 
(4.10). 

(4.10) 

This impedance is very low, compared to the free space wave impedance of 
377!2, therefore boundary reflections can result in high losses, which is 
desirable. 

Returning to the model given in Figure 4.5(b), and considering an 
electric field for the present, even if absorption loss is ignored the fields El,  
E2 and E3 will be different, the difference being due to reflection losses at 
the two interfaces A and B. The relationships between these fields are 
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equations (4.11) and (4.12), when multiple reflections, as described later, 
are ignored. 

(4.11) 

(4.12) 

If Z2 is a shield placed in air, then 23 equals Z1, and equation (4.12) 
reduces to that given by equation (4.13). This is furtber simplified if the 
shield is a conductor and Z2 is small, as shown in equation (4.14). 

(4.13) 

(4.14) 

Using equation (4.14) the reflective component of the shielding 
effectiveness, as in equation (4.1). is given by equation (4.15). 

RE = 201og (&) (4.15) 

This indicates that the smaller the conductor's characteristic impedance, 
the greater the effectiveness of the sbielding. 

The characteristic impedance of a conductor increases with frequency, 
b ing  given by proportionality (4.16), so that the shielding effectiveness is 
as in propOrtiOn&ty (4.17). However, abQorption loss decreases with 
frequency since the skin depth decreases, so that the total shielding 
effectiveness, as indicated by equation (4.3), varies as in F ! i  4.5(d). 
Generally, a conductive sheet gives very good electric field shielding, 
except for very thin coatings. 

22 (Y wl'z (4.16) 
Re (Y (4.17) 
For an electric field most of the reflections occur at boundary A, in 

Figure 4.5(b), giving high reflection loss and low penetration. For a 
magnetic field most of the refkcticmi occur at boundary B, and there is 
therefore high penetration. Low-frequency magnetic fields have low 
reflection loss and depend on absorption loss for their shielding 
effcctivcntss. For a -tic field equations (4.11) to (4.14) are equally 
applicable, where the eiectric fields El, 4 and E3 are replaced by magnetic 
fields H t ,  Hz and H3. The re f ldve  component of the shielding loss is 
given by equation (4.18) ignoring multiple reflections, which is similar to 
that of the electric field of equation (4.15). 

RH = 20 log (5- (4.18) 
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Because very low reflections occur in a magnetic field at the 
air-conductor interface, the field inside the conductor is high. In fact, 
using the magnetic equivalent of equation (4.11), H2 will be twice the value 
of the incident field HI, for Z2 much smaller than Z1. If the absorption 
losses in the conductor are low then most of this energy will be reflected at 
the conductor-air interface, and it will result in multiple reflections within 
the conductor. This is illustrated in Figure 4.S(e), where a small amount of 
field is shown to leak away at each reflection. Eventually, in the ideal case 
of zero absorption loss, half the field will emerge to the right and half to the 
left, so that there are no reflection losses. To allow for this multiple- 
reflection phenomenon a term BI is introduced into the shielding 
effectiveness equation (4.3). 

The value of the correction term B ,  is given by equation (4.19). 

B, = 20 log (1 - e-w6) (4.19) 

It is always negative to show that reflection loss predictions without 
considering multiple reflections are too optimistic. BI can be omitted if the 
absorption loss is high, greater than about lOdB, so that multiple 
reflections are minimised, although for low-frequency magnetic fields, and 
thin shield, this term is almost always needed. 

4.5.2 Shield design 

The shielding effectiveness is often less than that predicted by the 
equations given in the previous section due to discontinuities in the shield, 
such as seams and holes. These discontinuities impede the flow of induced 
current in the shield, which is responsible for generating a field opposing 
the interfering field. Wherever possible, the location of the discontinuity 
must be such as to minimise its effect on these currents. For example, the 
seam should be located such that the circulating current does not have to 
flow across it, as in Figure 4.6(b), but flows parallel to it, as in Figure 
4.6(a). 

The joints between the different parts of the shield represent its weakest 
point, and the transfer impedance of these joints is a useful concept for 
characterising them. If a current Z flows on the outside of the shield, as in 
Figure 4.6(c), and it induces a voltage V on the inside of the shield, then 
the transfer impedance is equal to the ratio VU. The impedance at a seam is 
due to the contact impedance and the surface impedance of any gasket 
which is used. The contact impedance can be represented by a 
parallel-connected RC circuit whilst the gasket impedance is a series- 
connected RL circuit. Therefore if there is poor contact resistance this will 
usually show up as a drop in transfer impedance as the frequency increases. 

The contact resistance at a joint must be kept as low as possible, and th is  
can be done by applying sufficient pressure; by using materials with low 
contact resistance; by having a large surface area of contact; and by 
avoiding corrosion. Figure 4.6(d) shows how simple shaping techniques 
can be used to increase the contact area of a joint, and corrosion can be 
reduced by not placing dissimilar materials in contact with each other. 
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Screened cables, brought into the screened enclosure, should have their 
screens terminated in connectors which totally enclose their screens and 
provide a solid connection from the screen to the shielded wall of the 
enclosure. Both ends of the cable should be so connected, and the finish 
used on the enclosure must not be such as to make it difficult to provide a 
good cunnection. 

The low-frequency performance of a shield is determined by the 
ekctrical properties of its walls and joints, whereas the high-frequency 
performance is much more Muenced by the gaps and apertures which 
exist in its surface. For effective screening there should be no gaps which 
are greater than one hundredth of the lowest wavelength of the interfering 
radiation. 
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4.5.3 conducted EMI shielding 
Protection against EM1 being transmitted along a cable is achieved by 
means of suppression filters, which consist basically of inductive and 
capacitive elements. A variety of such filters exist since a type which 
suppresses interference completely from one system may be quite useless 
in another. The location of the filter is also important, and it should 
generally be placed directly at the source of interference, and the output 
and input leads should never be bundled together. 

L-type -+'% L-type 

c, %type %-type 

T'1 ' T-type T-type 

Low pass High pass 

Figure 4.7 Basic Uter configuration 

Figure 4.7 shows some of the basic filter arrangements which are used 
for suppressing conducted interference. Where large attenuation is 
required it is preferable to use several stages of smaller filters, rather than 
one large system. Low-pass filters are commonly used in a variety of 
modifications, as shown in Figure 4.8. The arrangement of Figure 4.8(a) is 
perhaps the most basic, and although it is effective in suppressing 
symmetrical interference it is not suitable for asymmetrical interference, 
which is caused by leakage between Lines and earth. The circuit of Figure 
4.8(b) is now used, where the polarity of the windings in the split inductor 
L1b are such that the d.c. components of current through them are 
cancelled, so that the core size is reduced. Figures 4.8(c) and 4.8(d) 
introduce progressively more attenuation into the interfering signal path, 
at the expense of greater complexity. Generally, arrangements of the type 
shown in Figure 4.8(d) should not be used if & is a semiconductor switch, 
since the surge current through the switch when it turns on, caused by the 
discharge of the capacitors, may destroy it. 

Components chosen for the filters should also be carefully designed. The 
inductors must have low stray capacitors, so they should not be multilayer, 
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and the capacitors must have low series inductance. The filter should be 
endosed in a screened box, which is connected to the wall of the shielded 
enclosure, so that interference s@& cannot become coupled from the 
noisy side to the quiet side of the system. 

4.6 EMC standards 
Most countries have their own standards organisations which regulate their 
RFI policies, examples of these being the BSI in the UK, the FCC in the 
USA, and the VDE in West Otrmany. The military also have their own 
requirements, referred to as MIL-STD and DEF standards, although the 
needs of commercial and military equipment are Merent. The military 
require that their equipment continue to perform in battlefield conditions, 
whilst commercial interests centre on the need to protect radio, television, 
telecommunication and domestic systems. 
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Figure 4.9 shows the spread of frequencies covered by a few typical 
standards, as expected, the military operating over a much wider range 
than the commercial. In order to ensure some commonality of standards 
between different countries the IEC (International Electrotechnical 
Commission) set up a subcommittee in 1934, called the CISPR 
(International Special Committee on Radio Interference), to prepare 
guidelines on EMC. These are now followed by most countries. 
The European Communities EMC Directive 89/336/EEC, states that 
apparatus covered by its scope must be such that the interference generated 
does not prevent other radio or telecommunications equipment from 
operating within its specification, and that the apparatus has sufficient 
immunity from external interference so that it can operate as originally 
intended (Brenda, 1995; Hicks, 1995; Ridley, 1995; Shavarooghi, 1995). 
This Directive came fully into force on 1 January 1996 and it is now a 
criminal offence to put onto the market any equipment which does not meet 
its requirements. 

Several standards have been developed and are being developed to support 
these Directives, a few of these being given in Tables 4.1 to 4.3. Basic 
standards are those produced within IEC loo0 and they give general 
conditions for achieving EMC. serving as the reference documents for other 
standards committees. Generic standards set down conditions for systems 
operating in specified environments and product standards define the 
requirements for specific product groups and how these can be tested. 

As an example in the UK the BSI maintained BS 6527, which defined its 
EMC requirements, although this has now been replaced by European 
standard, EN55022, which was ratified by all CENELEC countries in June 
1986, and is the system to which European countries are working. EN 55022 
covers information technology equipment, i.e. receiving data equipment such 
as data input lines and keyboards; processing data equipment, such as 
computation and storage; and data output equipment. This standard grants 
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Table 4.1 Some M: reeOgnised basic EMC standards 

Number Title 

IEC 1000-4-1 
IEC 1000-4-2 
IEC 1000-4-3 
IEC 1000-4-5 
IEC 1000-4-6 
BS EN 61000 
BS EN 61000-4 
BS EN 61000-11; 1994 

General 
Electrostatic discharge 
Radiation immunity 
Lightning 
Conducted interference 
Electromagnetic compatibility 
Testing and measurement techniques 
Voltage dips 

TnMe 4.2 Some EC nxo@ied generic EMC st.ndsrds 

Number Title 

Emissions 
EN 50081-1 

EN 50081-2 

Electromagnetic compatibility generic emission standard. Part 1 : 
Residential 
Electromagnetic compatibility generic emission standard. Part 2: 
Industrial environment 

Immunity 
EN 50082-1 

EN 50082-2 

Electromagnetic compatibility generic immunity standard. Part 1 : 
Residential 
Electromagnetic compatibility generic immunity standard. Part 2: 
Industrial environment 

Tnbk 4 3  Some EC recogdd product dated EMC stnaduds 

Number lirle 

Emissions 
EN 55011 (BS 4809) 

EN 55013 (BS 905-1) 

EN 55014 (BS 800) 

EN 55022 (BS 6527) 

Limits and methods of measurement of radio disturbawe chpractcr- 
istics of indushial, scientific and medical redio-kequency equipment 
Limits and methods of measurement of radio dishubancc character- 
istics of broadcast receivers and associated equipment 
Limits and methods of mepcuremcnt of radio intcrfcmnce character- 
istics of household electrical appliances 
Limits and methods of measurement of radio interference character- 
istics of information technology equipment 

Household aooliances 
Immunity 
EN 55014 
EN 55020 (BS 905-2) 
EN 55024 Information technology equipment 

Broadcast refiivers and associated equipment 
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a b l e  4.4 EN 55022 conducted interference limits 

Fnqucney Limirr dB ( M v )  
range 

Claw A Class B 

Quasi-peak Average Quasi-peak Average 

0.15-0.50 79 66 
0.%5 73 60 
5-30 73 60 

66-56 56-46 
56 46 
60 50 

a b l e  4.5 EN 55022 radiated interference limits 

Fmlucncv Quasi-peak limits dB (pV/m) 
range 
(MHZ) Claw A C h s  B 

(tat distance 30 m) (rut distance 10 m) 

30-230 30 
230-1OOO 37 

30 
37 

two classes of approval, Class A and Class B. The less stringent approval 
class, Class A, is intended for commercial users, on the assumption that 
commercial equipment is usually better protected against RFI. It uses a 
protection distance of 30 m, and it can be too liberal for domestic users. Class 
B is used for domestic equipment, where the protection distance is reduced 
to 10 m. Tables 4.4 and 4.5 provide the limits for conducted and radiated RFI, 
as specified in EN 55022, the quasi-peak and average limits being measured 
by a quasi-peak and average detector respectively. 

The FCC administers the use of the frequency spectrum in the USA and 
its rules span many areas, for example Title 47 of its ‘Code of Federal 
Regulations’ covers telecommunications and has four volumes, each made 
up of many parts. Volume 1, Part 15 specifies emissions from radio 
frequency devices, such as radio and TV receivers, low-power radio- 
controlled appliances, and computing devices. The FCC also operates two 
classes of approvals. Class A is for commercial users, and to gain approval 
equipment manufacturers do their own tests and keep the results on file. 
The FCC may ask to see these results or to conduct some of the tests. 
Warning labels need to be attached to the equipment stating that it 
complies with FCC Class A and that its use in a residential area could cause 
problems. FCC Class B has a more stringent requirement and is intended 
for domestic equipment. As before, manufacturers conduct the tests, but 
the FCC approves all results and keeps these on its own files. Once again 
the FCC may repeat some of the tests, and labels must be attached to the 
equipment stating that it meets FCC Class B. Tables 4.6 and 4.7 show the 
FCC limits for conducted and radiated interference, as specified in Volume 
1, Part 15, Subpart J. 
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Table 4.6 FCC conducted interference M t s  

F n q w n c y  Maximum . f .  line voltage (pV) 
range 
(-1 C l w A  C&s B 

0.45-1.6 lo00 250 
1.6-30 3am 250 

Table 4.7 FCC rndiated interference limits 

FrcqrcLncy Field strength (pV/m) 

C h A  clw B 
(test distance 30 m) (test distance 3 m) 

i=1 

30-88 30 
88-216 50 

216-1000 70 

100 
150 
200 

4.7 EMC measurement 
EMC testing can be done on the bench top, in an open field site, in an 
anechoic chamber, or in a shielded room (Evan-Hart, 1993; Williams, 1993). 
Bench-top tests are generally only used to provide a quick check on the 
various components of the system, which are later verified by full testing. 
The open field site is used for commercial equipment, and shielded rooms 
usually for tests on military equipment. Semi-anechoic chambers are used for 
both military and commercial tests. 

When checking the RFI generated from a piece of equipment a suitable 
pick-up device is required. The receiver must be sensitive, able to read 
low-level signals without introducing distortions. For tests on shielded 
enclosures both a source of RFI and a measurement device are required. 
Readings can be taken by tuning the generator and receiver at a series of 
single frequencies, although this is usually slow and can result in 
incomplete results, since critical narrowband frequencies may be missed. It 
is now better to use swept broadband techniques, as shown in Figure 4.10, 
where the tracking generator source sweeps synchronously with the input 
frequency of the spectrum analyser. The output from the spectrum 
analyser may be stored, manipulated and displayed, if required. 

The shielding effectiveness of an enclosure can be obtained by 
measuring the fields with and without the presence of the shield, and then 
applying equations (4.1) and (4.2). Separate antennas can be used for the 
electric and magnetic fields, the electric field tests usually going down to 
1 MHz. For magnetic fields this should cover the range to 10 kHz, since the 
leakage of the magnetic field component, of the plane wave, is greater than 
the electric field component at low frequencies. 
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Tracking 
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Unit 
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test 

Figure 4.10 FtFI measurement set up 

The RFI shield being tested can be radiated by means of an external 
source and the field inside the enclosure measured. This method gives 
acceptable results so long as the transmitting antenna is sufficiently far 
from the source to give wavefront uniformity at the shield and a correct 
wave impedance. At low frequencies this would require a large spacing and 
high transmitting power to effect the shield, so that it is more usual to use a 
smaller spacing, reducing the power requirement but accepting that the 
wave impedance is now not correct and may not be consistent. The other 
disadvantage of reducing the spacing between the shield and transmitting 
antenna is that the shield couples to the incident field of the antenna and 
would give false results. 

The problem of transmitter power can be solved by putting the 
transmitting antenna inside the screened enclosure being tested, and 
measuring the field which escapes outside. However, localised current 
paths are now produced in the screen and these will influence the 
transmitter, giving results which are not representative of the plane-wave 
shielding performance of the enclosure. When measurements are done in a 
shielded room the room would exhibit many resonance modes, which 
would mask the true performance of the shield over several bands of 
frequency. Generally, low-frequency measurement problems can be 
minimised by use of a Rhombic Simulator, which produces a plane wave 
over a wide frequency range, having a wave impedance very near to that of 
free space, given by equation (4.8), of 377 62. 

Bench-top testing is useful for system troubleshooting at the component 
level before going on to total system tests in open field sites or screened 
rooms. These tests require a small antenna for localised shielding 
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Figure 4.11 Bench-top RFI testing: (a) enclosure tests; (b) cable tests 

effectiveness tests, as shown in Figure 4.11(a). Cable shielding testing on 
the bench top, shown in Figure 4.11(b), are also very important, since 
problems here are a major cause of system noise, crosstalk and errors. The 
cable is used as the receiving antenna, being connected to a spectrum 
analyser, the signal coupled into the shielded and earthed cable being low 
for an effective shield. 

Repeatability of EMC measurements is an important consideration, and 
problems which cause non-repeatable readings include the following: 
(i) Electric field sensitivity of the receiving antenna, which picks up stray 

electric fields coupled to the test engineer and cables. Variation in 
this coupling is also caused by the orientation of the various elements. 
The problem can be minimised by reducing the electric field 
sensitivity of the antenna. 

(ii) Screen room interactions, which should be reduced, or at least 
variations in the physical layout of the tests should be avoided in 
order to duplicate the interactions. 

(iii) Poorly maintained and calibrated test equipment. 
(iv) Not using correct assembly procedures for the equipment being 

tested, when it is dismantled and re-assembled, so that its 
performance varies, for example due to the variation in pressure on 
joining gaskets. 
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Chapter 5 

Power semiconductor protection 

5.1 Introduction 

In spite of its relatively large power-handling capability, a power 
semiconductor can be easily destroyed due to voltage or currents which 
exceed its ratings. High currents cause localised or general heating, and 
excessive voltages can result in punch-through of the silicon wafer. 
Protection devices are often connected into power semiconductor circuits, 
but it must be remembered that this reduce? the overall reliability of the 
system, since the component count has been increased, and these 
protection components can fail themselves, sometimes destroying the 
components which they are supposed to be protecting. 
This chapter considers the factors causing failure in power circuits, and 

the protection techniques and components which can be used. 

5.2 Causes of Pallure in power circuits 

The mechanisms which result in failure within power circuits can be related 
to the power semiconductor device itself or to external factors within the 
system. Device-related factors are: 

(i) The breakdown of the component, causing it to operate in a 
continuous on-mode. This could be as a result of a current overload 
or an overvoltage. 

(ii) The power semiconductor operating in a blocking mode, so that other 
components in the system are overstressed. This mode may be a 
result of a failure in the component itself or due to a failure of the 
circuit controlling it. 

(i) Load related, where load short circuits cause excessive current surges 
through the controlling devices or switching the load generates 
voltage spikes. 

(ii) Supply related, usually seen as voltage spikes on the a.c. or d.c. 
supply lines. 

(iii) Other circuit-generated current or voltage overloads, such as voltage 
transients generated when the current changes suddenly within 
inductive circuits. 

Circuit-related failure-mode mechanisms are: 

121 
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A 
B 

Load 

'LOAD 

'THl 

',ti* 

(C) 

Figarc 5.1 Effect of component failure in power circuits: (a) forced commutated circuit; (b) 
naturally commutated circuit; (c) wavefonns for naturally commutated circuit 

Figure 5.1 illustrates the effects of component-related failure in two 
common circuits. In Figure 5.l(a) thyristor THl is the main load-carrying 
device and thyristor TH2 is an auxiliary component, which discharges 
capacitor C1, causing the main thyristor to turn off. Diode D1 is a 
free-wheeling device placed across the load, to carry the inductive load 
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current when the thyristors are off. If this diode were to fail to a short 
circuit it would cause the two thyristors to carry large amounts of current 
when they turn on, and if it failed to an open circuit the decay of load 
current would cause a high-voltage spike to be generated, destroying the 
semiconductors. Failure of thyristor "€32 would result in THI being 
permanently on, which could cause it to overheat. 

In the bridge circuit, shown in Figure 5.l(b), the devices are controlled 
in pairs, TH1 and TH, together and T H 2  and TH3 together. The current 
and voltage waveforms are as shown in Figure 5.l(c), where each device 
conducts for half a cycle. If any component, say TI&, now fails to an open 
circuit, then the other thyristors, in this case THI and TI&, will carry the 
full-load current continuously, causing them to overheat and perhaps be 
destroyed. However, if thyristor TH2 was fired after TH3 had failed, then 
the inductive load current would free-wheel through thyristors TH2 and 
TI€+, causing overheating. If any of the thyristors fail to a short circuit then 
this short circuit is applied across the lines, resulting in a failure of the 
other devices. Failure of the a.c. supply line would cause the load current 
to free-wheel through the two arms of the bridge, assuming that the 
thyristors have been fired. 

Circuit-related failure mechanisms can be due to a variety of reasons. 
Fault current, as a result of short circuits, can cause heating and loss of 
control of the power semiconductor switch, the current building up over 
several a.c. cycles to reach a steady state value determined by the circuit 
voltage and impedance. The high current can also result from discharge of 
circuit capacitances, such as snubbers used across the lines or capacitors 
used in power supplies, and is one of the main causes of dildt failure. 

Lightning strikes can cause a steep-fronted, line-to-ground, surge of 
voltage which destroys the power semiconductors, although the surge may 
be attenuated to some extent by output transformers. Lightning arrestors 
are usually placed across lines to guard against this. Transformer switching 
is another source of high-voltage transients. On switch-on the, inrush 
current can result in oscillations within the resonant secondary winding, 
due to transformer leakage inductance and the distributed parasitic 
capacitance of the secondary winding. On switch-off the magnetising 
current is interrupted and this results in a collapse of the core flux, 
generating voltage transients on the secondary. This effect is greatest on 
light loads, when the primary current is passing through zero. Energising a 
stepdown autotransformer results in the interwinding capacitance causing 
the primary voltage to be momentarily coupled through to the secondary, 
giving an overvoltage. 

Overvoltages are also caused by discontinuous current operation in 
inductive circuits, the energy stored in the inductance causing a 
high-voltage spike. Current interruption can occur due to several causes, 
such as power semiconductors turning off too fast, or due to operation of 
protection devices such as circuit breakers and fuses. Voltage transients 
can be avoided by several techniques, for example: 

(i) Switching the secondary of transformers, so as to avoid the inrush 
current which occurs when the primary is switched; 

(ii) Ensuring that switching devices do not operate too quickly, or have 
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long arcing times, so that the inductive energy in the circuit is 
dissipated in the arc; 

(iii) Using lightning and other surge arrestors close to the equipment 
being protected; 

(iv) Placing a capacitor across the secondary of autotransformers, to 
divide the voltage coupled from the primary due to the stray winding 
capacitance. 

5.3 Overvoltage protection 

Three types of voltage suppressors are commonly used: those which store 
the transient energy of the overvoltage and then dissipate it later as heat; 
those which directly convert the energy of the overvoltage into heat, which 
is then dissipated; and those which convert the overvoltage into an 
overcurrent, and then use the techniques described in section 5.4 to protect 
against it. 

Capacitors are commonly used to store the energy of transient 
overvoltages, which are then dissipated in resistors. Figure 5.2(a) shows an 

( 8 )  

9 

(b) 

(b) '1 

F- 5.2 Transient overvoltage protection using R-C suppresson: (a) ax.  capadtor; (b) d.c* 
capacitor 
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arrangement in which R-C suppressors are connected across the 
three-phase supply lines, as well as across the d.c. load. The transient 
voltage is partly dissipated in the line impedances and series resistor, and 
the rest appears as an increase in capacitor voltage. The larger the value of 
capacitance, the lower this voltage rise. The resistors in series with the 
suppression capacitors limit the charging current and also damp down the 
oscillations, resulting from resonance between these capacitors and 
inductances in the lines, which can lead to overvoltages. 

The capacitors shown in Figure 5.2(a) carry power frequency 
components of current and their presence can also affect the commutation 
behaviour when changing from one supply phase to the next. Figure 5.2(b) 
shows an alternative arrangement which uses an auxiliary low-power 
bridge, but which requires only one suppression capacitor and this can be 
electrolytic, since it only cames d.c., enabling it to be physically small. If 
the inductance of the capacitance is high it will not be able to suppress 
fast-rising transients, and in these cases it is usual to shunt the electrolytic 
capacitor with a much lower-valued low-inductance capacitor, such as 
ceramic. Resistor R2 limits the charging current of the capacitor and 
resistor R1 discharges the capacitor, for safety reasons, after the rectifier is 
de-energised. 

Suppression components, which convert the voltage transient energy 
directly into heat, consist of devices with characteristics such as those 
shown in Figure 5.3(a), for unidirectional operation, and Figure 5.3(b) for 
bi-directional operation. Very little current flows through the device until 
the breakover voltage VB is reached, after which time the current rises 
rapidly and the voltage is held substantially constant. These devices are 
available in a range of voltage ratings, which are fixed and cannot be 
adapted to changes in circuit operating voltage, as is possible with an R-C 
suppressor. 

The voltage clamping device can be connected across the power supply 
lines, or across the components being protected, as in Figure 5.3. The 
device should have a flat voltage-current characteristic once breakover has 
occurred, but it should also be able to absorb high energies for short 
durations. The zener diode exhibits the characteristic shown in Figure 
5.3(a) and it can be used as a suppressor. It has a flat characteristic, i.e. low 
slope resistance, but it is only able to absorb small energy levels, so it is 
used in low-power applications. Transient overvoltages usually have a high 
voltage value but then only last for a short time, or they have a relatively 
low voltage but last for longer. Therefore the energy requirements are 
fairly well defined, and suppression devices are usually specified in terms 
of watt-seconds of energy dissipated. 

Many different forms of surge suppressors are available commercially, 
such as varistors and gas filled tubes. These are all designed to handle high 
energy levels and have a low inductance, so that they can suppress steep- 
rising waveforms. Their slope resistance is often higher than that of a zener 
diode so the voltage will rise with current. Their operating temperature range 
is also relatively low. Suppressors are based on diodes operated in the reverse 
direction, having a characteristic similar to that of Figure 5.3(a). Two devices 
can be connected back to back for bi-directional operation, as in Figure 
5.3(b), and several cells can be connected for higher-voltage operation. 
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Figure 5.3 Transient overvoltage protection using surge suppression components; 
(a) unidirectional operating device; (b) bidirectional operating device; (c) protection of a 
diode; (d) protection of a thyristor; (e) bridgecircuit protection 

Figure 5.3(c) shows a unidirectional cell connected to protect a diode, and 
Figure 5.3(d) a bi-directional cell for protecting a thyristor. 

Avalanche diodes are also used for surge protection. They have a low 
slope resistance and a wide operating temperature range, but they are 
relatively costly and so are usually used to protect expensive components. 
Varistors, or voltage-dependent resistors, are made from oxides of metals 
or of silicon carbide. They have a bi-directional characteristic and a 
temperature range from about -2S"C to +85"C. They are robust and low 
cost, with an operating voltage typically between 30V and 250V and a 
relatively high slope resistance. Figure 5.3(e) shows a circuit which uses a 
varistor across the a.c. lines and a suppressor across each component. 

Figure 5.4 illustrates a simple crowbar circuit, in which the overvoltage is 
converted into an overcurrent, which is then protected by the fuse Fs. An 
overvoltage appearing at the main thyristor TH2 would cause zener diode 
D1 to start to conduct, which would apply gate current to protection 
thyristor TH1, turning it on. This thyristor applies a short circuit across the 
supply lines, blowing the protection fuse. The circuit can act very quickly, 
being limited primarily by the turn-on time of thyristor "HI. 

An R-C network, called a snubber network, is also commonly used to 
protect thyristors and triacs against dv/dt effects, which cause spurious 
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Figure 5.4 A ‘crowbar’ circuit for overvoltage protection 

Figure 5.5 dv/dt protection of a thyristor 

turn-on. This is shown in Figure 5.5, where resistor R1 prevents the 
capacitor discharging directly into the thyristor when it turns on, giving 
large dildf currents. The capacitor charges via the circuit inductances and 
limits the transient voltage rise and its rate of increase. If the voltage is to 
reach a peak of V,, and (dv/dt)= is the critical rate of rise of voltage which 
the thyristor can tolerate, then the value of C, must be greater than in 
equation (5.1). 

0.632 V, c1 2 
RL (dV/dt), 

The R-C snubber also softens the reverse recovery of the power 
semiconductor, so reducing the spikes generated. Diode D1 may be added 
for improved dv/dt protection since the voltage drop across resistor R1, 
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when the capacitor is charging, will be seen by the power semiconductor. 
The value of the suppression capacitor and resistor are often empirically 
chosen, depending on circuit conditions, with R1 being in the range of 
lO-lOOhZ, and C1 in the range 0.1-1 @. 

(a) (b) (cJ 
Figure 5.6 Control terminal protection: (a) R-C circuit; (b) diodes; (c) surge suppressors 

Figure 5.6 shows some of the many circuits which have been used to 
protect the control terminals of power semiconductors, which can be the 
base of a transistor, as shown, or the gate of a thyristor or triac. Usually, 
inductive or capacitive coupling between the power and control circuits 
induces voltage transients into the control terminal, and this terminal can 
be isolated by transformers or optoisolators to minimise the effect and the 
leads twisted together or shielded. Apart from protecting the gate 
terminal, the devices affect the power device characteristics. For example, 
capacitance in the base or gate would increase the turn-on and turn-off 
times and, for a thyristor, would increase the dv/dt rating and the holding 
and latching currents. 

5.4 Overcurrent protection 

Several factors determine the choice of an overcurrent, or fault current, 
protection system for power circuits. The most important of these is, 
perhaps, whether the supply source is ‘stiff’ or ‘soft.’ A soft supply has 
series impedances, of sufficient amount to significantly impede the rate of 
current rise during a circuit fault, whereas a stiff supply results in a rapid 
rise in current, within a fraction of a cycle. 

If, when running from a soft source, there is a low probability of a 
sustained fault over several cycles, then the power device may be chosen 
such that the fault current is below its surge rating. Alternatively, the fault 
current can be sensed and the power semiconductors turned off before the 
current rises to dangerous proportions, or else an auxiliary crowbar 
thyristor can be fired to blow a fuse, as shown in Figure 5.7, which is 
similar to that of Figure 5.4 except that the fault current in resistor R1 is 
used to turn on the crowbar thyristor TH1. A third alternative is to use 
electromechanical contactors or thermal overload trips, which operate in 
20-80ms, so that the power semiconductor needs to carry the fault current 
during this period. 
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5.7 Overcurrent protection by a ‘crowbar’ circuit 

The rapid build-up of fault current in a stiff supply means that circuit 
isolation must be quickly achieved. Figure 5.8 shows the waveforms for an 
a.c. circuit under conditions of short circuit or heavy overload, and a fuse is 
usually used to protect under these conditions, causing the current to be 
terminated at time f2. This fuse current is shown in greater detail in Figure 
5.8(c). At the commencement of a fault the current builds up rapidly, the 
rate of increase being limited by the relatively small circuit impedance. If 
no action were taken the current would rise to the peak prospective fault 
value, being limited only by line impedances, before reversing due to 
reversal of the supply. Long before this current is reached the fuse melts, at 
point A, the current increasing slightly to B before the energy, dissipated 
in the arc of the fuse, causes it to decrease to zero at C. It is important that 
the rate of decrease of current in the arc is not too severe, or it can give rise 
to high-voltage transients in circuit impedances, which would destroy the 
thyristors, and in most fuse designs the melting and arcing times are 
approximately equal. 

A fuse consists of a metal element which cames the normal steady state 
load current, but overheats and melts if a fault current flows which is large 
enough and lasts for a sufficiently long time. If the current is i, the 
resistance of the fuse element R and the fuse melts after time f ,  then the 
energy needed to blow the fuse is i2Rt. Since the resistance of the fuse is 
indeterminate it is usual to refer to the i2f rating of the fuse. 

Figure 5.9 shows the construction of a high-rupturing capacity (HRC) 
fuse. The fuse element is  made from pure silver and usually has the 
V-notch structure shown, which gives a fuse with a greater r.m.s. current 
capability whilst having a reduced i2t rating, so that it will melt quickly if a 
high fault current occurs. In low-current fuses it is difficult to make the 
constrictions in the element narrow enough, so plain wire is often used. 
The body of the fuse! must have good mechanical strength and be able to 

withstand thermal shock and the high temperatures which arise during 
normal running. Low-current and low-voltage fuses can use glass, but for 
high power levels ceramic, and sometimes silicon bonded glass fibre, is 
required to prevent the case from shattering during fuse rupture. The fuse 
body is often filled with quartz granules, which give rapid heat conduction 
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Figure 5.8 Fault current characteristics: (a) short-circuit voltage; (b) short-circuit current; 
(c) high-speed fuse characteristic 
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Figure 5.9 Construction of a high-rupturing capacity (HRC) fuse 

from the fuse element to the case. The filler also extinguishes the arc by 
fusing with the resultant silver vapour to form a non-conductive material 
called fulgurite and distributes the high pressures generated in the fuse 
link, during overload conditions, over the ceramic body. 

The end cap and end terminals must give good electrical contact and 
form a good fit with the inner cap. The material used is usually brass with a 
high copper content. The end terminal is welded, soldered, or riveted and 
soldered to the end cap. The construction used gives good electrical 
contact and isolates the element from external mechanical shock and 
vibration. 

Power semiconductors and fast-acting fuses both exhibit the property of 
withstanding almost constant values of i2f below about one cycle. This 
greatly simplifies the design of protective fuses, since all that is basically 
required is to ensure that the i2t rating of the fuse is less than that of the 
semiconductor it is to protect, so that it will fail first. If the fuse is in the 
primary of a transformer and the semiconductor cell in the secondary, then 
the i2t of the fuse and semiconductor must be related by equation (5.2). 
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For clearance times which last over one cycle the fault current curves 
must be kept below the rating of the power semiconductor, and even if the 
fuse operates within one cycle the peak let-through current must be below 
the ratin of the semiconductor. Fuses should also be designed with a low 
ratio of i I to r.m.s. current rating. The r.m.s. current can be increased by 
cooling the fuse in an air stream, or by mounting it on a busbar or a 
heatsink, the i2t characteristic not being affected by this. Fuses must also 
have a sufficient voltage-clearing capability, otherwise a high-voltage 
source can cause a continuous arc under fault conditions, with loss of 
protection. The arcing voltage should also be as low as possible to limit the 
peak voltage which occurs across the circuit elements, but this is at the 
expense of the i2t characteristic. 

The i2t of a fuse is affected by circuit voltage and the prospective fault 
current, as shown by the curves of Figure 5.10 for a particular fuse. As an 
exercise into the use of these characteristics suppose a fuse is needed to 
protect a circuit operating at 300V and W A ,  the asymmetrical peak 
current being 13.5kVA. Using a 450V, 400A r.m.s. fuse, whose 
characteristics are shown in Figure 5.10, the normal i2t is 800000A’s with 
an asymmetrical peak current of 200kA. Figure 5.10(a) gives a reduced i2t 
of 280000 at 300 V and drawing a line in Figure 5.10(b) passing through the 
200kA, 280000A2s point, the value of i2t at 13.5kVA is 150000. This is 
now the rating of the fuse under the circuit conditions described and it 
should be less than that of the power semiconductors being protected. It is 
possible to reduce the i2t of the fuse by choosing one with a higher voltage 
rating, but the excess of fuse rating over supply voltage could give very 
abrupt arc quenching and generate high-voltage transients. A better 
method of reducing the fuse i2t is to decrease the prospective peak 
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FIpm 5.10 Variation of i2t with circuit voltage and prospective current for a typical 450V 
400A r.m.s. fuse: (a) circuit voltage; (b) pmpective current 
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asymmetrical current by increasing circuit reactances. It is important to 
ensure that the fault current reaches a sufficient value to blow the fuse 
within a relatively short time, or the power semiconductor may be 
damaged. This is illustrated in Figure 5.11, where it is seen that for stiff 
supplies a fast-acting semiconductor fuse will protect a power semiconduc- 
tor, whereas for soft supplies circuit breakers must be used. 

The performance of a fuse can be improved by connecting several of 
them in parallel, the total steady state current being given by equation (5.3) 
where N is the number of fuses in parallel and F is a factor which accounts 
for fuse mismatch, being typically 0.9. 

itotal = ionefus X N X F 

(i2t)total = (i2t)onehse x N2 

(5 * 3) 

(5.4) 

The i2t rating of the combination is given by equation (5.4). 

Therefore if two fuses are connected in parallel each is required to have 
about half the steady state rating of one fuse, but the i2t rating is improved 
by a factor of four. Fuses can be connected in parallel by having several 
elements in parallel within a single case. 

As mentioned in section 5.2, rapid rates of current increase (dildt) cause 
failure in power semiconductors. This current increase is due to low source 
impedances during a short circuit, or to discharge of suppression capacitors 
or recovery currents of other devices, as in Figure 1.9. Inductances may be 
added in the lines to limit the rate of rise of current within the power 
semiconductor, the inductors being air cored and therefore linear, or a 
saturable reactor may be used. 

Fuses are not effective in protecting power transistors, since these may 
come out of saturation as the fault current through them increases, due to 
insufficient base drive. This would limit the current, preventing the fuse 
from blowing quickly, whilst causing high dissipation across the power 
transistor, leading to failure. In these instances current sensing is used, the 
base drive being removed to turn off the transistor, or else a crowbar 
device, such as a thyristor, is fired to blow a line fuse, as shown in the 
simple circuit of Figure 5.7. 
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Chapter 6 

Power semiconductor circuits - a rCsumC 

6.1 Introduction 

Chapters 1-5 have described components which are used in the design of 
power semiconductor circuits. The remaining chapters introduce the 
various circuits in which these power semiconductors may be used in order 
to regulate the power to the load. Circuit principles are described since in 
many cases several different types of power components may be used to 
perform the same functions. 
Because of the diversity of power semiconductor circuits, the present 

chapter introduces the principles involved and these are then described 
further in following chapters. 

6.2 Power switches 

This book is primarily concerned with the use of power semiconductors in a 
switching mode, and therefore this is the basic type of power 
semiconductor circuit which may be used. The switching characteristics of 
the different components have already been described in Chapter 1, some 
devices needing continuous drive on their gate terminal when conducting, 
whilst others being triggered by pulses of current. Furthermore, some 
devices can be turned off by their control terminal, whilst others require 
the load current to be momentarily interrupted for twn-off. Chapter 7 
describes some typical switching circuits and applications. 

6.3 A.C. b e  control 

In this application the power semiconductors are used to regulate the 
power flowing from an a.c. source to an a.c. load. Figure 6.l(a) shows two 
thyristors, connected in anti-parallel, which are used to control the power 
from the a.c. supply across lines A and B to the load across C and D. 
Instead of two thyristors a single triac could be used, although power 
semiconductors which may be turned off by their gate terminals, such as 
transistors and gate turn-off switches, are usually used in d.c. rather than 
a.c. applications. 

I37 
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6.1 Single-phase a.c. line control: (a) circuit arrangement; (b)-(e) waveforms 

Figures 6.l(b) to 6.l(e) show the circuit waveforms. The input voltage 
V, is shown in Figure 6.l(b), in which line A is positive to B over the first 
half cycle and negative during the second. Output voltage waveform for a 
resistive load is shown in Figure 6.l(c), where at time the supply voltage 
goes positive but the load voltage is zero since both thyristors are off. 

At time tl thyristor "HI is turned on and since it presents a very low 
impedance the voltage at C is almost the same as that at A and the load 
voltage jumps to practically the a.c. input value. When the line voltage 
reverses, at time t2, thyristor THl is reverse biased and its current decays to 
zero, so that it turns off. Once again the output voltage is zero, until 
thyristor TH2 is fired at time t3, when it rises to the negative line voltage. 
The thyristor firing times, tl and t2, are variable, and Figure 6.l(d) shows a 
longer delay from the zero 8.c. voltage point than Figure 6.l(c), illustrating 
the principle of variable mean a.c. load voltage by control of the thyristor 
firing angles during an input cycle. 

If the load is inductive the thyristors will not turn off directly the supply 
reverses, and the waveform for an inductive load is shown in Figure 6.l(e). 
Thyristor THI is fired at time tl and conducts until time t2, during which 
period it is forward biased, the current flowing from the supply to the load. 
After time t2 the supply voltage reverses, but since the energy stored in the 
inductive load cannot be dissipated instantaneously, it forces T H 1  to 
remain conducting, whilst current flows against a positive potential from 
the load to the supply. This is known as regeneration. At time hl the load 
current decays to a sufficiently low value to enable THl to turn off, the 
load voltage then remaining at zero until the next thyristor is fired at time 
t3 .  

A.C. line control circuits are described further in Chapter 8. 
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6.4 Controlled rectif‘ication and inversion 
Power rectifiers are used where rectification of an a.c. supply to a d.c. load 
is required, although these devices cannot be controlled in relation to their 
turn-on point in an a.c. cycle. Where this control is required thyristors are 
almost invariably used due to their unidirectional conduction properties, 
and a typical circuit is shown in Figure 6.2, where the load is assumed to be 
resistive, or inductive with a free-wheeling diode connected. 

(C) (d) 
Fipurr 6.2 Controlled rectification: (a) circuit arrangement; (b)-(d) waveforms 

Figure 6.2(b) shows the a.c. line voltage and Figure 6.2(c) the load 
voltage. At time f l  thyristors TH, and TH, are fired so that the load voltage 
is almost equal to that of the supply. When the polarity of the input 
reverses at t2 these thyristors turn off and the load voltage is zero, until at 
time f3 thyristors TH2 and TH3 are fired. Even though the input line 
polarity has reversed, end C of the load is again connected to the most 
positive side, so that the load voltage is maintained unidirectional. Figure 
6.2(d) illustrates bow the mean value of the d.c. load voltage can be 
changed by altering the firing point of the thyristors during the half cycle. 

If the load is inductive and is not bypassed by a free-wheeling diode, 
then the main thyristors will not turn off exactly at the zero input voltage 
points. As seen in the case of a.c. line control, the energy stored in the load 
during the rectification period forces the main thyristors to remain in 
conduction, current being fed back from the load to the negative supply. 
This is regeneration, or inversion as it is better known here, since current 
flows from a d.c. load to an a.c. source. Clearly, the maximum inversion 
period is 90” since only as much energy can be taken out of the load as is 
put in. However, if the load includes an independent d.c. source, as in 
Figure 6.3, then inversion over a full 180” is possible. 

When the firing points of the thyristors in Figure 6.3 are delayed the 
output voltage of the bridge is not zero, but follows the negative contours 
of the line voltage, since the devices are kept conducting by current 
provided by EB. In Figure 6.3(c) up to time t2 thyristors TH2 and TH3 were 
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VAS 

(d) (C) 
6.3 Controlled inversion: (a) circuit arrangement; (b)-(d) waveforms 

conducting and supplying energy from the a.c. source to the load. If now 
the firing point of TH1 and T H 4  is delayed until r3 then from r2 to 4 
thyristors TH2 and T H 3  are kept conducting by current flowing from EB, 
through TH3, against the negative line voltage, through TH2 and back to 
EB. This continues until at f3 thyristors THl and TH4 are fired. Point C now 
rises to the potential of line B and D falls to that of A, so that TH2 and TH3 
are reverse biased and turn off. 

In Figure 6.3(c) the mean output voltage is positive so that the a.c. lines 
give out more energy than they receive from the d.c. source. If the firing 
point of the thyristors is delayed beyond the 90" point, as in Figure 6.3(d), 
the mean voltage is made negative, there now being a net transfer of power 
from the d.c. source to the a.c. lines, i.e. an overall inversion. 

Controlled rectification and inversion circuits are described in greater 
detail in Chapter 9. 

6.5 Mrect 8.c. frequency converters 

To convert from one frequency to another, one can either go directly from 
a.c. input to a.c. output or pass first through an intermediate energy 
storage stage, usually in the form of d.c. The former is a direct a.c. 
frequency converter, called a cycloconverter, and the output frequency is 
always less than that of the input. In the case of the d.c. link frequency 
converter, also called an inverter, the intermediate d.c. stage buffers the 
input and output, so that the output frequency is not related to the input 
and can be either greater or less than it. 

Figure 6.4 shows a typical cycloconverter with its waveforms, assuming a 
resistive load. Examination of this figure will show that the two thyristor 
groups TH1, TH2, TH,, TH8, and TH3, TI-€+, TH5, form two bridges, 
similar to that of Figure 6.2, feeding the load in opposite directions. 
To obtain a frequency reduction between input and output of 3:l the 

foilowing firing sequence can be observed. At to when line A is positive, 
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(C) 
Prprc 6.4 Direct a.c. frequency converter (cydoconverter): (a) circuit arrangement; (b) and 
(c) waveforms 

TH3 and TH, are fired, at r2 thyristors TH, and TH5 are fired, and at r3 
thyristors TH3 and are fired. These four thyristors are known as the 
positive group, since they make the load voltage positive, irrespective of 
the polarity of the input voltage. The negative group of thyristors, TH1, 
TH2, TH,, m, are fired over times rs, r7 and r8 of the input voltage cycle. 
The firing point of the thyristors shown in Figure 6.4 have been delayed, so 
that the mean a.c. voltage is reduced with frequency. This is often 
necessary when the load is iron cored, such as a motor, so that the flux is 
maintained at the most optimum value. 

Direct 8.c. frequency changers are described in greater detail in Chapter 
10. 

6.6 D.C. h e  control 

In the previous sections the power semiconductor was used to regulate the 
amount of energy between an a.c. input and an ax.  load. The circuit shown 
in Figure 6.5 controls a d.c. load operating from a d.c. supply, and the 
power semiconductor is shown as a switch. Such a circuit is frequently 
referred to as a chopper, and Figure 6.6 shows the output voltage 
waveforms. 
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F@pre 6.5 D.C. line control circuit arrangement (chopper) 

When the switch is closed the load voltage is equal to the supply VB, the 
voltage drop across the switch being ignored. With the switch open the 
voltage is zero if the leakage current through the switch is assumed to be 
neghgible. In Figure 6.6(a) the switch is closed at tl, opened at t2, closed at 
t3, opened at t4, and so on. If tc and to are the closed and open times during 
one cycle, the mean load voltage is given by equation (6.1). 

This equation suggests a method for controlling the output voltage. For 
instance, in Figure 6.6(b), although the switch is closed at the instances tl 
and t3 as before, it is not opened until times t21 and t41, such that the ratio of 
the closed time to total periodic time has changed, even though the 
operating cycle time is constant. Such a system is known as variable 
mark-space control. Alternatively, to can be changed whilst tc is kept fixed, 
as in Figure 6.6(c), where the period of the cycle has been changed from 
that in Figure 6.6(a). This is known as variable-frequency control. 
No matter what method of control is used, equation (6.1) shows that the 

minimum load voltage is zero when tc is zero, and is equal to VB when to is 
zero, that is, when the switch is continuously closed. Such a system is called 
a step-down chopper since it always controls voltages below that of the 
supply. 

c t c r  4 
n n - r  

t l  tz t3 t4 

- _  - - _ . - -  - . _ - - _ - - -  
Mean - to2- 

t l  t2 t32 t42 
(C) 

Ftgmrc 6.6 D.C. line control modes: (a) and (b) variable mark space; (c) variable frequency 
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prrvC 6.7 Step-up d.c. Line converter (chopper): (a) circuit arrangement; (b) characteristic 

Figure 6.7(a) illustrates a step-up chopper. When the switch is closed 
current flows in inductor L storing energy, and when the switch is open this 
energy transfers to the load, boosting its voltage above that of the supply. 
To analyse the circuit, L is assumed to be large enough to maintain the 
current Z substantially constant, and the load voltage is assumed to be 
smooth. If the switch is closed for time tc and open for to then, equating the 
energy transfers in the inductor during these periods, the load voltage is 
given by equation (6.2). 

v,ztc = (V, - Vl3)ZCo 

Equations (6.1) and (6.2) are plotted in Figure 6.7(b), which illustrates 
the two different chopper types. 

The switches shown in Figures 6.5 and 6.7 are usually transistors, gate 
turn-off switches or, for very high-power operation, thyristors. Since the 
supply is d.c. it is no longer sufficient, for thyristor switches, to turn them 
on and expect conduction to cease naturally when the supply polarity 
reverses, as in a.c. line control. They must be forcibly turned off, and such 
a system is referred to as forced commutation to differentiate it from a.c. 
line commutation, also called natural commutation. 
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F&lue 6.8 Forced commutation for a chopper circuit: (a) circuit arrangement; (b) waveform 
across the commutation capacitor; (c) forced commutated thyristor symbol 

There are several methods for forced commutation of thyristors, and 
these are described in Chapter 11. Figure 6.8(a) shows an example and 
Figure 6.8(b) gives the voltage waveform across the commutation capacitor 
C. At time to capacitor C is charged to the supply voltage with plate 1 
positive, due to a previous cycle, and T H z  is fired on the first switch on to 
ensure that this o m .  At time tl the main thyristor TH1 is turned on to 
commence the load cycle. This also discharges C through L and D such that 
it resonates, recharging to VB with plate 2 positive, resonant losses being 
ignored. To turn thyristor TH1 off at any time t2 thyristor TH2 is fired, 
causing C to discharge through the load and recharge with plate 1 positive. 
Provided the time for which TH1 is reverse biased, which is t3 to t2 in Figure 
6.8(b), and exceeds its turn-off time, the thyristor will remain off until it is 
refired by a gate signal. 

To differentiate forced commutated thyristors from those which are 
naturally turned off they can be drawn with the addition of an arrow, as in 
Figure 6.8(c). This arrow then represents all auxiliary thyristors, diodes, 
inductors and capacitors used in the forced commutation process. 

It should also be noted that the loads in the chopper circuits shown have 
been assumed to be resistive. If they were inductive it would be necessary 
to add a free-wheeling diode across them to carry the inductive current and 
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so prevent voltage transients during switchsff, which could destroy the 
semiconductors. D.C. line control circuits are described further in Chapter 
12. 

6.7 D.C. link lrequency converters 

A d.c. link frequency converter, or inverter, operates from a d.c. supply, 
so that if the input is 8.c. it must first be rectified. Figure 6.9 shows one 
form of inverter circuit which could use any power semiconductor switch 
such as a transistor, GTO or thyristor, although a thyristor has been 
illustrated here. Note that all the thyristors are forced commutated by 
external circuitry which is not shown, and the load is again assumed to be 
resistive. At time lo thyristors TH1 and TH2 are turned on, and the load 
voltage rises to the positive value of the d.c. supply if the losses across the 
devices are ignored. At time r3 thyristors TH1 and T H 2  are turned off and 
thyristors TH3 and T€& are fired, causing the load voltage to swing to the 
negative value of the d.c. supply. The half cycle is repeated at by turning 
off TH3 and TH,, and refiring TH1 and TH2 to give the waveforms shown 
in Figure 6.9(b). Voltage control of the load, as frequency changes, can be 
obtained by using the mark-space technique, illustrated earlier in Figure 

voltage 

f-Jl!\ tz t4 t5rrlj t10 t71 rntLvoltage t13 t14 tl6 

VB 

(Cl 

F’igure 6.9 D.C. link frequency converter (inverter): (a) circuit arrangement; 
(b) and (c) waveforms 
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6.6 and shown again in Figure 6.9(c). At to all four thyristors are 
maintained non-conducting. At tl thyristors TH1 and TH2 are turned on. 
At t2 all thyristors are again off until TH3 and TH, are fired at t4. It must 
again be emphasised that this description applies for a resistive load only, 
which has been adopted to explain the principles of operation. D.C. link 
frequency changers are described in greater detail in Chapter 13. 

The differences between direct a.c. and d.c. link frequency changers can 
again be summarised as foliows: 

(i) In the direct a.c. converter the semiconductor switches are all 
naturally commutated, whereas for a d.c. link converter they must be 
turned off by their gate or base control, or forced commutated. 

(ii) The d.c. link converter operates from a d.c. source so that its output 
is independent of the frequency and waveshape of the input, whereas 
the direct a.c. converter follows the envelope of the a.c. input. 

(iii) The d.c. link converter can give an output range of frequencies which 
is infinitely variable. The direct a.c. converter, on the other hand, can 
only change the frequency in discrete steps of the input, and can only 
operate up to a maximum frequency equal to that of the input. 
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Static switches 

7.1 Introduction 
The most basic applications of a thyristor are those in which its use is 
essentially that of a switch connecting a load to its supply, these circuits 
generally being referred to as static contactors, due to the absence of 
moving parts. In this chapter typical d.c. and a.c. contactor systems will be 
examined and reference made to electronic control and protection circuits, 
which often enable them to perform a variety of functions. 

A static contactor has several desirable features when compared to its 
mechanical counterpart. There are no moving parts to wear or bum out; it 
is mechanically robust and noise free in operation; it can operate very 
quickly, in less than 0.1 ms, compared to about 50ms for a mechanical 
contactor; and it is readily adaptable to sophisticated electronic control. 
This can include zero-level switching, such that the contactor closes at the 
zero voltage point of the supply waveform and so prevents interference in 
the lines; gradual build-up in voltage applied to the load to prevent current 
surges; and rapid isolation and switch-off in the event of a fault. 

However, the static contactor is not used as frequently as its mechanical 
counterpart, and for some very good reasons. It is generally more 
expensive and physically larger; it is more prone to failure due to current 
and voltage overloads; and it does not provide complete isolation between 
supply and load due to leakage current through the power semiconductors. 
There are several applications where it is frequently used, for example in 
explosive atmospheres where arcing of contacts would be dangerous; in 
environments where a conventional contactor would generate intolerable 
interference, such as in computer installations; when the contactor is 
mounted in inaccessible conditions where it could not be maintained, 
since a static contactor needs no maintenance; where it is required to 
operate frequently, since static contactors do not wear out; and when the 
contactor is required to respond to voltage signals generated by some other 
process, such as a fault detector, since static contactors can be readily 
controlled by electronic signals. 

Contactors can be used to operate from a.c. or d.c. supplies. Generally, 
mechanical contactors can have the same construction for both these 
sources, only their ratings being affected. Since some power semiconduc- 
tors, such as thyristors and triacs, can be turned off only when the current 
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through them falls below a certain value, static contactors using these 
devices differ in circuit detail when operating on a.c. or d.c. 

7.2 A.C. contactors 

A.C. contactors operate from single-phase or three-phase lines. Generally, 
the power semiconductors used for these applications are triacs or 
thyristors, and although thyristors are shown in all the illustrations in this 
section two back-to-back connected thyristors can be replaced by a triac, if 
required. 

Figure 7.l(a) shows the simplest and most frequently used arrangement 
for a full-wave single-phase contactor. With thyristors 1 and 2 

A 

Single-phase Load 
a.c. supply 

B (a) 

A 

3 phase 
a.c. supply 

C 

(bl 

A 

B Load 

C 

(d 
Figure 7.1 A.C. contactors: (a) single-phase; (b) three-phase unidirectional; (c) three phase 
reversing 
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non-conducting the load is effectively isolated from the supply lines A and 
B, if the leakage of the devices is ignored. When thyristors 1 and 2 are fired 
they can be considered as short circuits and the load is connected to the 

Figure 7.l(b) shows a three-phase static contactor. Only one thyristor 
and a reverse diode is required in each line, since one of the lines must 
conduct in the forward direction before any load current can flow. As in 
single-phase contactors, with no thyristor gate drive the load is isolated or 
off, and when the thyristors are turned on the load is connected to the 

If it is required to reverse the supply to the load, for instance where the 
load is a motor and its direction of rotation is to be changed, the circuit of 
Figure 7.l(c) must be used. With thyristors 1 to 6 conducting and thyristors 
7 to 10 off, line A feeds E, B feeds F and C feeds G. To reverse the supply 
to the load, thyristors 1,2 and 7 to 10 are on and thyristors 3 to 6 are off. 
Now A feeds E, B feeds G and C feeds F. It is necessary to use 
back-to-back thyristors, or triacs, in all the lines since if, for instance, 10 
was a diode then firing thyristor 3 would cause a short circuit across lines B 
and C. 

The devices in Figure 7.1 must all be rated to withstand the peak line 
voltage. For 240 V single-phase and 440 V three-phase supplies this means 
peak voltages of 34OV and 63OV respectively. To allow for line transients 
it is usual to employ MOV and 8OOV devices. Additionally, surge 
suppressors must be used between lines and across devices if the transients 
are troublesome. In this context it is perhaps worth noting that the circuit 
of Figure 7.l(b) is protected against reverse voltage transients by the 
diodes. Overvoltage in the forward direction could cause a thyristor to 
break over into conduction for a half cycle, but now it need not be 
damaged and the load may be such as not to be appreciably affected by the 
half cycle of power. 

The current rating of the devices can be calculated as follows, with 
reference to the single-phase circuit. Assuming the line current to the load 
to be given by Z,,&ne when the thyristors are conducting, then the r.m.s. 
line current is given by equation (7.1). 

supply. 

supply. 

IPk 

J2 
= -  

The thyristors carry current for only half a cycle 
rating is given by IT(.v, in equation (7.2), and this 
equation (7.3) by using equation (7.1). 

each, so their mean 
can be simplified to 

1Pk = -  
n (7.2) 
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= 0.45Zms (7.3) 
Therefore each thyristor must have a mean current rating of 0.45 times 

the r.m.s. line load current. Equation (7.2) applies equally well to the 
thyristors and diodes of the three-phase circuits in Figure 7.1, since these 
also carry half a cycle of the line current each. 

7.3 D.C. contactors 
Once conduction has been initiated in a thyristor or a triac it remains on 
until the current decays to zero. This is accomplished naturally in an a.c. 
circuit, owing to the reversal of the supply voltage, but for d.c. contactors 
this voltage reversal must be artificially provided across the power 
semiconductor, for a time in excess of its rated turn-off time. 

d.c. supply 

ov 
+V 

Load 

D3 

d.c. supply I/( 
+A 

fH2 

TH, 
o v  

Figure 7.2 D.C. contactors: (a) and (b) circuit arrangements; (c) waveform across capacitor C 
in Figure 7.2(b) 
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Figure 7.2(a) shows a simple d.c. contactor circuit in which thyristor TH1 
is the main power semiconductor, which is fired to COM& the load across 
the supply. This also permits capacitor C to charge through resistor R with 
plate 1 positive. To turn the contactor off thyristor TH2 is fired, which 
connects C across thyristor THl, reverse biasing it. In effect, C provides an 
auxiliary path for the load current and consequently commences charging 
with plate 2 positive. Provided the time during which THl is reverse biased 
is greater than its turn-off time it will remain off. When TH1 is next fired 
thyristor T H 2  turns off since C is connected across it. This contactor circuit 
has two major limitations: 

(i) It is inefficient, since thyristor THz is conducting during the off period 
and energy is lost in resistor R. This resistor can be made large 
valued, but then the operating frequency is reduced. 

(ii) After thyristor THl is turned on sufficient time must be allowed for C 
to charge to the supply voltage, through R, before thyristor THz can 
be fired to turn it off. Therefore the contactor has a top limit to its 
operating frequency, and the greater the value of R, the lower this 
frequency. 

The contactor shown in Figure 7.2(b) is capable of much higher 
operating frequencies, even under conditions of high load impedance. 
Initially C charges through D3 to the d.c. supply with plate 1 positive. 
Thyristor TH, is now turned on to supply load current. During this period C 
would discharge, owing to the leakage currents of TH2 and D3, had this not 
been compensated for by the current through R1. Therefore this resistor can 
have a large value since it has only to pass the leakage current of two devices. 
To turn TH, off, TH, is fired. Capacitor C resonates with L through TH, and 
TH, and the volage on C reverses, plate 2 being positive. Once again C 
resonates with L through D2 and D,, turning TH, and TH, off. Figure 7.2(c) 
shows the voltage on capacitor C assuming negligible resonant losses. 

The mean current of thyristor TH, is given by the maximum load current 
Ipk, with a peak current, due to resonant discharges, given by equation (7.4) 
where V is the supply voltage. 

The peak voltage of thyristor TH, is given by equation (7.5) 

vpk = v -k lpk J(LI/c) (7.5) 
The maximum turn-off time seen by TH, is given by equation (7.6) 

tom = J(L,C)  [; - sin-' [$ ,/($)I + cos-' [: ,/($-)]I (7.6) 

The mean current rating of thyristor TH2 is low, the peak value being 

Diode Dl passes a peak current of Z,,k and sees a voltage of 
given by VV(C/&). Its voltage rating must exceed V. 

2V+ZP~V(L1IC). 
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The mean current of diode D3 is also small, the peak current being 

Alternative commutation circuits may be used for static switching, and 
VV(C/Ll) at a voltage of V. 

these are illustrated in Chapter 11. 

7.4 Control and protection circuits 

If the load for an a.c. contactor were resistive, it would be sufficient to fire 
each power semiconductor (thyristor or triac) with a single pulse at the 
start of each a.c. cycle, the pulse width being larger than the turn-on time 
of the device. The waveforms for the single-phase contactor are shown in 
Figure 7.3 and are equally applicable to three-phase circuits. For inductive 
loads Figure 7.3(e) shows that there can be up to 90" lag between voltage 
and current. Therefore a pulse to thyristor TH1 at the start of the positive 
half cycle, as shown in Figure 7.3(b), would be ineffective in turning the 
device on, since the load current is still flowing through T H 2  so that TH1 is 
reverse biased. Only when this current has decayed to zero will TH1 be 
able to conduct. 

n fl Gate pulses to TH, (b) 
(c) (I n Gate pulses to TH, 

Reslstlve load current 

0 in thyristor TH, 
in thyristor TH, 

Inductive load current 

(d) 

(e) 

F@rc 7.3 Circuit waveforms for the single-phase a.c. contactor of Figure 7.l(a) 

To enable the a.c. contactor to work on inductive loads it is therefore 
necessary to maintain continuous gate drive for 90". However, it is far 
simpler to fire TH1 and THz simultaneously and continuously for the 
duration of the contactor-on period. This eliminates any requirements for 
synchronising the gate pulse to the supply, the only disadvantage being that 
the gate pulses are now applied to a thyristor when it is reverse biased, so 
increasing its leakage current and hence dissipation. Since the reverse 
voltage is only equal to the forward voltage drop of the other conducting 
thyristor this increase in dissipation is likely to be minimal. Figure 7.4 shows 
methods for obtaining continuous isolated drive to the power semi- 
conductors. Optical couplers can be used with a relatively simple current 
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Figure 7.4Thrce-phase a.c. contactor control: (a) optical couplers; (b) isolating transformers; (c) forwardreverse control 
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source, but since transformers saturate if operated in a d.c. mode they need 
to be driven at high frequency by an oscillator, the a.c. output from the 
secondaries being rectified and smoothed before being applied to the gates of 
the power semiconductors. Figure 7.4fc) shows a modification for driving 
the reversing contactor of Figure 7.l(c), where the forwardheverse control 
protection circuitry ensures that only one of the sets of power drive systems 
can be activated at any time. 

In all the circuits shown in Figure 7.4 the terminal at A deactivates the 
drive circuit and so turns the contactor off. This can be as a result of a 
signal derived from a protection circuit, such as an overtemperature sensot 
located in the load being controlled or an overcurrent detector measuring 
the load or power semiconductor current. It is also relatively easy to sense 
the zero crossing points of the a.c. supply and to ensure that the on control 
is only activated when the supply is passing through its zero point, so that 
radio frequency interference generation is minimised. Therefore the 
contactors driven by the circuits shown in Figure 7.4 would only be turned 
on if control terminals A and C are both active and no fault signals had been 
detected on line D. 

THZ TH2 
+vJTQ THI Tr2 b;' -Devicesfired 

ov 
--I L i n  h n a * - J  

(b) 

Figwe 7.5 Waveforms for slow start: (a) a.c. Contactor; (b) d.c. contactor 

Another feature which can be built relatively easily into electronic 
contactors is that of slow start, so that the supply is gradually increased to 
the load, perhaps to limit the inrush current or to give a slow speed 
increase to a motor. This can be done by gradually increasing or advancing 
the firing point of the power semiconductors over successive half cycles, on 
first start-up, as shown in Figure 7.5(a). It should be noted that the 
contactor is now no longer a simple on-off switch but is more a 
variable-voltage a.c. line control device, as described in Chapter 8. 

Although the continuous gate drive circuits shown in Figure 7.4 can be 
used for d.c. contactors, these have a simpler semiconductor drive 
requirement since the gate pulse need only be maintained for the length of 
time needed to allow the load current to rise above the device latching 
current. Simpler transformer-coupled pulse circuits can now be used, as in 
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Figure 7.6, the odoff control terminal ensuring that the main thyristor is 
fired for the start of the on-cycle and the auxiliary thyristor for the start of 
the off-period. As before, protection signals, such as overtemperature and 
overcurrent, can be fed in to turn the contactor off, and slow start can be 
incorporated as in Figure 7.5(b) by gradually increasing the mark-to-space 
ratio of the load voltage. 

Smart power devices are available from several manufacturers for static 
switching applications. A commercially available device, which uses a 
MOSFET as the power device, is shown in Figure 7.7. It is available in a 
TO220 package and is rated at vd, of 50 V and an Id, of 1 1  A. A signal on the 
input terminal controls the on and off state of the power transistor TR,. 
However the device is protected from excessive input voltage, including that 
generated by ESD, by zener diode D,. 

The device is also protected from over current and high temperatures. An 
internal d.c. reference Vf is applied to the two comparators C1 and Cz, the 
other input to the comparators coming from a current sense resistor and an 
on-chip temperature sensor. An over current or high temperature will cause 
the flip flop F, to latch. This will turn off transistor TR2 and turn on TR,, so 
that the power MOSFET is rapidly turned off. The flip flop can be reset by 
holding the input signal low for a specified minimum time. 



Chapter 8 

A.C. line control 

8.1 Introduction 

The power flowing in an a.c. line can conveniently be controlled by series 
resistors, although this method is inefficient, so that for all but the lowest 
power levels transformers or variacs are used. 

The thyristor a.c. line regulator was introduced in Chapter 6. This is 
relatively efficient since it works on the principle of blocking unwanted 
power, rather than dissipating it across the control device, and it also gives 
a system which is physically smaller and lighter than conventional methods. 
This is especially true when the power being handled is large, as is evident 
when comparing a 1 kV 1 kA thyristor a.c. regulator with an equivalent 
auto-transformer. 

Static switching, described in Chapter 7, is a method of a.c. line control, 
although in this case the control is either on or off, there being no facility 
for continuously varying the amount of power flowing from the supply to 
the load. These variable systems are described in the present chapter. 
Phase-control techniques give the simplest a.c. regulating system and are 
best known. However, there are three other methods by which thyristor 
control of a.c. lines is possible, namely a.c. chopper control, integral 
half-cycle regulation and synchronous tap changing. These are described in 
the sections which follow. 

8.2 Phase control 
8.2.1 Singic-pBose circuits 

Figure 8.1 shows three typical single-phase control systems with their 
circuit waveforms. The two-thyristor circuit of Figure 8.l(a) is the simplest, 
and if a triac is used in place of the two thyristors shown only a single power 
component is required. The circuit of Figure 8.l(b) uses two extra diodes 
compared to the basic two-thyristor system. This increases its cost and 
reduces the efficiency since for any conduction path there is now a series 
thyristor and diode. It has the advantage that the cathodes of the thyristors 
are commoned, so the gate drive circuit is simplified. 

Referring to the circuit of Figure 8.l(b) and the waveforms given in 
Figure 8.l(d), at time to input line A goes positive to B, and since thyristor 
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Resistive A3q load 

0 D 
(a) D l  D2 

C 
A 

TH1 THz Resistive 
load 

D 
B 
(b) 

Figure 8.1 A.C. line phase control for a resistive load (a)-(c) circuit arrangements; 
(d) waveforms 

TH1 is off no load current can flow and the load voltage is zero, the supply 
voltage now appearing across the section AC. When thyristor TH1 is fired 
at time tl current flows through it and diode D2 to the load. Similarly, in 
the negative half cycle, the firing of TH2 is delayed by (Y from the zero 
voltage point. It is evident now why this system is called 'phase control', 
since it controls the phase, 01 in Figure 8.l(d), between the start of the 
supply voltage and the start of the load current, in order to vary the power 
flowing to the load. 

Figure 8.l(c) shows an alternative system which uses only one thyristor 
and a diode bridge. The waveforms of Figure 8.l(d) sti l l  apply, although it 
must be kept in mind that the voltage across the thyristor is now never 
negative, due to the action of the diode bridge. Therefore with line A 
positive, thyristor TH1 conducts from tl to t2. At time t2 the load voltage is 
zero and the thyristor must turn off. If this does not happen then, as soon 
as the supply reverses, the voltage across the thyristor will become 
positive, turning it on, and delay period t2 to t3 will be lost. This loss of 
control is most likely to OCCUT on inductive loads. 

Another disadvantage of the arrangement of Figure 8.l(c) is that there 
are voltage losses across three devices in any direction, two diodes and one 
thyristor, so the efficiency is lower than in the other two circuits of Figure 
8.1. For high-voltage systems this may not be important and the circuit can 
often prove cheaper, since the diode bridge is lower cost than high-voltage 
thyristors, and the gate-firing circuit is also simplified since only one 
thyristor is used. 
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To derive the rating of the devices let Vbe the r.m.s. input voltage to the 
a.c. lines, R the load resistance, and a the firing angle delay. Then the 
r.m.s. current rating of each thyristor and diode in Figures 8.l(a) and 
8.l(b) is given by equation (8.1). 

I” = - V [1--+- a sin 2a 
J W R  n 2 J t  

For Figure 8.l(c) the diodes conduct only in each half cycle, so that their 
rating is given by equation (8.1), but the thyristor conducts during both 
half cycles so equation (8.1) must be multiplied by a factor V 2 .  If a triac is 
used in Figure 8.l(a) in place of the two thyristors then it also carries 
current in both half cycles, and the same multiplying factor must be used 
when obtaining its rating. 

It was mentioned in Chapter 1 that thyristor ratings can conveniently be 
obtained on an r.m.s. basis, except at very low conduction angles. At these 
control settings the ratio of peak to r.m.s. current is large and care must be 
taken not to exceed the repetitive peak current. All devices must be rated 
to withstand a peak repetitive voltage of V q 2 .  

The r.m.s. load voltage and currents are similarly given by equation (8.2) 
and it is seen from these equations that for a = 0 the values of current and 
voltage are those of the sine wave input. ” 

V ,  = [ 1 Jr [ V 4 2 )  sin’ 0 de] 
a 

1” 
L J 

The load voltage and current waveforms shown in Figure 8.l(d) are rich 
in harmonics, and Figure 8.2 gives the Fourier analysis of the spectrum up 
to the seventh. Where load harmonics must be minimised a.c. chopper 
regulators are preferred, as described in Section 8.3. 

It was mentioned in Chapter 6 that for inductive loads the control 
thyristors do not cease conduction when the input voltage reverses, but are 
kept on by energy stored in the load, which is fed back to the supply. 
Figure 8.3 shows the modified waveforms for a series resistance-induct- 
ance load of power factor angle +. Thyristor TH1 in Figure 8.l(a) is fired at 
time t l ,  which causes the load current to flow, the rising edge of the current 
being slower than for a purely resistive load. Thyristor THI is kept 
conducting until time tZl, energy flowing from the load to the supply from 
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Figure 8.3 Waveforms for single-phase a.c. line phase-control system with a series 
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time t2 to t21. The load voltage remains at zero until TH2 is fired at time t3. 
Clearly if a<+, the load current and voltage will be sinusoidal. 

When the load consists of a parallel resistive-inductive combination the 
circuit waveforms are modified as in Figure 8.4. When TH1 is fired at t2 the 
load current rapidly increases in the resistive component and more slowly 
in the inductance. At f3 the load voltage reverses but TH1 is kept 
conducting until t4, the thyristor then turning off. The load voltage does 
not fall abruptly to zero, as in Figure 8.3, but follows a gradual decay as the 
inductive energy is dissipated in the resistive load. Depending on the load 
power factor and the firing angle, the load current may not have decayed to 
zero before TH2 is fired at t5 as shown in Figure 8.4. 

Thyristor currents 

Figwe 8.4 Waveforms for single-phase a.c. Line phase-control system with a parallel 
resistive-inductive load 

Generally, the performance factors of a circuit do not differ appreciably 
between resistive and inductive loads. For instance, the harmonic curves of 
Figure 8.2 are still approximately correct on inductive loads, but the 
harmonic content decreases with reducing power factors. The peak of the 
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third harmonic will also now shift to slightly higher firing angles. The r.m.s. 
thyristor current and load voltage for a series resistance-inductance load 
are given by equation (8.4). 

M 
sin (’ - a) COS (a + x + +)}I (8.4) 

v 1 x - a  
ZT(rms) = z [T {y - JcCOS+ 

I” (8.5) 
x - a - sin (x - a) cos (x  + a) 

Jc 
v, = v 

Z is the load impedance and the cut-off angle x, in Figure 8.3, is given by 
equation (8.5). 

sin ( x  - +) - sin (a - +) exp {-cot + ( x  - a)} = o (8.6) 

Figure 8.5 shows plots of the variation of the r.m.s. load voltage for 

As in most power semiconductor circuits, it is necessary to guard against 
resistive and inductive loads. 

two effects: 
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Phase control 163 

(9  

(ii) 

dddt. When the load is capacitive a rapid rise in charging current can 
occur on initially turning on the power device. This dYdt effect can 
destroy the semiconductors by causing local hot spots, even though 
the r.m.s. current rating has not been exceeded. When the load is a 
transformer stray capacitance across it would produce the same 
effect. In all such cases a linear or saturable reactor, in series with the 
power semiconductor, can be used to slow down the rate of current 
change. 
dv/dt. Referring to Figure 8.l(a) and Figure 8.3, it can be seen that 
"HI conducts from period tl to fzl, the voltage across T H 2  being 
negligible during this period. At tZ1 thyristor THl goes off and the 
voltage across TH2 rises rapidly to the value of the input line voltage 
at this point. This dvldt effect can cause the thyristor to switch on and 
conduct, even in the absence of a gate signal. The effect is more 
pronounced when triacs are used, since the device will have been 
conducting in the previous half cycle before it sees the dv/dt rise 
during its off period. It can be damped by R-C circuits across the 
power semiconductors, which reduce the rate of rise of voltage but 
also increase the turn-off time of the components. 

8.2.2 Three-phase circuits 
The single-phase circuits shown in Figure 8.1 can be converted into 
three-phase lines in a variety of ways, a few examples being shown in 
Figure 8.6. The connection of Figure 8.qa) resembles the single-phase 

Y R , 6 1 " 1  -22 LLa 

0 0  
L C  aS 

B v ) O  

02 

(4 
B Y R ULoad B 

(a) 

(4 
Figure 8.6 Three-phase a.c. line control circuits: (a) open delta; (b) six-thyristor; 
(c) thyristor/diode; (d) half-wave delta 
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system almost exactly and the same equations and circuit waveforms are 
applicable. It produces the lowest voltage harmonics over most of the 
control range, but is restricted for use with open-star connected loads. The 
circuit of Figure 8.6(b) is also similar in operation to the single-phase 
systems. Thyristors are fired in pairs, spaced 120" apart, in order to give the 
required phase sequence output, the load current flowing from a more 
positive to a negative phase. A typical sequence of conduction could be Bl 
Y2 R1, Y2 R1 B2, R1 B2 Y1, B2 Y1 R2, Y1 R2 B1 and R2 B1 Y2 over a 360" 
period. 

The control system shown in Figure 8.6(c) uses one thyristor and a diode 
in each line. It has no counterpart in a single-phase circuit since the diode 
would then supply load current during a complete half cycle, although for 
three-phase systems the diode cannot conduct unless a thyristor in a more 
positive line has been fired. This circuit is simpler to use since only the 
thyristors require gate pulses, the diodes conducting automatically. The 
circuit shown in Figure 8.6(d) is the simplest, since it only uses three power 
components, but now each device has to carry a higher current than in the 
other circuits, the current flowing in the components for 2400 in every 
cycle, at full load. Table 8.1 summarises the device ratings for the circuits 
shown in Figure 8.6. 

Tabk 8.1 Device ratings for the tbree-pbsllc drepltr 0tFigw-e 8.6 
~ ~ ~ ~ _ _ _ ~  ___ 

Circuit Thyristor voltage Thyristor 1.rn.s. current Full control dekay 
n d c r  (percentage of a.c. line) (percentage of ax .  line) angle (degrees) 

8 4 4  141.4 
122.5 
122.5 

8.6(d) 141.4 

8WJ) 
8.6(c) 

40.8 
70.7 
70.7 
76.6 

180 
150 
210 
210 

Figure 8.7 gives the variation of r.m.s. line voltage with firing angle for 
Figure 8.6(b). It is essentially similar to the single-phase operating curves 
but is limited to lower control angles. Another peculiarity of three-phase 
systems is that the neutral point voltage will vary with the conduction 
angle, owing to imbalance in the instantaneous phase voltages, and when a 
neutral line is present a current will flow. Figure 8.8 illustrates the 
waveform of this current for the arrangement of Figure 8.6(b) when a 
four-wire star-connected load is used. Clearly, the imbalance is the greatest 
at delay angles of 90", which is illustrated in Figure 8.9, where the neutral 
current is then seen to be equal to the line current. 

The harmonics generated in three-phase circuits have shapes similar to 
those of single-phase circuits although, as expected, they have a lower 
value and the harmonic present varies with the configuration. Figure 8.10 
shows the plot of harmonics for the three-phase controller of Figure 8.6(b). 

8.2.3 Control circuits 
The essential features of a firing circuit for phase control are shown in 
Figure 8.11. The detector senses the zero voltage points of the input lines, 
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Flgwe 8.7 Variation of r.m.s. load voltage with firing angle for the three-phase control circuit 
of Figure 8 4 b )  

or some other reference, the delay circuit providing a variable setting from 
this reference, after which the gate drivers are energised to turn the power 
semiconductors on. 

The detector could be used to sense the voltage across the thyristors and 
begin the delay from the instant the previous thyristor goes off, although 
for inductive loads this can lead to asymmetry in the firing point. For 
example, in Figure 8.l(a) suppose that the load is inductive and that, due 

Mn a-90' 

-8.8 Neutral current waveforms for the three-phase circuit of Figure 8.qb) with B 
star-connected resistive load 
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Figure 8.11 Phase-control circuit block diagram 

to momentary imbalance, TH1 is kept conducting slightly longer than TH2. 
This will mean that the timing delay for TH2 will start from a later point, 
still further increasing the asymmetry in the two-thyristor gate drives. This 
effect will build up over several cycles until eventually THI is almost fully 
on and TH2 fully off. Therefore sensing the input ax.  lines directly is 
preferred. 

Gate drive requirements have already been introduced in Chapter 7. 
With inductive loads it is essential to apply gate drive to the power 
semiconductors for a time in excess of the load phase angle. Therefore in 
Figure 8.3 thyristor TH2 is conducting at time to and if THl is fired at this 
point (a = 0) it will not turn on since it is reverse biased. At to1 thyristor 
TH2 goes off, but TH1 will not come on unless it is refired, or the gate pulse 
which was applied at r,, is maintained up to this point. 

Several different methods may be used to obtain variable phase delay, as 
shown in Figure 8.12. In the simple R-C circuit of Figure 8.12(a) the 
voltage across the resistor leads that across the capacitor by !No, as in the 
phasor diagram of Figure 8.12(b), so giving the delay a between the input 
and output voltages. As the resistance is increased the value of VR 
increases, leading to a larger delay angle. Although theoretically this 
circuit could give a delay between zero and W, practical considerations 
limit it to between 10" and 80'. The extended R-C phase shift circuit 
compares the voltage across two sets of potential dividers and, as shown by 
the phasor diagram of Figure 8.12(d), the delay angle can now vary from 
theoretical limits of zero and 180". 
An alternative approach to phase shifting is the ramp and pedestal 

circuit shown in Figures 8.12(e) and 8.12(f). The pedestal voltage Vp is 
variable and is used to change the delay angle, whilst the trigger voltage, at 
which the gate drivers of Figure 8.11 are energised, is fixed. The input 
voltage Vm is a sample of the a.c. line voltage, and whilst this voltage is 
negative the pedestal voltage Vp is in effect shunted by diode D. At time to 
the line voltage is assumed to go positive, indicating the start of the timing 
cycle. The capacitor voltage rises rapidly to the value at Vp and then builds 
up more slowly as it charges through R until the trigger point voltage is 
reached at time tl when the power semiconductors are fired. Clearly, the 
trigger delay can be varied by control over the pedestal voltage, or both the 
pedestal voltage and the slope of the ramp (resistor R), the ramp also being 
made linear by use of a constant current-charging circuit. 

A modification to the ramp and pedestal circuit is shown in Figure 
8.12(g) in which the ramp is fixed, but instead of a pedestal the trigger 
point voltage is adjusted to vary the turn-on delay of the power 
semiconductors. Because of the popularity of phase-control circuits many 
integrated circuits are available which provide sophisticated systems 
on a chip, and for these the ramp and pedestal and variable trigger 
threshold systems are easier to implement than phase-shift circuits. 
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Figure 8.12 Phase-delay circuits: (a) and (b) simple R-C phase shift; (c) and (d) extended R-C 
phase shift; (e) and ( f )  ramp and pedestal; (g) variable trigger threshold 
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8.3 A.C. chopper regulation 

Regulation of the a.c. power to a load by phase-control methods, as 
described in the previous section, has several disadvantages, one being the 
high harmonic content in the output, which is especially evident at large 
delay angles. An alternative to phase control is chopper regulation, which 
is illustrated in Figure 8.13. 
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S. 

prrvC8.13 A.C. cbopper regulation: (a) circuit; (b) waveforms 

When the power semiconductor switch S1 is closed, for a period f c ,  
power is supplied to the load from the 8.c. supply, and the magnitude of 
the load voltage is equal to the a.c. source, provided the drop across SI is 
neglected. For an inductive load S, must be closed when S1 opens, the load 
current free-wheeling in S, and its voltage is low. Assuming that S1 is open 
for period to the load waveforms are as in Figure 8.13(b), in which the 
mean load voltage is controlled by changing the on period during an 
operating cycle, i.e. t&,+f,). The output voltage functionis given by 
equation (8.7) where k is the ratio of the chopper pulse width to the chopper 
period, i.e. fJ(f,+t,), the input a.c. voltage is ,/ (Vsinw,f), and 2Ww2 is the 
chopper period. 
V = J(2) k Vsin wit 

sin nk {sin (wl + n q ) t  - sin (a1 - n q ) r }  (8.7) 
n 1 

The relative harmonics are plotted in Figure 8.14, from which it is seen 
that the power frequency output varies linearly with k. The lowest 

Chopper pulse widthlchopper period (k) 
plpl* 8.14 Humonic content of a choppbd sine wave 
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harmonic is approximately equal to the chopper frequency and can be 
filtered out relatively easily for high chopping frequencies. 

A.C. chopper regulation has two basic advantages over phase-control 
techniques: 
(i) The speed of response is faster. This is so since a chopper can be 

turned on or off at any instant in the a.c. cycle, whereas in 
phase-controlled circuits once the power switches have been turned 
on they will go off only when the supply voltage has reversed. 

(ii) The harmonic content is lower, which is evident when comparing the 
load current waveforms given in Figure 8.13 with those in Figure 8.3. 
For low voltages the phase-control circuit produces a series of short 
current pulses, spaced 180" apart, whereas for chopper regulation the 
waveform can still be made to approximate to a sine wave, provided 
the chopping frequency is relatively high. Figure 8.15 shows the plot 

0.8 - 

- 

- 

- 

0 0.2 0.4 0.6 0.8 1 .o 
Duty cycle 

F@m 8.15 Power factor curves 

of effective power factor, assuming a resistive load, against duty 
cycle, which is fLj(rc+ro) for chopper regulators and (n-a)/n for 
phase-controlled circuits. This graph shows that the chopper 
regulator has a higher power factor below 50% duty cycle, whilst 
above this value the phase-controlled waveform is superior. The 
difference at these higher voltage settings is not large, so that overall 
a chopper regulator gives a better performance. 

(i) Higher cost due to more elaborate control and power circuitry. 
(ii) Greater radio frequency interference generation, since the chopping 

is performed several times per cycle. 

The disadvantages of chopper regulators are principally: 
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The gate turn-off switch and transistor are ideally suited for use in a.c. 
chopper regulators, since they can be turned off by control of their gate or 
base current. Where the power of a thyristor is required the device needs to 
be turned off before the end of a half cycle, Le. it must be forced 
commutated. Several circuits may be used, as discussed in Chapter 11, 
Figure 8.16 showing one system which is ideally suited to a.c. chopper 

Flpre 8.16 A.C. chopper regulator thyristor arrangement 

regulation. Thyristors TH, and TH2 perfom the function of the series switch 
SI,  and TH3 and TH4 replace parallel switch S2. Capacitors C1, C2 and 
centre-tapped inductor Lo operate such that when a series thyristor is fired its 
corresponding parallel thyristor is turned off, and vice versa. For instance, 
suppose line A is positive to B and thyristor TH2 is conducting, so that 
capacitor C2 charges to the peak supply voltage. To turn the series thyristor 
off TH4 is fired, discharging C ,  through the lower half of Lo, which couples 
a pulse to TH2, turning it off. 

The rating of the series power switches, on resistive load, can be 
obtained by an integration of the voltage waveform, the r.m.s. value being 
given by equation (8.8). 

The rating of the shunt power switches depends largely on the power 
factor of the load. They are usually made comparable in size to the series 
devices, to allow for inductive loads operating on a 50% duty cycle. 

A.C. chopper regulators are primarily used in applications which require 
a sine wave output, since their harmonic content is then more easily 
filtered out than in comparable phase-controlled circuits. Owing to the 
higher frequency harmonics involved, the filter section can be relatively 
simple, consisting essentially of a series band stop section, which removes 
the fundamental chopper frequency, followed by a low-pass section, which 
filters out higher-order harmonics. 

The control circuit for a chopper regulator, which is designed to produce 
a stabilised sine wave output, is given in Figure 8.17. The a.c. supply is 
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Figure 8.17 Control circuit for ax. chopper regulator 

chopped before being transformed to the required voltage level, and it is 
then filtered and fed to the load. The sensed voltage, fed back from the 
load to the comparator, may be a.c. or d.c.; if a d.c. signal is required the 
load voltage first being rectified and smoothed. A d.c. reference voltage 
also feeds the comparator, which produces an error signal to the control 
signal generator. This modifies the firing of the thyristors, so as to change 
the pulse width of the a.c. output and correct the error between the output 
voltage and its reference. 

This control method produces an output voltage whose mean or r.m.s. 
value is monitored with reference to a desired input, having no control 
over the shape of the sine wave. The system also has a slow response speed 
owing to the delay introduced by signal rectification and smoothing. This 
disadvantage can be overcome by feeding a sine wave a.c. reference, 
derived from the a.c. power source, to the comparator, along with an a.c. 
signal fed back from the load. A comparison then occurs between 
instantaneous values of output and reference, such that if the output is 
greater, the parallel switch is operated, whilst if it is less, the series switch is 
closed to deliver more power to the load. The chopping frequency will now 
be variable. Apart from removing the delay in response speed, this system 
also causes the instantaneous output to follow the a.c. reference voltage to 
positive or negative limits which are determined by the gain of the overall 
system. 

8.4 Integral half-cycle regulation 

One of the disadvantages of phase control and chopper regulation 
techniques is that the power switch can be caused to turn on when there is a 
relatively large voltage across it, which results in a sharp increase in load 
current, with the possible generation of radio frequency interference. This 
effect can be minimised by the use of filters, but if the power levels being 
handled are large the filters can be bulky and expensive. Alternative 
techniques, known as zero voltage switching or integral half-cycle 
regulation, can then be used. 

The principle of zero voltage switching consists in turning on a power 
switch at the beginning of a half cycle or not at all, the load voltage 
build-up then following the sine wave of the supply voltage. Therefore the 
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main cause of interference is removed and no suppression filters are 
required. The power supplied to the load is controlled by regulating whole 
half cycles of the supply voltage, there being two main methods by which 
this is done, as illustrated in Figure 8.18. For burst firing the power 
switches are either fully on or fully off for the whole duration of the sensing 
period. For instance, if the temperature of an oven is being controlled, the 
power switches will be on when the oven cools below a reference setting, 
and power will be supplied to the heaters causing the oven temperature to 
rise. When this temperature exceeds the desired value the power switches 
turn off and remain off until a lower temperature limit is again reached. 

Burst firing or odoff control systems are suitable for high-inertia loads, 
such as heating, but are not suitable for lighting or motor control since the 
operating frequency is too low. In these instances proportional control, 
also known as cycle syncopation, is used, the system working on a fixed 
period, measured in numbers of cycles or half cycles. Figure 8.18(b) 
illustrates a system in which this period is five cycles. To regulate the power 
the on-to-off duty cycle within this periodic time is varied. Once again this 
change can be in half cycles or in cycles, the important consideration being 
that the power device turns on as close to the start of the half cycle as 
possible. 

60% on 

Fully off 

(b) 
Figure 8.18 Operating modes for zero-voltage switching control 
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Figure 8.19 Control characteristics for zero-voltage switching systems: (a) burst f ~ n g ;  
(b) proportional control 
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The difference between burst firing and proportional control is one of 
detail only, both being very similar in principle. Burst firing control 
systems have a large gain, as illustrated in Figure 8.19(a), so that the power 
switches are either off or on. Although satisfactory for many applications 
this high gain can in some cases lead to problems of instability, commonly 
known as hunting. To overcQme this the system gain is reduced, as in 
Figure 8.19(b), so as to introduce a proportional band. Within this band 
the controller is able to anticipate the future state of the controlled 
parameter and to adjust the duty cycle of the thyristors accordingly. The 
width of the proportional band is important; if it is made too large the 
system will be sluggish and reach its final state slowly; if it is too narrow 
there will be large overshoots about the required setting, as in burst firing. 

Irrespective of the method of control used, the mean power and r.m.s. 
voltage are dependent on the power switch duty cycle. If V is the r.m.s. 
input voltage and P is the power in the load with the supply uncontrolled, 
then the controlled voltage V,  and power Pc are given by equations (8.9) and 
(8.10) where t is the power switch conduction period, expressed in units of 
time or number of half cycles or cycles of the input voltage waveform, and 
T is the operating period, in the same units as f. 

Pt 
T P, = - (8.9) 

M 
v, = v [4 (8.10) 

There are many circuits that may be used to control thyristors operating 
in a zero voltage switching mode. They all have three basic sections: 
(i) A power supply stage to drive all internal amplifiers and feed the gate 

energy to the power semiconductors. 
(ii) A zero voltage-detecting stage, which senses the instant of zero 

supply voltage. This stage releases the power amplifiers for a short 
duration around this cross-over point so that they may trigger the 
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power semiconductors if required, or operate some other more 
continuous drive circuit. 

(iii) An amplifier stage which magnifies the control signal to provide the 
drive needed to turn the power switches on. 

As for phase control there are several integrated circuit devices available 
which provide a convenient method for obtaining integral half-cycle 
regulation, using both burst and proportional control techniques. 

8.5 Synchronous tap changer 

In systems which have an output transformer and require only small 
adjustment of the voltage, synchronous tap changing is often preferable to 
ordinary phase control. Figure 8.20 shows a typical system and its output 
waveforms. 

Flgwe 8.20 Synchronous tap changer 

At time to input line C goes positive and thyristor TH3 is fired. After a 
delay (Y thyristor THl is turned on, which reverse biases TH3 and turns it 
off. The output voltage jumps to the new value of input, until at tz thyristor 
THl goes off, assuming a resistive load. Thyristor TH4 is fired at fz 
followed by TH2 at 4 to complete the negative half cycle. By moving 
through one complete tapchanging sequence synchronously with the 
supply voltage, natural commutation of the thyristor is possible. The values 
of A and a determine the output voltage as a function of input V. Although 
A is fixed for a given system, adjustment of the load is possible by varying 
a, the r.m.s. output voltage being given by equation (8.11). 

P 

V, = [$ I, (AVsin20)2d0 + 

(8.11) 
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The r.m.s. current rating of the thyristors depends on the conduction point 
a and is given by equation (8.12) for TH3, TH, and by equation (8.13) for 
THl, TH2, where R is the load resistance. 

4 f r  [: z=(,,,,~) - - - - {sin 2a - 2a) + 2x3 
2R 

(8.12) 

(8.13) 

The voltage rating of devices need only be (1-A)V since with one or 
other arm always conducting the transformer tap voltage appears across 
them. 
This control method produces a lower distortion than traditional 

phase-control techniques, the Fourier series of the output being given by 
equation (8.14), the values Of Un and bn being given by equations (8.15) and 
(8.16) respectively, for n equal to 3, 5 ,  7, and so on. 

a0 
VO = y + (uncosnot + b,sinnot) 

L 

[cos acosna + n sin a sinnar - 11 2V(1 - A)  
an = 

II (1 - n2) 

[cos a sin Ita - n sin a cos na] 
2V(l - A) 

b, = 
II (1 - n”) 

(8.14) 

(8.15) 

(8.16) 

From this equation the magnitude of any harmonic for a fixed value of a 
and A can be found. Harmonics may be reduced by increasing the number 
of tapping points at the expense of increased circuit complexity. 
Fundamental coefficients are given by equations (8.17) and (8.18), the 
amplitude of the fundamental being given by (8.19). 

2V(1 + A) sin’a 
2n a1 = (8.17) 

(8.18) 2V(1 - A)[(asin2a - cos’a) - sinacosa] 
2.n 

61 = 

[a: + b:l% (8.19) 

The operation of the circuit shown in Figure 8.20 becomes slightly more 
complicated on inductive load. For example, at r2 thyristor TH1 is 
conducting. Even though the line voltage now reverses, this thyristor will 
be kept on by the stored energy in the inductive load. To turn it off and so 
limit the output voltage to AVsin0, thyristor T H 3  is turned on. This means, 
however, that provided TH3 is still on, thyristor TH2 cannot be fired at r3, 
as would normally be done, or it would short-circuit through TH3. 
Therefore although the control circuit for the thyristors is very similar to 
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the usual phase-control systems described previously, it is now necessary to 
sense the load current as well as the zero voltage cross-over points and to 
inhibit the firing pulses if danger of short circuit exists. 

Clearly, the system of Figure 8.20 can be extended to a greater number 
of taps if these were available on the output transformer. Generally, 
synchronous tap changing is used if an output transformer is available and 
only a limited range of control is required. Phase control is the most 
commonly used system and the simplest. Where load power being 
controlled is large and radio frequency interference requirements 
stringent, as for domestic heating applications, integral half-cycle control is 
preferable, provided the load has a relatively large inertia. A.C. chopper 
control finds application primarily on special systems where speed of 
response and minimisation of harmonics are essential. 



Chapter 9 

Phase-controlled rectification and 
inversion 

9.1 Introduction 

Controlled rectifier circuits had been in use long before power 
semiconductors were invented, the control element being the mercury arc 
rectifier, although these have now almost entirely been replaced by the 
semiconductor switch, primarily the thyristor. 

Phase-controlled rectification and inversion was introduced in Chapter 
6, and although the principle is fairly simple there are a bewildering 
number of different combinations which exist in practice, some of these 
being described in this chapter. All these circuits can usually be divided as 
follows: 
(i) Bi-directional or unidirectional converters. 
(ii) Each of the above converters can then be either push-pull or bridge 

in configuration, the push-pull arrangement requiring an input 
transformer. 

(iii) All these converters can have any number of output pulses, the pulse 
number usually being related to the number of phases of the input 
a.c. supply. The higher the pulse number, the lower the ripple 
content in the output d.c. voltage. 

Bi-directional converters are capable of inversion in addition to 
rectification, and this is often a desirable feature. Where it is not required 
unidirectional converters can be used, the resulting circuit being cheaper 
and having a smaller d.c. voltage ripple and input ‘wattless’ current 
content. 

Push-pull circuits have the advantage that there is only one conducting 
device in series with the load, which was much more of an important 
consideration when mercury arc rectifiers were used, since they could have 
arc drops of 30V or more. However, modern thyristors lose only a volt or 
two, so that this is important only when working from abnormally low 
supply voltages. Generally, bridge circuits have better transformer 
utilisation and are more frequently used. 

The present chapter first describes the principles of unidirectional and 
bi-directional converters, followed by the effects of discontinuous load 
current and source reactance on their operation. The performance factors 
used in the analysis of these converter circuits are then obtained, and the 

178 
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chapter concludes with a description of gate-control and voltage- 
multiplication circuits, which is a special application of rectification. 

9.2 Bi-directional converters 

Perhaps the simplest bi-directional a.c. to d.c. converter is that shown in 
Figure 9.1. The thyristor is capable of supplying power only during half a 
cycle, when supply line A is positive with respect to B, so that this is a 
half-wave controller. On resistive loads the supply current follows the 

B 

Supply voltage 

fb) 

fd) 
SUPP~V and SUPPIY voltage 

Rlpre 9.1 Half-wave bidircctiond converter: (a) circuit arrangement: (b) and (c) resistive 
load waveforms; (d) and (e) inductive load waveforms 

shape of the input a.c. voltage when the thyristor is conducting. When the 
thyristor is off the load current and voltage are zero, if the leakage through 
the device is neglected. Clearly, the delay angle 01 can be used to regulate 
the value of the mean d.c. output voltage. The operation of the circuit on 
inductive loads changes slightly. Now when the thyristor is fired, at bl say, 
the load current will increase in a finite time through the inductive load. At 
tl the supply voltage reverses but TH1 is kept conducting while the load 
energy stored during time bl to tl is fed back to the supply. The load 
voltage goes negative, following the reverse half cycle of the supply 
voltage, and at tl1 the load current falls to below the holding current of 
thyristor THI and it goes off. 

The half-wave circuit of Figure 9.1 is not normally used since it produces 
a large output voltage ripple, and is incapable of providing continuous load 
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current. There are several ways in which it may be extended to full-wave 
operation, generally these systems falling into two groups: 
(i) Push-pull converters, which require a tapped transformer input. 
(ii) Bridge converters, where an input transformer may be used but is not 

an essential requirement for correct system operation. 
Figure 9.2 shows the circuit of a push-pull bi-directional converter and 

Figure 9.3 gives its operating waveforms. It is assumed here that the load 
current is maintained at a constant d.c. value through the operating cycle. 
T1 is a centre-tapped transformer whose turns ratio may be adjusted to give 
any primary to secondary voltage change. When terminal A of the a.c. 
supply goes positive THl is forward biased and when the supply polarity 
reverses TH2 becomes forward biased. When either thyristor conducts, the 
load voltage equals the instantaneous a.c. voltage across half the 
transformer secondary winding. 

A.C. supply 3 

Figure 9.2 Push-pull two-pulse bi-directional converter 

Referring to Figure 9.3(a), the thyristors are fired at the commencement 
of the a.c. cycle and, as far as the circuit is concerned, they behave exactly 
like diodes. The supply current is assumed square (ripple-free load 
current) and is composed of a fundamental and various higher harmonics. 
The fundamental of the current is in phase with the input voltage, so that 
the system behaves like a unity power factor load. 

Figure 9.3(b) shows a delay of a between the start of a positive half cycle 
and the firing of the corresponding thyristor. Therefore before to thyristor 
TZIz was conducting, and when the supply voltage reverses at this point it is 
kept in conduction due to inductive load current, even though the voltage 
is negative. This is a regenerative period and power flows from the load to 
the supply. The voltage across TH1 is positive and, referring to Figure 9.2, 
it is seen to betqual to the combined voltage across both halves of the 
secondary transformer winding, Le. twice the load voltage. At tol thyristor 
THl is fired, the voltage across TH2 now equalling that of the two halves of 
the secondary winding, and since it is negative this thyristor turns off. TH1 
now conducts up to tll when thyristor TH2 is refired. During tol to tl power 
is fed from the supply to the load and from tl to tll it is fed from the load 
back to the supply. 
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Figure 9.3 illustrates the circuit waveforms for progressively increasing 
delay angles, the following being noted from these curves: 

6)  

(ii) 

For delay angles up to 90" more power is fed into the load than is 
received back from the load, and beyond this point there is a net 
transfer from the load to the supply. This cannot be maintained 
continuously unless the load is provided with a suitable d.c. power 
source. 
Each thyristor conducts for a 180" period and the shape of the input 
current waveform is unchanged. However, the phase angle 
between the fundamental component of this current and voltage 
input changes such that c$ = a. That this is necessarily true can be 
verified at a = W, where there are now equal periods of power flow 
in both directions between the load and the supply. As far as the 
supply is concerned, therefore, the load is purely inductive and the 
phase angle + must be 900. A converter, even though itself consisting 
of a fixed value of resistance and inductance, will therefore present a 
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varying load power factor as the firing angle is changed. For net 
rectification this power factor is lagging, although for inversion it 
changes to leading. 

(iii) The mean d.c. load voltage decreases as the firing angle (Y is 
increased, and beyond 90" delay the voltage goes negative, reaching a 
peak negative value at 180'. Clearly, for a.c. to d.c. rectifier systems 
the negative voltage period is undesirable. 

(iv) The value of the d.c. ripple voltage also increases as the firing angle is 
increased, up to 90" delay. Beyond this point the ripple in the 
negative voltage decreases as (Y is increased to 180'. 

(v) The period for which a thyristor is reverse biased reduces 
progressively as the delay angle increases to 180". A thyristor must, of 
course, be reverse biased for greater than its turn-off time in order to 
be successfully commutated. Therefore the maximum delay angle can 
never be raised to 180" and for practical systems it is normally limited 
to about 165" on SoHz systems. If a thyristor is not successfully 
commutated it will commence conduction the instant its anode 
voltage goes positive and so provide a complete half cycle of power to 
the load. There will therefore be an abrupt change in the converter 
operating mode from almost full inversion to full rectification. 

Push-pull converter circuits are popularly used in applications which 
require an input transformer either for isolation purposes or for effective 
phase number increase. As will be seen later, the larger the number of 
input phases, the lower the d.c. voltage ripple and the higher the power 
which the converter can handle. However, when an input transformer is 
not essential a bridge system is often more economical, a single-phase 
bridge being shown in Figure 9.4. The operation of this bridge can be 

6 
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A- 
0-  

TH3 TH4 

Figwe 9.4 Bridge-type two-pulse bi-directional converter 

followed by the waveforms of Figure 9.3, where THI, TJ& and TH2, TH, 
conduct in pairs. There are three points of difference between the 
push-pull and bridge converters, as follows. 

(i) In a bridge system each thyristor must be rated to block the peak 
voltage across the a.c. inputs of the converter, so the peak load 
voltage and peak thyristor voltage are equal, whereas for a push-pull 
system it was seen that the thyristors must be rated for at least twice 
the peak load voltage. 

(ii) A push-pull converter uses two devices compared to the four used 
for a bridge system, but their voltage rating is now doubled. For 
low-power systems the price of a thyristor is usually determined by its 
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voltage rating, so that a bridge converter can prove cheaper, although 
this is not necessarily so when the current ratings of the devices 
increase. When considering costs it is also necessary to add the price 
of control systems, and since a push-pull converter uses fewer 
thyristors, and they have a common cathode, the cost of its drive 
circuitry should be less than for a comparable bridge converter. 

(iii) In a push-pull converter there is only one thyristor in any conduction 
path between the supply and the load, whereas a bridge system has 
two series thyristors. Therefore the efficiency of a bridge converter 
would be expected to be lower than a comparable push-pull circuit 
although, since the thyristors normally have a drop of the order of 
one volt, this would only have a significant effect on very low voltage 
supplies. 

Single-phase circuits are relatively simple in construction, but they are 
limited in power-handling capabilities and produce output voltage ripple 
which is much greater than that from three-phase systems. The circuits 
described so far can be termed two pulse, Le. the ratio of the fundamental 
d.c. voltage ripple frequency to that of the input a.c. supply is two. The 
greater the pulse number, the lower the smoothing requirements of the 
circuit. 

I Load 1 
Blpre 9.5 Push-pull three-pulse bi-directional converter 

Figure 9.5 shows a three-pulse push-pull converter (also called a 
three-phase half-wave converter) and Figure 9.6 gives its operating 
waveforms. For zero firing angle delay the thyristors in the most positive 
phase conduct to the neutral line, the voltage across the thyristor being 
zero when it conducts and equalling the line voltage between it and the 
phase of the conducting device when the thyristor is off. Each thyristor is 
on for 120" and the supply current and voltage are as shown. The d.c. load 
current is assumed to be ripple free and the input a.c. current is seen to 
have a d.c. component equal to one third of the load current, but this 
magnetising current can normally be eliminated by zigzag connection of 
the input transformer. 
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When the firing angle is delayed by a beyond the natural commutation 
point of the thyristors, the mean d.c. voltage is seen to decrease and then 
to reverse (net inversion) for a > 90". The ripple voltage also increases and 
the negative commutation periods across the thyristor decrease, each 
thyristor sti l l  conducting for a 120" period, although, as expected, these are 
shifted relative to the input supply voltage so that phase angle Q equals the 
delay angle a. The d.c. component of the input current is unchanged, 
therefore the waveforms are essentially as for the two-pulse system except 
that now the d.c. voltage is fabricated from three parts, for each cycle of 
the input voltage, instead of two. 

Three-phase systems may be extended to six pulses, as shown in Figure 
9.7, by creating a six-pulse system in which each line conducts to neutral 
for 60" during a cycle. This results in poor utilisation of the transformer and 
devices, with a consequent increase in their r.m.s. to mean current ratio, so 
that a much better solution is given in Figure 9.8. In this circuit two 
three-pulse systems are operated in parallel through an interphase 
transformer, also called an absorption coil or phase equaliser. This is a 
centre-tapped auto-transformer and its action is such as to cause it to 
absorb the instantaneous voltage difference across its windings and to 
produce a mean potential at its centre point. Therefore the d.c. voltage will 
contain a six-pulse ripple, as shown in Figure 9.9, the frequency of the 

a.c. supply '*''.X, f----Tl 

Load 1 
9.7 Push-pull six-pulse bi-directional converter 

Interphase t I  

Load 

Group A Group B 

ebprc 9.8 Push-pull six-pulse bi-directional converter using an interphase transformer 
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Figure 9.9 Circuit waveforms for a push-pull six-pulse bi-directional converter with 
interphase transformer 

voltage across the interphase transformer being equal to three times that of 
the a.c. input. 

An interphase transformer must be sufficiently fluxed to produce the 
sharing action between the two three-pulse systems, and on light loads this 
would not occur, so that the system then reverts to three-pulse operation, 
with a consequent shift in mean d.c. voltage. To prevent this change in 
voltage when the load falls below a critical value, known as the transit load, 
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the rectifier can be operated with a small permanent bleeder load, 
although as an alternative to this the interphase transformer may be 
energid by a triple frequency supply current flowing through an auxiliary 
winding on its core. 

The thyristors in the circuit of Figure 9.8 are seen to conduct for 120" 
each, so increasing their utilisation factor, with the input load current 
resembling a sine wave more closely than for two- or three-pulse circuits, 
and containing no d.c. component. 

Two six-pulse systems, of the type shown in Figure 9.8, can readily be 
connected together, through a third interphase transformer, to form a 
twelve-pulse converter, as shown in Figure 9.10. The principle of operation 
is essentially unchanged, each thyristor still conducting for a 1uP period 
during a cycle. However, the d.c. voltage has a fundamental ripple 
frequency twelve times that of the a.c. supply and the a.c. current 
approaches the mean sine wave even closer than for a six-pulse system. 

Three-phase bridge converters are usually six-pulse in operation, as 
shown in Figure 9.11(a), thyristors conducting current from a line at a 

3 9.10 Push 9.10 Push-pull twelve-pulse bi-directional converter with interphase 
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-9.11 Bridge six-pulse bi-directional converter: (a) circuit; (b) and (c) waveforms 
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Figure 9.12 Bridge twelve-pulse bi-directional converter 

Group A I 
,Load 

Group B I 
more positive voltage to that at a lower potential, provided these have 
been fired. The circuit waveforms obtained are very similar to those shown 
in Figure 9.9, the thyristor conduction periods being shown in Figures 
9.11(b) and 9.ll(c). Thyristors conduct for 120" each and the load 
fundamental frequency is six times that of the a.c. supply. Similarly, two 
six-pulse bridge circuits can be operated, with suitable phase shifts, to give 
a twelve-pulse system, as in Figure 9.12. The thyristors again conduct for 
1200 each, the circuit waveforms being shown in Figure 9.13, which 
illustrates the reduction of the d.c. voltage and the a.c. current harmonics. 

9.3 Unidirectional converters 

Unidirectional converters are capable of passing power in one direction 
only, i.e. from the supply to the load. They can consist of a bi-directional 
circuit with the addition of a free-wheeling diode across the load, although 
often circuit modifications are made. Apart from circuit simplicity, 
unidirectional converters have other advantages, such as lower d.c. voltage 
ripple and a reduction of quadrature phase input current, which will be 
examined in this section with the help of typical circuits. 

Figure 9.14 illustrates a half-wave circuit which has an additional diode 
D1 connected across the load. The load waveforms given in Figure 9.14(b) 
can be contrasted with those obtained with the bi-directional circuit of 
Figure 9.1 and are seen to be identical on resistive loads. The operation of 
the circuit is as follows, assuming the load current is virtually ripple free. 
At fol thyristor TH1 is turned on and supplies power to the load. At fl the 
input voltage reverses, the inductive load tending to prevent any decay of 
load current and this now transfers from TH1 to D1. Therefore until TH1 is 
refired at fzl the load current free-wheels in diode D1, hence the term 
free-wheeling diode is applied to this device. If the voltage drop across D1 
is neglected the load voltage is zero during the free-wheeling period, so 
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Figure 9.13 Circuit waveforms for the bridge twelve-pulse bi-directional converter of Figure 
9.12 

that the converter is now no longer capable of passing power back from the 
load to the supply. 
As seen from the above discussion, it is possible to modify any 

bi-directional converter to unidirectional operation simply by connecting a 
free-wheeling diode across the load terminals. This is illustrated in Figure 
9.15(a), which shows the modification applied to the circuit of Figure 9.4. 
Thyristors in diagonal arms of the bridge are fired in pairs, as before, at 
any delay angle a: required, but whereas for a bi-directional converter these 
would have been maintained in conduction for a 180" period, until 
commutated by the firing of the opposite pair of thyristors, for 
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Current in 0, 

(d) 
Figure 9.14 Half-wave unidirectional converter: (a) circuit; (b)-(d) waveforms 

unidirectional circuits the thyristors turn off as soon as the supply voltage 
reverses, load current now being carried by the free-wheeling diode D1. 

Several modifications can be made to bi-directional circuits, apart from 
using free-wheeling diodes, to prevent them returning power to the load, 
which often simplifies the overall circuit arrangement. Figure 9.15(b) 
shows a system where half the bridge thyristors have been replaced by 
diodes, since diodes are cheaper than thyristors and do not need any 
associated gate drive circuitry, so that the overall cost of the converter has 
been reduced. Referring to the load voltage waveforms, the operation of 
the system can be explained as follows. At tol thyristor THz is fired, line A 
being positive to B so that load current flows via D1 and THz. At tl the 
input voltages reverses, load inductance causing a free-wheeling current to 
flow in THz and Dz until time til, when TH1 is turned on and current 
commutates to this thyristor. It is seen from this description that all devices 
carry current for 180", irrespective of the firing angle delay a. This is 
convenient for calculating semiconductor ratings, but the system does have 
several limitations. 

Suppose the converter is working with a low delay angle, thyristor THz 
being fired at tol, and it is desired to turn the bridge off. All thyristor gate 
pulses would be removed, causing the load current at tl to transfer to T H 2  
and DZ. If the load inductance is large enough this current will not decay to 
zero during the half cycle interval, so that at rz thyristor TH2 is still 
conducting. Since its anode voltage goes positive at this instance the 
thyristor will continue to conduct, with a zero delay angle, the load current 
flowing via THZ and D1 for a complete half cycle. Depending on the load 
inductance, this state could be maintained continuously, the converter 
half-waving throughout, the only way to turn the bridge off being to refire 
the thyristors at appropriate instances and to increase a gradually, to 
reduce the load current. When this current reaches a value which is 
insufficient to keep the free-wheeling current on for 180" the thyristor gate 
pulses may be removed. This circuit limitation can be overcome by the 
addition of free-wheeling diode D3 so that each thyristor is commutated at 
the end of a half cycle, when the diode conducts. If gate pulses are now 
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Load voltage 
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removed, say from TH2, then at time tl this thyristor will go off and, since 
none of the thyristors are refired, the load current will free-wheel in diode 
D3 until it decays to zero. 
An alternative system to Figure 9.15(c), which overcomes the 

half-waving effect and so gives a controller with a greater response speed, 
is shown in Figure 9.15(d), in which the number of devices have not been 
increased but they have been rearranged so that D1 and Dz give a 



192 Phase-controlled rectification and inversion 

free-wheeling path for load current. At rol thyristor THl is fired and load 
current flows via TH1 and D2 as before. At rl the current free-wheels 
through D1 and D2 so that thyristor THl goes off, the system behaving as in 
Figure 9.15(c), where all conducting thyristors are commutated at the end 
of half cycles, except that now the conducting period for the bridge 
thyristors and diodes are 180" - a and 180O + a respectively, so that they 
could be unequally loaded depending on the load duty cycle. 

Since thyristors are more expensive than diodes the converter given in 
Figure 9.15(e) sometimes proves economical. Free-wheeling diode DS is 
not necessary if the load is purely resistive. As seen, the system consists 
essentially of providing a fully rectified wave at CD and then regulating this 
with thyristor TH1. Since the waveform across the thyristor therefore falls 
to zero only briefly every half cycle, a free-wheeling diode is essential, even 
for slightly inductive loads, to ensure successful device commutation. The 
operation of the circuit is readily followed by reference to the associated 
load voltage waveform. 

Figure 9.16 shows the load voltage and current waveforms obtained from 
unidirectional circuits for various delay angles. Several features of these 
systems are evident from this figure and the above discussions: 

(i) The load voltage has a lower ripple due to the absence of negative 
portions of the waveform. 

(ii) The mean load voltage varies from a maximum to zero as the delay 
angle changes from 0" to 180". 

(iii) The power factor angle + changes proportionally to the delay angle a, 
as for bi-directional converters, although it does not equal it. 

(iv) Whereas for bi-directional converters the load current waveshape was 
unchanged as the delay angle varied, for unidirectional converters the 
load current period decreases with delay angle increase, so that at a 
= 90" the load current is unchanged in value from that at zero delay 
angle. However, since d.c. load voltage is zero there is now no net 
input power and all the ax. current is quadrature component or 
wattless. For a unidirectional converter, on the other hand, the a.c. 
input current at very low d.c. output voltages is also very small, so 
that the quadrature component of the current has been reduced. 

(v) As mentioned above, unidirectional converters are often cheaper 
than bi-directional ones. 

(vi) There are no regenerative periods, so that a unidirectional converter 
cannot pass power from the d.c. to the a.c. side. 

It is seen from items (i), (iv) and (v) that there is an advantage to be 
gained from using unidirectional converters in two-pulse systems, hence 
their popularity in applications which do not require regeneration. For 
systems with more than two pulses it will be seen later that the d.c. ripple 
frequency increases between bi-directional and unidirectional systems by a 
factor of two, so that, depending on the control range, when d.c. voltage 
filtering requirements are stringent bi-directional converters are sometimes 
preferred. 

Bridge circuits can be converted from bi-directional to unidirectional 
operation by changing half the devices from thyristors to diodes, although 
the same rule does not apply to push-pull converters. The circuit of Figure 
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9.2, for instance, will not operate correctly if one thyristor is replaced by a 
diode, all such systems requiring a free-wheeling diode for unidirectional 
operation, as shown in Figure 9.17. 

+ 
Figure 9.17 Push-pull two-pulse unidirectional converter 

3 
ax. .oad 

Figure 9.18 Bridge three-pulse unidirectional converter 

Figure 9.18 shows a three-phase unidirectional converter in which half 
the thyristors of a bi-directional circuit have been replaced by diodes. It 
suffers from the same disadvantages as that of the single-phase circuit of 
Figure 9.15(b), but it is not possible to overcome these by a rearrangement 
of the components, as was done in Figure 9.15(d). Instead a free-wheeling 
diode must be used, as in Figure 9 . 1 3 ~ ) .  

The circuit waveforms for Figure 9.18 are shown in Figure 9.19. The top 
half of the bridge is controlled so that conduction will occur from the most 
positive phase in which a thyristor has been fired, the current in the bottom 
of the bridge commutating naturally from one diode to the next, depending 
on which is connected to the most negative phase. In Figure 9.19 for a = 0 
the output is a six-pulse waveform such as that obtained for Figure 9.11, but 
as the delay angle increases, the waveform changes to three-pulse, so that in 
Figure 9.19(b) the fundamental voltage ripple is three times that of the input 
a.c. At this stage there are as yet no free-wheeling current periods. The a.c. 
current has two durations of 120" whose phase relation to each other and to 
the supply voltage changes with a. Beyond the 60" delay point free-wheeling 
times increase, these leading to periods of zero voltage in the load waveform 
and a reduction of positive and negative portions of the a.c. current. In effect, 
the a.c. supply current waveform may be considered as being made up of a 
positive (thyristor) part and a negative (diode) part and as the delay angles 
increase the diode block remains stationary, since it is uncontrolled, whilst 
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the thyristor block moves towards it. Beyond 60” delay the two overlap to an 
increasing extent, resulting in an increase in the free-wheeling period. 

It has been stated above that an unidirectional wave has a lower d.c. 
voltage content, owing to the absence of negative portions of the 
waveform. However, for high pulse numbers it is seen above that there can 
be a reduction of ripple frequency by a factor of 2 from that of 
bi-directional converters. There is now obviously a compromise situation 
where, depending on the range of control voltage required, one converter 
would give lower ripple output than another. Ripple content from 
converter circuits are considered again in following sections. 

9.4 Discontinuous load current 

In the previous sections it has been assumed that, apart from resistive 
loads, the load current has been continuous during a cycle of operation. 
If this is not the case then the load voltage waveform will be modified 
from those illustrated earlier. Generally, these systems are not easy to 
analyse since the output conditions are dependent on the load. 

Figure 9.20 shows the waveforms from a bi-directional converter for 
various delay angles, where the load Q factor is finite. For delay a1 the 
load voltage just dips to zero, although the load inductance maintains the 
current continuous. At a2 the current is still continuous, so that the load 
voltage follows the contour of the a.c. input voltage and swings negative 
over certain portions. For larger delays of cy3 the load inductance is 
insufficient to maintain a prolonged regenerative period and the current 
decays to zero, and for a passive load its voltage will now be zero, as 
shown. Increasing the delay angle further reduces the d.c. voltage, but it 

(a) a = a l  

(b) a=a2  

(c) a = a 3  

(d) a= ag 

T\[u\ Load voltage - Load current 

vh.bwh Load voltage - Load current 

,vw” Load voltage - - Load current 

.- .- .- Load voltage 

Load current 

F b r e  9.u) Load waveforms for a six-pulse bi-directional converter operating with a finite 
load inductance and possible discontinuous load current 
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also reduces the peak load current so that the regeneration period is 
shortened. 

In Figure 9.20 the load has been assumed to be passive, whereas if it 
contained a d.c. source, such as a motor back e.m.f., the voltage during 
zero load current periods would rise to the value of this e.m.f. This is 
shown in Figure 9.21, which illustrates the effect of maintaining the 
converter firing angle fixed but of changing the load current, as would 
normafly happen in a d.c. motor under variable torque conditions. The 
shape of the load waveform is seen to change. During continuous load 
current periods it follows that of the a.c. supply, but when the load current 
becomes discontinuous it rises to the value of the load back e.m.f. Since 
the mean voltage of the load varies with its waveform the effective load 
voltage has been changed although the firing angle has not. This is highly 
undesirable in many applications and illustrates the advisability of 
introducing external load inductances so as to maintain continuous load 
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Figure 9.21 Laad waveforms for a six-pulse converter operating with a back e.m.f. load: 
(a) and (c) light loads; @) and (d) heavy loads 
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current. Figure 9.21(c) shows the effect of discontinuous load current 
during the inverting mode of the converter, assuming that the load has an 
internal back e.m.f. which provides the inverter voltage. 

In order to ensure that the load current never becomes discontinuous it 
is possible to analyse the converter circuit to determine the minimum load 
inductance required under various firing angles, such an analysis 
depending on the value of load back e.m.f. and being involved, although it 
has been done for passive loads. Figure 9.22 shows the load voltage and 

Figure 9.22 Load waveforms for a 
two-pulse bi-directional converter 

current waveforms for a single-phase bi-directional converter, the load 
current reaching a minimum value at the intersection points of the 
instantaneous and mean d.c. waveforms. It can be shown that the value of 
critical inductance L, required to prevent this current from falling below 
zero is related to the circuit resistance R and angular frequency o of the 
supply by equation (9.1). 

oLc x 2 2 - = - [COS 8 + -sin a: - -cosa: {s + (Y - e}] (9.1) 
R 2cos a: x x 

For large firing angles, a = 8 so that equation (9.1) reduces to equation 
(9.2). 

For unidirectional converters the analysis is complicated further due to 
zero voltage periods in the load waveform, and is found to be given by 
equation (9.3). 

(9.3) 
IT: a: + sin a: + IT: cos 0 - -  - e - a r - - +  WLC 

R 2 1 + cos a: 
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As before, there are two operating conditions according to whether a is 
smaller or larger than a critical value (35.5"), which gives a = 8. In this case 
equation (9.3) reduces to equation (9.4). 

JC a + s i n a + n c o s a  + - -  - --  WLC 

R 2 1 + cos a (9.4) 

Similar analysis can be made for three-phase converters. 
Figures 9.23 and 9.24 show the plot of LJR for single- and three-phase 

converters, the abscissae in both cases having been given in terms of the 
percentage of maximum d.c. output as well as the delay angle required for 
unidirectional and bi-directional converters. From these curves it is seen 
that the critical inductance requirement for bi-directional circuits tends to 
infinity at low output voltages, which is understandable, since at these 
delay angles the mean d.c. voltage is low, whereas the a.c. ripple on the 
voltage is at its peak value. For unidirectional converters the ax.  ripple is 
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Flgnre 9.24 Critical inductance requirements for three-phase systems 

also very small at delay angles approaching 18V, so that the critical 
inductance is a finite value. Figure 9.23 clearly shows the advantage of 
unidirectional converters in requiring smaller load inductance, but Figure 
9.24 illustrates that the unidirectional converter has a higher critical 
inductance requirement for three-phase circuits except at low load 
voltages. This is due to the different waveforms obtained with multiple 
systems. As has been seen previously, a unidirectional circuit gives half the 
pulse numbers compared to the same bi-directional system, so that the 
choice between the two types of converters would now depend on the 
output voltage range required. Comparison of Figures 9.23 and 9.24 shows 
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the less stringent inductance requirements of three-phase circuits so that 
where continuous load current is required, from a low inductance load, the 
pulse number of the circuit should be made as large as possible. 

9.5 The efFect of source reactance 

In the discussions so far the impedance of the a.c. lines has been omitted 
for convenience. Generally, this would consist of the reactance of the 
distribution transformer and any associated cabling, and for reasonably 
'stiff supplies it may be neglected. There are instances, for example, when 
the converter is operating from its own local generator, or the load current 
approaches its short-circuit conditions, when this approximation is no 
longer valid. The effect of source reactance on a converter can be 
explained with reference to the single-phase bridge circuit of Figure 9.25, 
in which T H z  and "€33 are conducting at time to and feeding power back 

r 
Converter input 

9.25 Bridge two-pulse bi-dircctional converter with 8.c. source impedance 
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from the load to the supply. Inductors L1 and L, are line impedances. At 
time tal, after a delay a:, thyristors TH1 and TI& are fired and in the 
absence of line inductors these thyristors would instantaneously carry the 
full-load current whilst T H 2  and TH3 would turn off. This, however, 
requires the reversal of current flow in any line inductors, which cannot 
occur instantaneously, so that for a period p all bridge thyristors will 
conduct. The instantaneous supply voltage appears across the line 
inductors in such a direction as to help build up the current in TH1 and in 
ll&, and to decay it in T H 2  and T H 3 .  The overlap period, for any given 
load current, is minimum when this voltage is at its peak value, i.e. for a: 
close to 90". During overlap the load current free-wheels through the four 
thyristors so that load voltage is zero. Another way of expressing the same 
thing is to consider the load voltage to be the instantaneous mean of the 
overlapping phases, which for a single-phase supply is always zero. With 
opposite arms of the bridge conducting the voltage across EF is that of the 
input AB, and during overlap this falls to zero. 

Comparing the waveforms with and without source reactance, the effect 
of this reactance can be considered as being fourfold: 

(i) The mean d.c. voltage is reduced for any delay angle. This is so since 
a portion of duration p has now been removed from the output 
waveform. 

(ii) The harmonics of the output load have been changed since its 
waveform has been modified. Since overlap does not affect the 
output pulse number, the spectrum of frequencies present is not 
altered. It can be shown that, for the same mean d.c. load voltage, 
the amplitude of the harmonics is lower with overlap in the waveform 
than when overlap is not present. This is primarily due to the fact that 
with overlap the firing angle must be advanced (a: reduced) to 
maintain an unchanged d.c. voltage. 

(iii) The input voltage to the converter is no longer sinusoidal (as at EF) 
but can be considerably distorted. This is important, since the timing 
for control circuits is usually derived from this wave and, unless it is 
allowed for, faulty operation could result. 

(iv) Overlap reduces the safety angle p, where f3 = 180" - (Y - p. This is not 
important for rectifier operation, but it must be borne in mind that p 
is also the time that is available to a conducting thyristor for turn-off. 
Since p reduces as a: increases, commutation failure could occur at 
large delay angles. Figure 9.26 shows the circuit waveforms during 
inversion, the delay angle being increased so that TH1 and lX, are 
fired at almost the end of the half cycle, at fol .  Since the instantaneous 
supply voltage is low, the overlap angle p is relatively long. When it is 
over at tm thyristors TH2 and T H 3  go off, but they are reverse biased 
for duration p only and they must turn off during this time. If this 
does not occur, then at f1 the devices turn on and provide a full half 
cycle of power from the supply to the load. It will be seen later that p 
varies with load current, so that the maximum value of a: chosen must 
make allowances for this. Circuits operating from severe line 
impedance sources, therefore, are often limited in voltage control 
range. 



The effect of source reactance 203 

. t O l /  . 1,* 
t o  

nrprC 9.26 Two-pulse bi-directional converter with a.c. source hpedance, operating in an 
inversion mode 

Overlap effects are not restricted to bidirectional converters. For 
instance, Figure 9.27 shows the load voltage and device currents for the 
circuit of Figure 9.15(a), assuming that the load current is ripple free and 
the input lines have series reactances. Prior to to thyristors T H z  and TH3 
were conducting. At to the supply voltage reverses and the load current 
begins to transfer from the thyristors to the free-wheeling diode D1. Line 
reactances prevent this occumng instantaneously, although the load 
voltage is zero since D1 is conducting. At tol current has transferred 
completely to D1 and TH2 and T H 3  go off. When THI and TH, are fired at 
rO2 there is again an overlap angle p2 due to the finite time for the current to 
transfer from D, to the thyristors before the load voltage rises to that of the 
supply, so that the effect of overlap has once again been to remove a portion 
from the load voltage waveform during every half cycle. Since the 
instantaneous line voltages at the overlap periods are different the two 
overlap angles pl and c(2 will also differ, with p1 > p2. 

Figure 9.27 has illustrated a case where cy > pl. The situation is 
complicated when the revene is true, since now the current in D1 never 
reaches the full d.c. value, because before this can happen the opposite 
bridge thyristor is fired and the current will be caused to decay in D1. The 
zero period in the load voltage waveform is equal to the sum of the two 
overlap periods, during which partial current transfers from thyristor to 
diode and diode to thyristor, in parallel with thyristor to thyristor. 

Overlap in the converter has the effect of increasing the rise and fall 
times of device currents, this being reflected to the a.c. input current, as 
shown in Figure 9.28. The fundamental component of the a.c. current is 
now also seen to be shifted by a lagging angle Q1 from the case for no 
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D1 TH4 D1 TH3 D1 TH4 

Fbprr 9.27 Circuit waveforms for the two-pulse unidirectional converter of Figure 9.15(a) 
operating with a.c. source reactance 

Fundamental 
source current 

i t  source aneous current 

Figwe 9.28 Effect of source reactance on the a.c. input current 

overlap, so that the power input to the converter is reduced. This is to be 
expected, since overlap has reduced the mean d.c. voltage, and therefore 
the d.c. power output, for constant load current. It can also be explained as 
being due to the introduction of an inductive impedance in the a.c. lines, 
which would increase the power factor angle. 

During the overlap period the two lines between which current is being 
transferred assume the same potential, which is the mean value of their 
instantaneous voltages. For a single-phase bridge this has been shown to be 
zero, but it is not so for three-phase converters. The action of overlap can 
be illustrated for a three-phase circuit with reference to the diode bridge 
shown in Figure 9.29, with Figure 9.30 showing its operation for overlap 
angles of 30". The diodes will conduct as soon as their anode voltages go 
positive, i.e. at to, tl, t2, etc., since they do not possess gate control. Prior to 
time to diodes D5 and D6 were conducting. At the red phase becomes the 
most positive one and the load current would normally flow from this to 
the most negative phase, Le. the yellow phase, so the load current should 
commutate instantaneously from D5 to D1. However, due to line 
inductances, there is a finite commutation time during which both D5 and 
D1 pass current to D6. This overlap period lasts, depending on load 
current, for up to, say, tal. Diode D5 now goes off and diodes D1 and D6 
carry the load current. During overlap of the red and blue phases the top 
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Line voltage input 
to bridqe 

O(-0' 
IJ = 30' 

\ 

Fbw+ 9.30 Mode-one operation in a diode bridge with source reactance 

junction of the load is maintained at a potential which was an 
instantaneous mean between that of the two phases. The load voltage is the 
difference between this mean phase voltage and that of the yellow phase, 
which is itseIf the potential of the bottom junction of the load. The load 
voltage can therefore be found in Figure 9.30 as the difference between the 
heavy lined waveforms. 



w 
Figure 9.31 Mode-two operation in a diode bridge with source reactance 
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Flgare 9.32 Mode-three operation in a diode bridge with source reactance 

Also shown in Figure 9.30 is one line voltage waveform, which is the 
difference between the instantaneous phase voltages and is zero during 
phase overlap. The line voltage is the voltage at the input terminals of the 
bridge, after the series line inductors, and would normally be the waveform 
which operated any internal control circuits. 

In the waveforms of Figure 9.30 the overlap conditions have been such 
that there are alternate periods of conduction by two and three diodes. 
This is called mode-one operation, the overlap period being less than 60". 
If the line inductance or d.c. load current is increased a stage is reached 
where the overlap will be 60". This is called mode-two operation. Further 
increase in load current will keep the overlap at 60" for some time but the 
overlap period will be shifted towards the peak of the instantaneous line 
voltage, which would help current transfer. This is illustrated in Figure 
9.31. In Figure 9.31(a), for instance, at &,current should transfer to the top 
diode in red phase, but the red phase voltage is held below this point due to 
overlap with the yellow phase so that current transfer is delayed until this is 
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completed at tal. As soon as the red phase is released by the yellow phase it 
goes into overlap with the blue phase, as current transfers from D1 to D5 
and flows to D6. At tl transfer should occur between D6 and D2, but since 
the blue phase voltage is held above that of the yellow phase, owing to its 
overlap with the red phase, this transfer is delayed until til. This waveform 
shows that there has been an artificially created delay angle of about 10" in 
the changeover point between phases. Similarly, in Figure 9.31(b) the 
increased load current still gives the same value of 60" overlap, but 
increases the delay to 30", which represents the boundary condition 
between mode-two and mode-three operation. It should be noted that, 
throughout mode two, three diodes are conducting at any one time. 

Figure 9.32 shows mode-three operation, with overlap angles exceeding 
60". The two overlap periods of the top and bottom halves of the bridge 
now run into each other so that four devices begin to conduct 
simultaneously over certain parts of the waveform. The load voltage is now 

Figure 9.33 Mode-one operation in a thyristor bi-dmctional bridge with all fully controlled 
arms and source reactance 
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zero since the load current free-wheels through devices in the top and 
bottom half of the bridge, the effect on the input line voltage being seen to 
be such as to introduce further instances of zero voltage. 

Overlap in thyristor converters can result in three operating modes as 
well, but the Occurrence of mode two, which is so important in diode 
circuits, is rare and is often considered as a special case of mode one. 
Figure 9.33 gives the waveforms for the bi-directional bridge shown in 
Figure 9.11, the delay angle OL being taken as 80" and the overlap angle p as 
20''. At time to the red phase becomes the most positive line, but the firing 
of thyristor THI is delayed to time When this is done current transfer 
occurs between THs and THI, this overlap terminating at toz and thyristor 
TH5 going off. Similarly, the commutation between the negative half of the 
yellow and blue phases is delayed from fl to tll and so on. The load voltage 
is given by the difference between the two instantaneous waveforms, as 
before, and is now seen to have negative (regenerative) periods, the line 
voltage into the converters also being distorted. As a further example, 
Figure 9.34 gives the voltage waveforms for the unidirectional converter of 
Figure 9.18, which is operating with a delay angle (I[ of 30" and an overlap 
angle p of 70". There are now periods when three and four devices conduct 
simultaneously so that this is mode-three operation, as before, the load 
voltage dipping to zero when four devices conduct. 

F@re 9.34 Mode-three operation in a thyristor unidirectional bridge with half the anus 
contdkd and source reactance 
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9.6 Performance factors 
The performance of converter circuits can be compared by means of 
several factors, the commonest in use being the d.c. voltage ratio, the input 
displacement factor, the input power factor and the input current 
distortion factor. The d.c. voltage ratio gives the relation between the 
converter output at any delay angle 01 and that obtained when the same 
converter is operating free of delay angles or overlap. The input 
displacement factor is the cosine of the angle between the fundamental 
component of a.c. current into the bridge and the supply voltage. It has 
been shown, when comparing the various circuits, that this angle Cp 
increases (lagging) as the phase-control angle 01 or overlap angle p 
increase. For bi-directional converters Cp = a. It is not proposed to consider 
this further here. 

The input power factor is the ratio of the total mean input power to the 
total r.m.s. input volt amperes, and the input current distortion factor is 
the ratio of the r.m.s. value of the fundamental to the total input current, 
both these factors defining the relationship between the in-phase and 
quadrature-phase components of a.c. current. This has been discussed in 
previous sections and it was shown then that unidirectional converter 
circuits often have the advantage over bi-directional converters in that they 
have a lower quadrature, or wattless, current input. 

In this section the value of the mean d.c. voltage from a converter will be 
found and the harmonic current of this waveform discussed. 

The output voltage waveform from a converter with zero delay angle or 
phase overlap is composed of a series of cosine curves which are linked 
together as in Figure 9.35(a). The duration of each section is equal to h / p ,  
where p is the pulse number of the converter. The average value V,, of this 
waveform is given by equation (9.5) where V is the r.m.s. input voltage. 

+ d P  
Vav = - * J(2) Vcos 8 de 

2~ -r/p 

P n  = 4 2 )  V sin - 
P (9.5) 

If a delay angle a is now introduced into the converter, as in Figure 
9.35(b), then, since the waveform still follows a cosine wave over its 
control range, the average output voltage Vav(a) is given by equation (9.6) and 
therefore the d.c. voltage ratio, given by VavcajVa,,, is equal to cos a. 

+nlp + a 

Vav(a) = P ~ ( 2 ) v c o s e d e  
-nlp + a 

= Vavcos(Y (9.6) 
To consider the effect of the overlap angle, suppose that the delay angle 

is zero, as in Figure 9.35(c), so that the datum for the overlapping 
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(C) 

9.35 Waveforms used in calculating load d.c. voltage for ap-pulse converter 

waveforms has now been moved to the commencement point for overlap, 
the two waveforms being given by equations (9.7) and (9.8). 

v, = J(2)Vcos (9-7) 

v, = J (~ )VCOS (9.8) 

During the overlap period the load voltage assumes a value intermediate 
between V, and V, so that the d.c. voltage is given by equation (9.9). 

P J I :  
P 

P I C  

= J(2) V 

= 4 2 )  v ; sin - cos2 E 

sin - (1 + cos p) 

P 2 

= v,, cos2 -E 
2 

Therefore the effect of overlap is similar to that of firing angle delay in 
that the mean output voltage is reduced, although the extent of variation in 
the two cases is different. For circuits operating with delay (Y and overlap 
angle p, the value of mean d.c. voltage is given by equation (9.10). 

VavCa) = v,,COsLycos 2 P  - (9.10) 
2 
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(b) (a) v2 
Figure 9.36 Phase currents during converter overlap: (a) equivalent circuit; (b) current 
waveforms 

In order to estimate the overlap angle p it is necessary to know the value 
of d.c. current Id and reactance X in each phase. Figure 9.36 shows the 
equivalent circuit at the moment of overlap between two phases, VI and 
V2, where the current in phase 1 is decaying whilst that in phase 2 is 
increasing, as it takes over the conduction of the load current. The effect of 
this change can be explained as being due to a circulating current i, which is 
caused by the instantaneous phase difference ( Vl - V2)/2 so that the value 
of i, is given by equation (9.1 1) where 1, is the peak value of the circulating 
current. 

i, = v2 - Vl 
2x 
J(2) V sin d p  

X cos e - - -  
= -z ,cose (9.11) 

The current delivered by the phases during overlap can be considered to 
be composed of a constant part and a variable circulating part, as shown in 
Figure 9.36(b), and when these two components of current are equal the 
overlap period is terminated. Considering the instant to at the commence- 
ment of overlap, the value of il is given by equation (9.12), and since at 
the value of 0 = 0 and ic=-Z,, the value of A is given by equation (9.13). 
Also at this point i2 is given by equation (9.14), so that I,=B. 

i l = Z d = A - i c = A + Z ,  (9.12) 

A = Id - Zc (9.13) 

i2 = 0 = B - I ,  (9.14) 
At time tl the value of 8 = CI. and i2 is given by equation (9.15), so that 

cos p is given by equation (9.16), and substituting for IC leads to equation 
(9.17), where Xis the equivalent reactance per phase in the a.c. lines and V 
is the r.m.s. voltage per phase of the input. 

(9.15) i2 = I d  = B + i, = Z c ( l  - cosp) 

Id cosp = 1 - - 
1, 

(9.16) 

Id x cosp = 1 - 
42) V sin d p  

(9.17) 
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Figure 9.37 Variation of d.c. voltage ratio with firing angk for a bidirectional converter 

Equation (9.6) for d.c. voltage ratio is a cosine curve for all 
bi-directional converters and is shown plotted in Figure 9.37. Unidirection- 
al converters have a different characteristic due to the discontinuity in the 
cosine curve and the introduction of zero voltage periods during 
bee-wheeling load current. The equation for the d.c. voltage ratio now 
depends on the circuit used, since the incidence of this point will change. It 
can be shown for halfantrolled converters, in which half the thyristors in 
the converter are replaced by diodes, that the mean d.c. voltage is given by 
equation (9.18) so that the d.c. voltage ratio is (l+cosa), which is shown 
plotted in Figure 9.38. 

Vsv(cr) = Vav(1 + co~ar) (9.18) 

Also illustrated in this figure are the ratios for various other systems which 
use free-wheeling diodes in order to give unidirectional converters. 

The harmonics present in the d.c. voltage from the converter have been 
shown to be related to its pulse number, for a bi-directional system the 
ratio of the amplitude of the nth harmonic to the peak d.c. voltage being 
given by equation (9.19). 

I" 2 cos 2ar - 1 
- =  vll [ l +  
Vav (n - 1)' (n + I ) ~  (n + 1) (n - 1) (9.19) 

This is shown plotted in Figure 9.39 up to the 24th harmonic. All the 
harmonics are not present in every system and generally for a p pulse 
converter harmonic numbers present are kp, where k is an integer 1,2,3, 
etc. The harmonic plot shows the peaking at 90" firing angles when the 
mean d.c. voltage is zero, all the output being a.c. ripple. 

For unidirectional converters the situation is again complicated due to 
the variation of the instance of free-wheeling current with the type of 
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nrprC 9.38 Variations of d.c. voltage ratio with firing angle for various unidirectional 
converters 
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Figure 9.39 hedominant harmonia in the output of bidirectional converters 

circuit used. Figures 9.40 and 9.41 give the lower harmonic content for 
single- and three-phase halfantrolled converters, and, comparing this 
with the bi-directional converter, it is seen that harmonics of the same 
number are lower in unidirectional circuits. 

A useful way of comparing harmonics from several control rectifier 
systems is to determine their harmonic factors. The r.m.s. voltage output 
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Figure 9.40 Predominant harmonics in the output of a single-phase half-controlled bridge 
converter 

Harmonic as percentage of max. d.c. output 

F @ m  9.41 Predominant harmonics in the output of a three-phase half-controlled bridge 
converter 

V,, is composed of a d.c. voltage V,, plus a spectrum of harmonic voltages 
of magnitude VI, V,, V3, etc. If Vh is defined by equation (9.u)), then the 
r.m.s. voltage is given by equation (9.21), which gives the value of 
harmonic voltage as in equation (9.22). Therefore the harmonic factor Hf, 
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which is defined as the ratio of the harmonic to the d.c. voltage, is given by 
equation (9.23). 

vh = 2 v~ (9.20) 
n = 1,2,3. . . 

VkS = v:v(a) + vf 
v h  = [vas - V&U)]’’~ 

(9.21) 

(9.22) 

(9.23) 

The harmonic factor can be evaluated for several different circuits, for 
example considering the bi-directional bridge rectifier circuit of Figure 9.4, 
where V is the r.m.s. supply voltage, the r.m.s output voltage is given by 
equation (9.24) and, since the d.c. voltage for zero delay angle is given by 
equation (9.25) and the d.c. voltage for finite firing angle delay of (Y is 
given by equation (9.6), the harmonic factor reduces to that of equation 
(9.26). 

M n + a  

V,, = [i (J(2) Vsin 9)’d9] 

M 
Hf = [$ - COS’CY] 

(9.24) 

(9.25) 

(9.26) 

Table 9.1 gives the harmonic factors for some of the circuits discussed in 
the previous sections, which are representative of the various pulse 
numbers. 
Tabk 9.1 H8rmonk factom 

Circuit reference Harmonic factor H 
~~ 

L4 Figures (two-pulse) 9.2 and 9.4 [ $ - cos2 &I 
I” 
3” 

-+- 20 - ms2 
2x2 J(3)x [ 27 18 

Figure 9.5 
(three-pulse) 

(six-pulse) 
Figure 9.8 

Some of the performance factors and device ratings for typical rectifier 
circuits are given in Table 9.2. In this table Vav is the average or d.c. 
voltage output; V is the r.m.s. input voltage per phase; V,, is the r.m.s. 
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Table 9.2 Marmuice Mora 

circuit 
reference 

PUlSeS 

Per 
cycle 

V.V - 
V 

Figure 9.1 
Figure 9.2 
Figure 9.4 
Figure 9.5 
Figure 9.7 
Figure 9.8 
Figure 9.11 

0.45 
0.90 
0.90 
1.17 
1.35 
1.17 
2.34 

0.636 
0.90 
0.92 
0.98 
1.0 
1.0 
1 .o 

3.142 
3.142 
1.571 
2.09 
2.09 
2.42 
1.05 

1.414 
2.82 
1.414 
2.45 
2.83 
2.83 
2.45 

1.0 1.571 
0.5 0.707 
0.5 0.707 
0.33 0.577 
0.167 0.408 
0.167 0.289 
0.33 0.577 

3.142. 
1.0 
1.0 
1.0 
1 .o 
0.5 
1.0 

output voltage; v p k  is the peak or crest working voltage of the devices; I,, 
is the average current per device leg; Id is the d.c. load current; I,,,,, is the 
r.m.s. current per leg; and zpk is the peak current per device leg. 

9.7 Control circuits 
The control or gate-firing circuits used for phase-controlled rectifiers are 
essentially similar to those used for a.c. phase control, as shown in Figure 
8.11, the functions being available within an integrated circuit. The input 
detector determines the incidence of zero supply voltage, the delay section 
provides a variable delay from this point, and this signal is then used to 
energise the gate-drive circuits which fire the thyristors. There are two 
further considerations. With source reactance the firing pulses must be of 
sufficient width to overcome any overlap angle. This was illustrated in 
Figure 9.27, where it was shown that a pulse width of at least pl is required 
to ensure that the thyristor reaches its full conduction. This problem of 
extended firng pulses is not as serious as for a.c. line control, where for 
inductive loads a pulse duration of 90" is normally required. However, 
controlled rectifier circuits have an added feature that the input waveform 
could be distorted if line reactances are severe. Generally, the firing circuits 
should be able to start the timing pulse when this voltage rises from the zero 
voltage point. 

9.8 Voltage multiplication circuits 
The discussions so far have concentrated on power rectification, where the 
output voltage is controlled to be at a value below that of the input. Io this 
section a special application of power rectification is considered, in which 
the level of current handled is relatively low, but the output voltage is 
several orders of magnitude greater than that of the input. Voltage 
multiplication can vary from a factor of two to several hundred, and there 
are a variety of circuits which can be used, only a few of these being 
introduced in this section. 

Voltage doublers are first described, since they are the most well known, 
and these can be categorised as symmetrical, diode pump or bridge. Figure 
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9.42(a) shows a symmetrical voltage-doubler circuit, which can be 
considered to be made up of two half-wave rectifier circuits. When input 
line A is positive capacitor C1 charges through diode D1 to the peak of the 
supply voltage with plate 1 positive, and when the input supply reverses 
capacitor charges through diode D2 to the peak supply voltage with 
plate 1 positive. Therefore, in the absence of any load, twice the peak input 
supply voltage would appear across the output lines C and D. With load 
connected the capacitors are discharged so that the voltage is slightly below 
this figure; the greater the value of the capacitors, the less they are 
discharged by the load. The ripple frequency in the output is twice that of 
the input supply. Each diode must be rated at twice the peak input voltage 
and the capacitors at the peak supply voltage. 
The circuit shown in Figure 9.42(b) is best explained by starting on the 

negative half cycle of the input, when line B is positive to A. Capacitor C1 

-9.42 Voltage-doubler circuits: (a) symmetrical; (b) diode pump; (c) bridge 
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charges through diode D1 to the peak supply voltage with plate 1 positive. 
On the next half cycle, when line A is positive, the voltage on C1 adds to 
the peak of the input supply to pump twice the peak supply voltage onto 
capacitor G, so that the voltage across CD on no load is twice the peak of 
the input supply, this reducing slightly on load. It is this pumping action 
which gives this circuit its name, although it is also known as a common 
terminal voltage doubler, because one side of the load and the input a.c. 
supply share a common terminal. The output ripple frequency is equal to 
that of the supply, so that this circuit needs a larger value of capacitor for 
the same regulation, compared to the symmetrical voltage-doubler circuit. 

+ c  

L.---J B 

F@wc 9.43 Voltage multiplier circuits: (a) tripler; (b) quadrupler; (c) n stage 

1 Load 

) IC1 
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The diodes and capacitor C, are again rated at twice the peak of the a.c. 
supply, whilst capacitor C1 is rated at the same voltage as the supply, but it 
must be capable of carrying the r.m.s. load current. 

The bridge voltage doubler, shown in Figure 9.42(c), consists of a full 
wave bridge and a symmetrical voltage-doubler arrangement, so it is 
capable of good stability and regulation. In this circuit diodes D2 and D3 
supply the load current in alternate half cycles at the same time that the 
capacitors are being discharged, so that the output voltage is closer to twice 
the peak of the input a.c., even on heavy load currents. The ripple 
frequency is again twice that of the supply, and the diodes each have to be 
rated at twice that of the peak of the ax.  supply, even though four are 
used, since the capacitors effectively bypass the a.c. signals. 

Voltage-multiplication factors greater than two can again be obtained by 
a variety of circuits, a few being shown in Figure 9.43. The voltage-tripler 
circuit of Figure 9.43(a) can be considered to be a combination of the diode 
pump voltage doubler and a half-wave rectifier circuit. Twice the supply 
voltage appears across capacitor C, due to the action of C1, D2 and D3, 
whilst the half-wave rectifier D1 charges capacitor C3 to the peak of the a.c. 
supply, so that the voltage across CD is three times that of the supply. The 
voltage-quadrupler circuit of Figure 9.43(b) is made up of a combination of 
two diode pump circuits, each giving twice the supply voltage across 
capacitors C3 and C,, so the voltage across CD on no load is equal to four 
times that of the peak of the a.c. supply. 

A more universal voltage multiplier is shown in Figure 9.43(c), this being 
referred to as the Cockcroft-Walton circuit. Each capacitor is charged to 
the voltage of the peak of the a.c supply plus that of the capacitor below it, 
the peak of the output voltage accumulating as one proceeds up the ladder. 
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Direct 8.c. frequency converters 

10.1 Introduction 

An a.c. output of a given frequency and voltage can be produced either 
from a d.c. source, or directly from another a.c. source of a different 
frequency and voltage. Frequency converters can therefore be classified 
broadly into two types, d.c. to ax. ,  called d.c. line frequency converters or 
inverters, and a.c. to a.c., known as direct a.c. frequency converters or 
cycloconverters. 

Inverters and cycloconverters were introduced in Chapter 6, and in that 
chapter a simplified operating mode, i.e. single-phase resistive load, was 
used in order to illustrate the circuit principles. In this chapter 
cycloconverters will be analysed in greater detail, in particular it will be 
shown that they form an extension to controlled rectifier circuits, as 
described in Chapter 9, and can be treated similarly. It is important to keep 
this similarity in mind since, although controlled rectification forms one of 
the most frequently used power electronic circuits, the cycloconverter is 
often regarded as something mysterious and complicated. This reputation 
has no doubt been gained due to the apparently rather formidable 
arrangements which cycloconverter systems require, but it will be seen that 
all such systems can be broken down into basic controlled rectifier circuits, 
which are interconnected. 

Although inverters are described in a later chapter, it is important to 
recall the main differences between it and the cycloconverter, as 
introduced in Chapter 6. These are as follows: 

(i) An inverter uses fewer power components than a cycloconverter and 
is usually simpler in construction, even when the commutation 
components are considered. This often results in a cheaper system, 
although in very large current drives the power devices, which are 
usually thyristors, are much smaller than for a comparable inverter 
circuit, since they now have a lower duty cycle, so offsetting the cost 
advantage. In low-power circuits the voltage rating principally 
determines the cost of power components, so that this no longer 
applies. It should also be remembered that inverter thyristors need to 
be specially selected for fast turn-off times and high dv/dt, which 
results in more expensive components. The thyristor-firing circuits 

22 I 
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for inverters are simpler than for cycloconverters and this results in a 
further reduction in system cost. 

(ii) An inverter can work from a d.c. or an a.c. source, which has first 
been rectified and smoothed by relatively cheap components. A 
cycloconverter, on the other hand, can only work from an a.c. input, 
so if a d.c. supply is available only it is necessary to first convert it to 
a.c. before it can feed the cycloconverter. Such a d.c. to a.c. inverter 
can add appreciably to the original cycloconverter system cost, even if 
rotating converters are used. Therefore an inverter is much more 
versatile than a cycloconverter and is the system most frequently 
used, although, as will be seen later, a cycloconverter is used for 
special applications, usually when the supply is a.c. 

(iii) Both inverters and cycloconverters can regenerate power from the 
load to the supply, but whereas an inverter requires a fairly complex 
control system to do this, regeneration occurs as part of the natural 
process in a cycloconverter. Regeneration is frequently required in 
high-power motor-drive systems, if frequent stops and starts are 
necessary, and in this application a cycloconverter has the obvious 
edge over an inverter. 

(iv) Both inverters and cycloconverters (three-phase) can provide a 
stepless output frequency variation. For an inverter this can vary 
from any value below to any above the base frequency, since the 
input is converted to a d.c. line. For cycloconverters, on the other 
hand, the output frequency is usually limited to about one third that 
of the input and at any rate to below that of the supply, unless forced 
commutation is used, which is not desirable. The load current 
waveforms from inverters can be made to resemble those of 
cycloconverters by using pulse-width voltage-control techniques, as 
will be seen in Chapter 13. 

(v) The inverter has an intermediate d.c. store so that when operating 
from an a.c. supply the power factor imposed on this source is high, 
irrespective of that of the load. A cycloconverter does not have any 
equivalent storage capability so that the load power factor is reflected 
directly to the supply. By the very nature of the phase control 
involved in a cycloconverter, the power factor is always lagging, 
therefore a 60" leading or 60" lagging load angle would both produce 
an approximately 60" lagging supply power factor angle. 

As a generality, an inverter is used where a wide frequency variation is 
required and a cycloconverter is preferred when most of the output 
requirements are at low frequency. 

10.2 Cycloconverter principles 

Cycloconverters can operate in one of two modes, envelope or 
phase control. In both systems the circuit arrangement is identical, it is the 
operating mode which determines the type of converter. In Chapter 6 the 
phase-controlled system was introduced and this is the commonest method 
in use, being described in this section to illustrate the fundamental 
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properties of cycloconverters. In the following sections the various 
cycloconverter circuit arrangements, both single- and three-phase, are 
introduced and this is followed by a description of envelope-type 
cycloconverters and a performance analysis of phasecontrolled conver- 
ters. 

A basic single-phase cycloconverter circuit was shown in Figure 6.4 and 
it is redrawn in Figure 10.1 in a form which illustrates clearly that the 
system consists essentially of two bridge-type, two-pulse bi-directional 
converters, as described in Chapter 9, connected in opposite directions 
across the load. The converter can be considered to consist of a positive 
and a negative group, the load voltage and current polarities being as 
indicated. 

Positive Negative 
group group 

r J 

A 
B 

pbvc 10.1 Modified arrangement of a single-phase bridge cycloconverter 

The operation of the cycloconverter, shown in Figure 10.1, working in a 
phaseantrolled mode, can be explained by reference to the waveforms 
given in Figure 10.2(a). The load current is assumed here to be filtered and 
is therefore sinusoidal. At time to line A is positive to B and the load 
current is negative, i.e. opposite to the direction shown in Figure 10.1, so 
that thyristors TH7 and TH2 are fired. These thyristors are maintained in 
conduction, even when the voltage across them reverses at tl, due to the 
energy stored in the inductive load. 

At time fz thyristors TH, and THl are fired, turning TH7 and TH2 off 
and driving the instantaneous load voltage negative. When load current 
reverses at t3, thyristors l& and TH1 turn off and in order to maintain the 
load waveform as shown, thyristors TH,j and TH3 are fired. These conduct 
until r4, when TH, and TH5 are fired turning them off, and so on 
throughout the cycle. 

The instant of firing the thyristors can be varied, as desired. In Figures 
10.2(a) and 10.2(b) the angles (yp and a,, represent the minimum and 
maximum delay angles for the positive and negative group of converters, 
respectively. When the delay angle is 90" the mean output is zero, the 
variation of the delay about this point determining the amplitude of the 
output, as shown in Figure 10.2(b), where the mean load voltage is lower 
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Line voltoar 

8 3  4 3 4 7  E 7 
1 6  5 6 5 2  I 2 

7 8 7 4  3 4  3 4 3 0 7 0 1  
I 2 5  6 5  6 5 6 1  2 I 2  (cJ 

Figure 10.2 Single-phase cycloconvener waveforms: (a) high-voltage output; (b) low-voltage 
output; (c) regeneration 

than that in Figure 10.2(a). Referring to these two figures, the following 
can be deduced regarding the cycloconverter: 

(i) The positive group of thyristors, 3, 6, 4 and 5 ,  conduct in pairs when 
the load current is positive, the negative group, 7, 2, 8 and 1, 
conducting when it is negative. 

(ii) A firing delay of 90'' in any phase corresponds to zero load voltage, 
the firing points of the thyristors oscillating about this delay angle at a 
frequency determined by the required output frequency. The greater 
the swing in the oscillations about 90" (the maximum total excursion 
being lW), the greater the mean output voltage. The maximum 
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delay angle is limited by the requirement of ensuring that the negative 
voltage is of sufficient duration to turn off a thyristor during a 
commutation period. 

Figure 10.2 shows sinusoidal current waveforms, which will not be the 
case in practice unless load filters are used. It will, however, be shown later 
that cycloconverters are more frequently used in three-phase systems, 
where the output current and voltage can be made to approximate closely 
to a sine wave. During periods when the load voltage and current are in the 
same sense, either positive or negative, there is a flow of power from the 
supply to the load, and when voltage and current are in an opposite sense 
there is regeneration from the load to the supply. Careful examination of 
Figures 10.2(a) and 10.2(b) will show that there are greater periods of 

Load 

Positive group Negative group 

Negative 
group 
current 

Load current 
Positive 
group current 

Inversion: 
negative 
group 

-I-- - 
Rectification: Rectification: Rectification: Rectification: 
positive group negative group positive group negative group 

(b) Inversion: 
positive 

(C) 

a=18Oo group 

Inversion: Inversion: 
(d) positive group negative group 

Figure 103 Group representation of a cycloconverter: (a) circuit arrangement; 
(b)-(d) voltage and current for varying firing angles 
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input power than there are of regeneration. Net regeneration can be 
obtained by a rearrangement of firing pulses, as shown in Figure 10.2(c). 
The problem of regeneration is identical to that encountered in usual 
phase-control circuits, as discussed in Chapter 9, so a cycloconverter can be 
readily made to control the flow of power in either direction, which is one 
of its greatest assets. 

The operation of the cycloconverter can be explained more clearly with 
reference to its group diagram, as shown in Figure 10.3(a), the load voltage 
waveforms being given in Figures 10.3(b) to 10.3(d) for converter delay 
angles varying from 0" to 180". The function of the two converters is seen to 
change from full rectification to full inversion, in varying stages. It is clear 
that each converter must therefore be able to rectify and invert within a 
half cycle. Since only one converter cames the load current at any instant, 
it is possible to fire only this system when required, but it will be seen later 
that there are often advantages to firing both converters simultaneously, 
but with their delay angles such that their sum always equals 180". Figure 
10.4 illustrates the operating mode. From this it is seen that at any setting 
one group is in the rectification mode whilst the second is in inversion, with 
such a delay angle that the mean output from the two groups are equal, so 
that it prevents the transfer of mean power between the two converter 
groups. This system will be referred to again later in this chapter. 

Rectification: 
positive group 
Inversion: 
negative group 

10.3 Cycloconverter circuits 

Figure 10.3(a) illustrates very clearly that a cycloconverter is basically a 
combination of various groups of thyristor converters, of the type 
described in Chapter 9. Figure 10.1 illustrated the use of two-pulse bridge 

Inversion: 
positive group 
Rectification: 
negative group 

Positive group 

Delay angle for positive 
and negative groups 
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TH4 
pbpre 10.5 Push-pull two-pulse cyclooonverter 

jphase 
a.c. supply 

B Y R  
* 

To neutral point 
for sinqle phaso 

load 

&- 
Phase 2 

Flpue 10.6 Push-pull three-pulse cycloconverter 
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converters and Figure 10.5 shows a functionally identically circuit made 
from two push-pull converters. The operation of this system is represented 
by the previous load waveforms if TH3 and TI-&, for the bridge are replaced 
by TH1 for push-pull, TH4 and TH5 for the bridge are replaced by TH2 for 
push-pull, TH, and TH2 for bridge are replaced by TH, for push-pull, and 
TH1 and TH, for bridge are replaced by TH3 for push-pull. TH1 and TH2 
therefore correspond to the positive group and TH,, TH, to the negative 
one. In common with rectifier converters, it can be seen that although 
push-pull systems use half as many thyristors as a bridge circuit, these have 
now to be rated at twice the load voltage. 

The higher the pulse number of the converter, the lower the load ripple 
voltage, which was found to be the case for a.c. to d.c. converters, so that 
single-phase cycloconverters are rarely used in practice. Figure 10.6 shows 
a three-pulse push-pull cycloconverter circuit which is supplying a 
balanced three-phase load. To obtain a single-phase output only one 
converter may be used and the load returned to the neutral point of the 
transformer secondary. The three-pulse circuit can be extended to 
six pulses either by using a double-star transformer secondary, as in Figure 
9.7, or by an interphase transformer connection. The latter system is given 

3 phase 
double star 
a.c. supply 

To neutral point 
for single phase load 

. Interphase 
transformer 

Load 

Phase 1 
---c3- 

Load 
TH13-THz, 

Phase 2 

Load 

Phase 3 
THZ5-TH38 #--u 

Figure 10.7 Push-pull six-pulse cycloconverter 
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in Figure 10.7, where only one phase of the converter is shown in detail. If 
a single-phase output is required, only one converter is used and the load 
output is returned to the transformer neutral point. Interphase connections 
are preferable to double star since, as discussed when considering the 
equivalent a.c. to d.c. converters, the utilisation of the system is much 
higher. The six-pulse push-pull system can be extended to twelve pulses by 
using the circuit of Figure 9.10. 

Push-pull circuits have a single output point so that there exists a 
common load terminal to which three-phase systems can be connected. A 
bridge circuit, on the other hand, requires both ends of the load to be 
connected to the converter terminals, therefore for three-phase loads 
either the different load phases, or the input to the bridges, must be 
isolated. Figure 10.8 shows a six-pulse bridge converter with isolated load 

TH1- TH12 TH13 - TH24 
Figum 10.8 Bridge six-pulse isolated load cydomnverter 

Conrerler I Converter 2 

I 

I 

A c%r3 
pbvc 10.9 Bridge six-pulse cyclomnverter with non-isolated load 

h d  I Phose 3 

THz - THs 

Converter 3 

_j 0 
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and Figure 10.9 gives a system in which the load has a common terminal, so 
that the individual bridge inputs need to be supplied from isolating 
transformers. Isolated load circuits are preferred owing to the complete 
.absence of any input transformer. In the isolated supply system each 
secondary winding in effect feeds a separate single-phase load, so that the 
total secondary rating exceeds that of the primary by over 20%. Extension 
of the six-pulse bridge to twelve pulses, by the use of series-connected 
converters, is shown in Figure 10.10. 

The circuits described so far can be referred to as symmetrical 
cycloconverters, since each phase of a three-phase output is made up of a 
single-phase unit, but this is not always necessary. For instance, Figure 
10.11 shows a three-phase load, supplied from an asymmetrical 
cycloconverter, which has only two single-phase modules. Although the 
component content of this converter has been reduced by one third 
compared to symmetrical circuits, the utilisation of the thyristors and 

1 

3 phase 
arsupply 

Converter I Converter 2 

s 
I I- 

I 

3 

-r 1 

Converter 3 _. r- 

Figure 10.10 Bridge twelve-pdsc cydmnvcrter 
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transformer has also been appreciably reduced. Furthermore, it is now 
difficult to maintain a balanced supply to the three-phase load. In spite of 
this, the system is often economical to use in low-power circuits, where 
good performance is not a prime criterion. Figure 10.12 shows an 
alternative form of asymmetrical six-pulse converter, which consists of a 
ring arrangement of bi-directional a.c. to d.c. converters and is therefore 
not made from basic single-phase cycloconverter modules. As is seen, the 
component content has been reduced by 50% over comparable 

3 phase 
a.c. supply 

Fi@Ke 10.12 

J 

Three-phase load 
Bridge six-pulse ring-type cydoconverter 
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symmetrical cycloconverters although, as expected, the transformer and 
thyristor utilisation have now also been considerably reduced. Once again, 
however, this circuit provides a low-cost medium-performance converter, 
which is economical in many applications. 

10.4 Envelope cycloconverters 

In the discussions so far the operation of a cycloconverter has been 
illustrated with reference to its phase-controlled mode. As mentioned 
above, this is the most common technique and gives a system in which the 
load voltage and frequency can be readily controlled. However, in certain 
applications, especially where the ratio of input to output frequency is 
fixed, envelope converters can prove simpler and more economical. 

Figure 10.13(a) shows the output from a single-phase supply in which the 
ratio of input to output frequency is three. The converter thyristors are 
operated at the beginning of every half cycle, so that they follow the 
envelope of the a.c. supply waveform. Voltage control is now obtained by 
a correct choice between primary and secondary ratios on the input 

. - . Mean voltage , 

. - - . Mean voltage 

Flporc 10.13 Load-voltage waveforms for synchronous envelope converters: (a) single phase; 
(b) three phase; (c) three-phase stepped output 
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transformer. From this figure it can be seen that the load voltage will have 
a very high harmonic content and this can be reduced, as in Figure 
10.13(b), by using a six-pulse converter. Once again the load voltage 
follows the envelope of the various phase voltages and the output voltage is 
almost rectangular in shape. 

Since most cycloconverters have an input transformer, it is possible to 
vary the ratio of their secondaries with respect to one another. For 
instance, Figure 10.13(c) shows the output voltage obtained from a system 
in which phase 1 has 33%, phases 2 and 6 have 73%, and phases 2 and 5 
have 97% of the voltage of that of phase 4. The operation is once again of 
the envelope type, where the load voltage commutates naturally from 
phase to phase, so that it is always equal to that of the most positive phase. 
This system gives an output with a good approximation to a sine wave and 
was widely used io the 1920s and 1930s for traction applications, to provide 
a stable 16.66Hz (20- for 6OHz supplies) voltage. 

It can be seen from the above discussions that the half cycle output 
waveform from envelope cycloconverters is identical to that obtained if the 
thyristors were all replaced by diodes, so that conduction begins at the 
commencement of the supply cycle. The function of the thyristor is now 
purely to ensure that one of the converter groups is switched off when the 
other group is conducting, so that there is no short-circuit path across the 

Figure 10.14 illustrates an alternative form of envelope cycloconverter, 
often referred to as asynchronous to distinguish it from the synchronous 
type of envelope converter described with reference to Figure 10.13. 

supply. 

Positive group Negative group 
(a) 

Output load 
voltage 

(b) 

waveforms 
1e.M One form of asynchronous envelope cycloconvener: (a) circuit arrangement; (b) 
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Figure 10.14(a) shows that the circuit is essentially the usual arrangement 
of a cycloconverter with the addition of an induction regulator, which is fed 
from the three-phase supply, in series with the load. The output voltage 
from the six-pulse converter is as illustrated in Figure 10.13(b) and to this is 
added the induction regulator output, so as to give the resultant load 
voltage of the form shown in Figure 10.14(b). Once again, the 
approximation to a sine wave is very close. 

Envelope cycloconverters are incapable of variable-frequency operation 
and, since the converter thyristors operate like diodes during any 
half cycle, they cannot regenerate load current back to the supply. For this 
to occur the firing angle on the thyristors would need to be delayed beyond 
the start of a cycle, as in normal a.c. to d.c. converters. Therefore envelope 
cycloconverters are incapable of handling inductive loads since they cannot 
absorb its reactive power. For stable operation it is now necessary to 
connect a capacitor in parallel across the load, to raise its overall power 
factor. This disadvantage is not met with in phase-controlled converters, 
where the firing angle can be shifted readily to meet any required direction 
of load current flow. 

10.5 Phase-controlled cycloconverters 

The operation of a phase-controlled cycloconverter has already been 
described with reference to a single-phase system, as in Figure 10.2. It is 
seen that the load frequency can be controlled by the oscillation frequency 
of the firing point about 90". The load voltage amplitude is governed by the 
extent of this oscillation about the mean firing point and the converter can 
be readily switched from rectification to inversion by regulating the firing 
angle. The same considerations apply for a three-phase converter, and the 
load waveforms for the three phases of a typical six-pulse system are shown 
in Figure 10.15. 

Each phase of the cycloconverter is made up of basic single-phase 
converter blocks, as in Figure 10.3(a), and by adjusting the firing angles of 
positive (t+) and negative (a,,) systems such that ap+a,, is always equal to 
180", the mean output voltage from the two groups is equal, so that there is 

Output from 
positive group 

Output from 
negative group 

Instantaneous voltage 
difference between 
positive and negative groups 

-re 10.15 Instantaneous voltage difference between positive and negative groups of a 
cycloconverter 
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n Phase 2 

Phase 3 v 
Figure 10.16 Three-phase cycloconverter load voltage for a six-pulse bridge converter 

Positive group Negative group 

FIgurc 10.17 Position of a reactor to limit the circulating current between cycloconverter 
P U P S  

no net transfer of power around the two converters. However, Figure 
10.16 shows that even though the mean outputs from the two converters 
are equal, there are instantaneous voltage differences which can give rise 
to a large circulating current around the loop, unless this is limited by series 
reactors. Figure 10.17 illustrates the most usual position for such a reactor, 
which can be added to all converter circuits described in the previous 
sections, Figure 10.18 showing its use with one phase of the converter 
illustrated in Figure 10.7. In this position the reactor clearly affects both 
the load and the circulating currents, but since only half its turns are in 
series with the load, the inductance seen by the load current is one quarter 
of that seen by the circulating current. 

Therefore for a reactance of X, at supply frequency fs, the reactance 
presented to the load at frequencyfi is given by (fifs)(X/4). An alternative 
position for the circulating current reactor is clearly in the supply lines 
between the two converters, although then it affects the load current to a 
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3 phase 
double star 
a.c. supply 

point 

Fiapre 10.18 Push-pull six-pulse cycloconverter with circulating current limiting reactor 

greater extent. If p is the pulse number of the converter system, V the 
r.m.s. supply voltage to the cycloconverter, and X the effective source 
reactance, then the circulating current (i,) is limited to the value given by 
equation (10.1). 

(10.1) 

An alternative method for suppressing the flow of circulating current is 
to ensure that only one converter conducts at any time. This is by far the 
most satisfactory arrangement, since the circulating currents can often 
become extremely large, but it does result in a much more complex 
thyristor control system in which the load current must be sensed and used 
to block one or other group of converter, depending on the current 
direction. Another disadvantage of the non-circulating current mode is 
that the load voltage distortions can become much higher on light loads, 
when the current becomes discontinuous. Since discontinuous operation is 
only serious on light loads, it is feasible to run a cycloconverter in a 
circulating-current mode when the load current falls below a certain critical 
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level and to switch to the group-blocking mode when the current increases. 
By adopting this technique the circulating-current reactor can be made 
small, since it is not required to be effective on heavy load currents and can 
therefore saturate. 

The circulating-current suppression method of control requires a more 
complex thyristor-firing circuit, although generally circulating-current 
systems are a natural extension of ordinary phaseantrolled rectifiers and 
ensure the correct thyristor conduction for rectification or inversion. It 
gives the simplest and smoothest control method. The one disadvantage of 
circulating-current operation is that a relatively large current flows 
between the two converter groups, which results in increased device rating 
and reduced efficiency. Non-circulating-current converters prevent this by 
blocking one of the converters at all times, so that there can be no 
interchange of power between the two groups. The price to be paid is 
greater circuit complexity and higher load voltage harmonics, although this 
is only important when the ratio of input to output frequency is low. 

Other factors affect the load harmonics as well, and these are directly 
related to the pulse number of the converter, the ratio of input to output 
frequency, the level of output voltage, the load power factor and the 
technique used to control the load voltage. For instance, the load voltage is 
varied by adjusting the oscillation of the thyristor delay angle by about 90”. 
This oscillation should follow a cosine law to give a load voltage closely 
resembling a sine wave, but imperfections in the control electronics often 
mean that this perfect law cannot be followed and the load voltage is 
distorted. If a,,, is the minimum delay angle (the maximum delay being 
180-a,) then the r.m.s. load voltage V,, is given by equation (10.2). 

lr v,, = ~ ( 2 )  v f sin p cos a, (10.2) 

This is directly comparable to the equation obtained with phase- 
controlled rectifiers described in Chapter 9. In common with these 
converters, the load voltage waveform from a cycloconverter is affected by 
phase overlap caused by source reactance. This is illustrated in Figure 
10.19, which shows the shift in the load voltage harmonic current. Source 

Figure 10.19 Load-voltage waveforms for a cycloconverter: (a) with no source reactance; 
(b) with source reactance 
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reactance effects are especially important when the cycloconverter is used 
in variable-speed constant-frequency (VSCF) systems. These are frequent- 
ly met with in aircraft, where the cycloconverter is fed from a local 
alternator which has a high-frequency output. Since the alternator speed is 
variable so also is its frequency, the cycloconverter now being used to 
ensure that the load frequency is maintained at a fixed value. The source 
reactance is that of the alternator, and since the cycloconverter represents 
its largest load it would create considerable distortion, which would need 
to be taken into account in any system design. If p is the overlap angle 
caused by instantaneous output current Z through the source reactance X, 
(Y is the firing delay angle and V the r.m.s. supply voltage, then equation 
(10.3) can be obtained. 

cos((Y + p) - cosa = &) 2 7 XI (10.3) 

The input current conditions to the cycloconverter can be defined by 
three factors: 

(9 

(iii) 

The power factor P, which is the ratio of the system watts to the volt 
amperes; 
The distortion factor D, which is the ratio of the r.m.s. fundamental 
input current to r.m.s. total input current; 
The displacement factor L, which is the cosine of the angle between 
the fundamental supply voltage and the fundamental component of 
the input current. 

The relationship between these three factors is given by equation (10.4). 

P = DL (10.4) 
Therefore for a sinusoidal input current D = 1 and the power factor equals 
the displacement factor, as expected. 

The performance criterion for a cycloconverter is dependent on many 
different conditions. Exact analysis is difficult and is complicated further 
by the oscillations of the firing angle throughout the output cycle. The 
equations given above are based on the assumption of a relatively high 
input-to-output frequency ratio. 

10.6 The cycloinverter 

The usual form of operation for a cycloconverter is in the step-down mode, 
where the output frequency is less than that of the input. Generally, this 
frequency is limited to a maximum of one third that of the supply 
frequency, since at lower ratios the voltage distortions become appreci- 
able. 

When the cycloconverter is running in its step-down mode it is naturally 
commutated, the leading kVA required to turn off conducting thyristors 
being derived from the higher-frequency side, which in this case is the a.c. 
supply. There is no reason why a cycloconverter cannot run with an output 
frequency greater than that of the input, and such a system is called a 
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TH, TH, 

step-up cycloconverter, or more commonly a cycloinverter. The important 
difference between this and the more popular inverter, described in 
Chapter 13, is that there is no d.c. line in the cycloconverter, the power 
being converted directly from an input a.c. at one frequency to an output at 
a higher one. The turn-off energy required by the conducting thyristors 
must again be derived from the high-frequency side, i.e. the load, in this 
instance. If the load has a leading power factor then this requirement will 
be met, and if it has a lagging power factor then a capacitor must be 
connected across it to artificially reproduce this condition. 

TH, TH, TH, TH, tit 
10.20 Three-pulse push-pull cycloinverter 

Figure 10.20 shows one form of commutation which may be used in a 
cycloinverter. It will be seen in Chapter 11 that this is a parallelcapacitor 
commutation system, although many of the other techniques described in 
that chapter may be used instead. The principle of the system is that the 
thyristors treat the instantaneous value of the a.c. supply voltage as a d.c. 
base from which the commutation voltage is derived. The overall system is 
push-pull, where the load is supplied from a centre-tapped transformer T. 
When TH1, TH2 or TH3 conduct, load current flows from one of the input 
lines to the neutral, assuming that their instantaneous value is positive, and 
the supply voltage is impressed across AB. This makes the secondary side 
D positive to E and when TH,, TH5 or TH, conduct the voltages across the 
primary and secondary are reversed. Therefore the load sees an alternating 
voltage, of a magnitude equal to that of the supply, modified by the turns 
ratio between half the primary and the secondary of transformer T. 
As an example, suppose TH3 is conducting, the load voltage being 

proportional to the instantaneous value of the supply phase R, and at the 
same time side A of the transformer T being raised positive by twice this 
value, with respect to side C, since B is the centre point. Therefore C1 
charges to twice the instantaneous supply voltage with plate a positive to b. 
To reverse the load voltage it is necessary to turn off TH3 and fire, say, 
TH.,. Thyristor TH3 will not go off naturally until the end of the half cycle, 
but if TH4 is fired then plate b of capacitor C1 is raised to the same voltage 
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as that of the anode of TH3. This places a reverse voltage, that on C1, equal 
to twice that of the instantaneous a.c. supply at this instant, directly across 
TH3, and it turns off. Load current is now supplied by TI& and the load 
voltage has been reversed. Capacitor C1 need not be connected across the 
transformer primary, the same effect being obtained with the capacitor on 
the secondary side. 

Cycloinverters are not commonly used, since they do not give any 
significant advantage over forced commutated inverter systems. They have 
found limited application for induction heating systems where, for 
example, the transformer in Figure 10.20 is replaced by a centre-tapped 
heating coil with a capacitor connected across it. The combination of coil 
and capacitor forms a resonant circuit which turns the conducting thyristors 
off at the required times. 

10.7 Cycloconverter control circuits 

As described in earlier sections, the mean voltage from a cycloconverter 
must be able to oscillate about zero, moving from a maximum positive to a 
maximum negative value in each cycle of the output frequency. To obtain 
this the firing delay is usually biased at an angle of 90" and the firing angle 
delay is then oscillated by a further 90" about this point, in both the positive 
and negative directions. This causes the firing point of the positive group of 
thyristors, making up the cycloconverter circuit, to be advanced and the 
firing angle of the negative group to be retarded by the same amount, 
during the positive half cycle, the roles being reversed during the negative 
half cycle. At all times the sum of the positive and negative delay angles is 
such that equation (10.5) is satisfied, as described earlier, so that the mean 
output voltages from the two groups are equal in magnitude but opposite in 
phase. 

(10.5) % + ar, = 180" 

The block diagram of Figure 10.21 illustrates functionally the basic 
system for the thyristor-firing circuit of a cycloconverter, most of these 
functions being available within integrated circuits. The reference voltage is 
ideally a steady d.c. level, which produces a firing angle delay of 90", on 
which is superimposed a cosine voltage. The frequency of this voltage will 
determine the load frequency and the amplitude of the cosine curve, relative 
to the d.c. level, fixes the modulation depth of the load voltage and hence its 
magnitude. The distributor circuit feeds thyristors in both the positive and 
negative converter group, but a feedback signal from the load current is 
shown, in the system illustrated, to be used to blank pulses to the group 
which is not conducting load current, so that circulating currents are 
prevented. The reference wave generated is compared to a sample of the low- 
voltage output and the firing angle is then adjusted such as to minimise the 
harmonics by causing a delay over successive cycles. The delay is 
continuously variable from 0" to 180" in response to the control inputs and 
the reference, the pulses for each group being 120" apart. 
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IFbprc 10.21 Block schematic of a cycloconvertcr control circuit 

The control circuits for cycloconverters can become very complex owing 
to the relatively involved logic functions which have to be performed and 
the large number of thyristors requiring gate signals. To construct such a 
drive using discrete components would result in a large and expensive 
system, so modem cycloconverter circuits use a considerable amount of 
integrated circuits, many of them implemented as gate arrays, with complex 
logic performed in the software of microprocessors. 



Chapter 11 

Forced commutation techniques 

11.1 Introduction 

Some power semiconductors, such as transistors and gate turn-off switches 
(GTO), can be turned off by means of a signal on their gate terminal, whilst 
in others the gate is only able to turn the device on and it will turn off when 
the current through it has decayed to zero. The turn-off process is known as 
commutation, and if the power semiconductor is operating from an a.c. 
supply, then this will occur when the supply reverses, the process being 
called natural commutation. If the power supply is d.c., or if the conducting 
semiconductor is to be turned off at the non-zero part of an a.c. cycle, then 
it must be commutated by forcing the current through the device to zero, and 
this is called forced commutation. 

Choppers and inverters have already been introduced in Chapter 6 and if 
thyristors are used as the power switches for these circuits, as is usual, then 
they need to be forced commutated. Figure 11.1 shows the principle 

By-pass circuit F 
+vd 

Flpre 11.1 A generic forced commutated system 

242 



A classification system for forced commutation 243 

involved in forced commutating a conducting thyristor THI which is 
operating from a d.c. supply. When switch S, is closed the load current, 
flowing via the thyristor, is diverted through the bypass circuit, which also 
applies a reverse voltage across the device, turning it off. Often this bypass 
system consists of a capacitor, which has been charged during a previous 
cycle to the polarity shown. 

(i) The time for which the thyristor is reverse biased must exceed its 
turn-off time. 

(ii) The rate at which the forward voltage is re-applied across the device 
must be less than its dv/dt rating. 

(iii) The switch S, will have to carry a high rate of current increase (dildt) 
and this must not exceed its rated value. 

(iv) It is probable that the bypass circuit will need to be reset again, so as 
to be able to apply the required reverse voltage across the thyristor, if 
it is refired and needs to be turned off. 

This chapter examines the different forced commutation techniques used 
and their application to choppers and inverters are described in Chapters 
12 and 13, respectively. 

For successful commutation several conditions must be satisfied: 

11.2 A classification system for forced commutation 
A large number of different circuits are used for forced commutation of 
power semiconductors, and in order to study them a classification system is 
required, one system being described here. This is independent of the type 
of application, e.g. chopper or inverter, so that it will be used again in 
subsequent chapters when these circuits are described. Four divisions are 
used in the forced commutation classification, as illustrated in Figure 11.2. 

(0 

(ii) 

(iii) 

Parallel-capacitor commutation. In this a charged capacitor C is 
placed directly across the conducting thyristor, as in Figure 11.2(a), 
turning it off. The circuit which is used to prime the capacitor at the 
start of every cycle, with the polarity shown, is not illustrated, and the 
semiconductor switch S, is also part of the commutation circuit. The 
capacitor performs a dual role, that of applying a reverse bias across 
the thyristor TH1 and of diverting the load current away from this 
thyristor during the turn-off period. For inductive loads commutation 
is more difficult and a larger value of capacitor must be used, or a 
free-wheeling diode placed across the load, as in Figure 11.2. 
Parallel capacitor-inductor commutation. In this method, illustrated 
in Figure 11.2(b), an inductor is placed in series with the capacitor 
which is connected across the thyristor being forced commutated. 
Once again the capacitor carries the load current during commutation 
and provides the reverse bias across the thyristor, the inductor having 
auxiliary functions, as described later. 
Series capacitor commutation. In this technique the capacitor is 
connected in series with the power thyristor being turned off, as in 
Figure 11.2(c), so that it is almost invariably in series with the load. 
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( C )  (d) 

Flgurc 11.2 Forced commutation techniques: (a) parallel capacitor; (b) parallel 
capacitor-inductor; (c) series capacitor; (d) coupled pulse 

Clearly, once the capacitor is charged to its final value the thyristor is 
turned off and the capacitor must be reset before the thyristor can be 
refired. 

(iv) Coupled-pulse commutation. For this forced commutation method 
the turn-off pulse is coupled to the thyristor by means of a 
transformer or an auto-transformer, a transformer being illustrated in 
Figure 11.2(d). In this figure the pulse energy is obtained by 
discharging a capacitor, although many other techniques may be 
used. 

In the circuits of Figure 11.2 only the basic principles of commutation 
have been illustrated, most of the auxiliary commutation system having 
been omitted, although these will be included in subsequent sections when 
each of these four commutation methods are discussed in greater detail. 

In common with any engineering design problem, choice of a forced 
commutation method requires the balancing of technical performance 
against cost, although for a given price it is true that there is an optimum 
circuit. To help in drawing up a technical comparison between the various 
forced commutation systems which are described later, a checklist of six 
parameters will be considered, as follows: 
(i) Does the commutation method enable the power switches within the 

circuit to be used in either a variable-frequency or a fixed-frequency 
variable mark-space mode, as desired? Clearly, the greater the 
flexibility, the better the system. 
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(ii) What are the limits on the minimum and maximum duration of the 
output pulse? Once again, the wider the limits, the more flexible the 
system and therefore the higher its performance. 

(iii) Is the commutation capacitor voltage inherently increased in 
proportion to the load current to be commutated? Such an increase is 
usually desirable since the capacitor can be optimised to operate over 
a wide range of loads, the voltage on the capacitor and therefore the 
commutation energy which it stores, increasing with load current, 
when it is most required. 

(iv) If commutation were to be unsuccessful on the first attempt, say due 
to an overload, would it be attempted once more and be successful 
when the load reduced? Such a feature is highly desirable and is 
superior to systems where once a commutation is attempted and fails, 
the commutation mechanism is locked and cannot take part in any 
further operations, causing a once-for-all failure of the system. 

(v) Is the current rating of the main thyristor increased by the 
commutation process? For high-frequency applications a consider- 
able amount of energy is expended in the series of commutations, and 
if this were all to flow through the main power semiconductor its 
rating would be increased appreciably, so that commutation systems 
which avoid this are obviously superior. 

(vi) The sixth parameter is of importance when considering chopper or 
inverter circuits and is related to the inverter or chopper 
configuration more than to the commutation method. This is whether 
there is a low-impedance fault current path across the supply, since if 
such a path does exist then a commutation failure would cause the 
current to rise rapidly, destroying the semiconductor devices. 

In the detailed description of the four commutation methods, given in 
the following sections, chopper circuits will be used as illustrations, since 
they are much simpler than inverter circuits and allow attention to be 
placed on the commutation technique. The same principles apply for 
inverters and these are described in Chapter 13. 

11.3 Parallellcapacitor commutation 

The parallel-capacitor commutation method was shown in Figure 11.2(a). 
To explain its operation, assume that capacitor C is charged to a voltage 
V,, from an earlier cycle, with the polarity indicated. The load current just 
prior to switch S, closing is ZW) and is assumed to remain constant during 
the short discharge period of capacitor C. If the reverse recovery current 
through thyristor THI is also neglected, then the time during which the 
thyristor is reverse biased (t,) after the switch is closed is given by equation 
(1 1.1) and for commutation to be successful this time must exceed the turn- 
off time of the thyristor. 

(11.1) 

The rate of re-application of forward voltage across the thyristor is 
determined by the commutation capacitor discharging through the load 
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and recharging again from the battery, with a polarity opposite to that 
shown in Figure 11.2. This is given by equation (1 1.2) and its value must be 
less than the dv/dt rating of the thyristor for it to remain off after the 
commutation (reverse bias) period. 

Load 

-- + Vs , IC 
bl lo  

< 

TH2 Figure 11.3 An elementary parallelcapacitor 
commutation system 

(11.2) 

Equations (1 1.1) and (1 1.2) are applicable to all parallel-capacitor 
commutated circuits and enable the correct capacitor value to be chosen 
for a given load and device characteristic. The magnitude of the capacitor 
voltage (Vc), just prior to the start of commutation, will depend on the 
auxiliary circuit used to prime the capacitor. 

The simplest example of a parallel-capacitor commutated chopper 
circuit is shown in Figure 11.3. Thyristor TH1 is fired to initiate the load 

current and at the same time it charges the commutation capacitor C to the 
supply voltage V,, via resistor R1, with plate a positive. To turn off the 
main thyristor the auxiliary thyristor T H 2  is turned on, which places the 
charged capacitor across THI causing it to be reverse biased. The load 
current now flows through the commutation capacitor, charging it with 
plate b positive and causing the voltage across THl to change from reverse 
bias to forward bias. Commutation of t h i s  thyristor will be successful if the 
reverse bias time, given by equation (l l . l) ,  exceeds its turn-off time and if 
the rate of rise of forward voltage, given by equation (11.2), is below its 
rated value. Thyristor TH2 would normally remain conducting after 
commutation of TH1 has been completed, current flowing through resistor 
R1, and it would t u n  off when thyristor TH1 is next fired to commence the 
load cycle and capacitor C is placed across T H 2 ,  causing it to be reverse 
biased. 

The circuit shown in Figure 11.3 is inefficient since current flows via R1 
and TH2 during the whole of the off period and also since the current 
needed to prime C ready for the commutation cycle flows through R1 and 
TH1, not adding to the load power. The circuit is also limited in operating 
frequency and minimum on time of the main thyristor, which determines 
the minimum output voltage for a chopper. Since R1 must be made large, 
so as not to dissipate excessive power during the off period, this then 
extends the charge time of capacitor C. Commutation of TH1 cannot begin 
until this charging has been completed, limiting the minimum time for 
which the main thyristor can be on. 
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Figure 11.4 Modification to Figure 11.3 to improve cornmutation efficiency by including the 
load in the capacitor reset path 

Figure 11.4 shows a modification to the elementary circuit of Figure 
11.3, which reduces the commutation losses and improves its high- 
frequency operation by eliminating the need for a separate capacitor 
charge resistor. Thyristors TH2,  THs and T H 3 ,  TH, are fired in pairs to 
reverse the voltage on commutation capacitor C. At the start of a cycle 
thyristors TH3 and TI€, are fired so that capacitor C is charged to the 
battery voltage with plate b positive. Since this priming current flows 
through the load it adds to the load power and is not dissipated in an 
auxiliary resistor, as in Figure 11.3, so improving circuit efficiency. Also, 
after the commutation capacitor has been fully charged all the thyristors go 
off and there is no further power dissipation in the circuit. Thyristor THI is 
fired to commence the load cycle, and since the commutation capacitor has 
already been primed there is no requirement for a minimum on time for 
this thyristor. To turn it off, thyristors TH2 and TH5 are fired, applying the 
reverse voltage of capacitor C across TH1, which will turn off provided its 
characteristics satisfy equations (11.1) and (11.2), as before. 

Figure 11.5 shows a further modification to the basic circuit of Figure 
11.3, which uses a resonant circuit to prime the commutation capacitor. 
Thyristor TH1 is fired to commence the load cycle and simultaneously, or 
some time later, thyristor TH3 is fired, causing C to charge through 
inductor Ll to a voltage V, with plate a positive. Thyristor TH3 will go off 
as soon as this capacitor has reached its full voltage, so that there is no 
further dissipation, due to the auxiliary commutation circuitry. To turn the 
main thyristor off, commutation thyristor TH2 is fired, which places the 
reverse capacitor voltage across TH1 causing it to be commutated, as 
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Flgnre 11.5 Modification to Figure 11.3 by the addition of capacitor resonant charge 

before. The capacitor then charges to the supply voltage V,  through the 
load, and thyristor TH, will go off as soon as this has been completed. 

Equations (11.1) and (11.2) still determine the conditions for a 
successful commutation, but since the capacitor is charged via a resonant 
circuit it will reach a voltage of twice the supply voltage, losses in the 
resonant path being ignored, so that the size of the commutation capacitor 
needed is now halved compared to the circuits of Figures 11.3 and 11.4. 

The six-point checklist, given in the previous section, can now be used to 
analyse the circuit shown in Figure 11.5: 

(i) The circuit can be operated in either a variable-frequency or a 
variable mark-space mode, since commutation does not start until an 
auxiliary commutation thyristor is fired, giving the operator full 
control over the on and off periods. 

(ii) The minimum on time re, which determines the minimum load 
voltage, is given by equation (11.3). The value of capacitor C is fixed 
by the need for a successful commutation at the peak load current 
expected, as in equation ( l l . l ) ,  so the only way in which this time can 
be reduced is by decreasing the inductor L1. However, the peak 
current through thyristors THI and TH3, caused by the charging of 
capacitor C, is given by equation (11.4), and from this it can be seen 
that if inductor L1 is made too small then the charging current 
through these devices will be very high, adding to their dissipation 
and rating requirements. 

rc = Jc J(L1C) (11.3) 

(11.4) 

The minimum time for which the main thyristor TH1 must be off 
(r,,) is dependent on the load current, being longer on light loads, if it 
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is desired not to refire TH1 until C has completed its charge through 
THz, and this determines the maximum output load voltage from this 
chopper circuit. This situation is common to all systems where the 
turn-off pulse flows through the load. 

(iii) The commutation voltage is determined by the resonant circuit and is 
not increased by the load voltage if the inductances of the leads are 
ignored. 

(iv) If the main thyristor TH1 fails to turn off during a commutation 
attempt, when THz is fired, then when TH3 is next fired it will again 
recharge C ready for another commutation attempt, which will be 
successful if the load current has reduced. 

(v) The rating of the main thyristor TH1 has been increased by the 
charging pulse required for capacitor C, via TH3. This is also true for 
the circuit of Figure 11.3, although it is avoided in the circuit of 
Figure 11.4, where the charging current contributes to the load 
current. 

(vi) A fault condition, which resulted in both thyristors TH3 and TH, 
being gated on simultaneously, would give a low-impedance path 
across the supply, which would destroy both devices unless they were 
protected by fuses. 

Figure 11.6 shows a parallel-capacitor commutation circuit which has 
been popularly used for chopper circuits. Auxiliary thyristor TH2 is fired at 
the start of any cycle, charging commutation capacitor C to the supply 
voltage VB with plate b positive. Main thyristor THI is then turned on, , 

pirve 11.6 An alternative parallel-capacitor commutation system for a chopper 

starting the load cycle and causing C to resonate through inductor L1, via 
thyristor TH1 and diode D2, recharging to V,, which will be equal to VB if 
the resonant losses are ignored, with plate a positive. To turn TH1 off, 
thyristor TH2 is fired, which places the reverse voltage of capacitor C 
across the main thyristor, as in a normal parallel-capacitor commutation 
system. The capacitor commences to carry the load current and recharges 
with plate b positive ready for the next cycle, and when this is complete 
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auxiliary thyristor TH2 also turns off, so that there is negligible quiescent 
power loss in the circuit. 

The circuit of Figure 11.6 can be analysed using the six points discussed 
earlier, as follows: 
(i) Both variable-frequency and variable mark-space operational modes 

are possible. 
(ii) The same comments regarding minimum on and off times, made 

when discussing Figure 11.5, apply here. 
(iii) The commutation voltage is not boosted by load current. 
(iv) If thyristor TH2 is fired to commence the commutation cycle of the 

main thyristor TH1 (plate a of the capacitor being positive) and 
commutation is unsuccessful, i.e. TH1 fails to turn off, then the 
commutation capacitor C will discharge to zero and TH2 will turn off. 
Since THI is still conducting, C cannot recharge to V, so 
commutation will not be re-attempted. ‘Once-for-all’ commutation 
failure has occurred and the chopper can only be restarted by first 
breaking the supply to THl, rendering it non-conducting, and then 
re-applying the supply. 

(v) The rating of the main thyristor THI is increased by the resonant 
capacitor charge. 

(vi) A low-impedance failure path does not exist across the supply 
voltage, assuming that diode Dl has not failed to a short circuit. 

Figure 11.7 Modification to Figure 11.6 
to avoid capacitor charge current flowing 
through the main thyristor 

Figure 11.7 shows an alternative circuit to that in Figure 11.6, where the 
discharge resonant pulse of the commutation capacitor does not flow 
through the main thyristor TH1, so that its rating is not increased. Apart 
from this, the circuit design parameters are the same as for Figure 11.6. At 
the start of the cycle thyristor TH2 is fired which charges capacitor C to VB 
with plate b positive. Thyristor TH3 can be fired at any time, but it is 
usually fired simultaneously with the main thyristor THI. This causes 
commutation capacitor C to resonate with L1 and recharge with plate a 
positive, ready for the commutation interval, which commences when TH2 
is next fired. 

11.4 Parallel capacitor-inductor commutation 

The parallel capacitor-inductor commutation technique was introduced in 
Figure 11.2(b). Assume that commutation capacitor C is charged with the 
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polarity shown, from a previous cycle, and that the main thyristor THI is 
on and supplying load current. When switch S, is closed the current 
through inductor L starts to increase, due to the reverse polarity on the 
capacitor. When this current equals that of the load current all the load 
power is supplied via commutation capacitor C. The reverse voltage of the 
capacitor is now placed across the main thyristor and it turns off. This 
thyristor will remain off so long as it is reverse biased for a period in excess 
of its turn-off time. The commutation capacitor charges via the load to at 
least the supply voltage. For heavy loads it would charge to a voltage 
greater than that of the supply since the energy stored in L, whilst it was 
passing the load current, would transfer to the commutation capacitor, 
boosting its voltage. The peak voltage on the commutation capacitor, and 
its rate of rise, must not exceed the rating of the main thyristor or it will 
break over into conduction. 

Assuming that the commutation capacitor is charged to the value of the 
battery voltage V, prior to commutation, the value of the commutation 
capacitor and inductor can be found from equations (1 1.5) and (1 1.6) where 
I,,,!, is the peak load current at the time commutation commences (switch 
S, is closed) and tow is the turn-off time of the thyristor. 

(11.5) 

(11.6) 

From these equations it can be seen that parallel capacitor-inductor 
commutation is unsuitable for use in systems controlling large currents and 
operating from low supply voltages since it would require a large value of 
commutation capacitor and an impractical small value of series inductance. 
For example, to turn off 250A from a 4OV supply, using thyristors with 
turn-off times of 50p, would require a commutation capacitor of 28OpF 
and an inductor of 2.5pJ-I. In all probability, the inductance of the 
connecting leads would exceed this value. 

Figure 11.8 shows the most basic commutation circuit, in the parallel 
capacitor-inductor group. When the power is first applied capacitor C 
charges to the supply voltage with plate b positive and the main thyristor TH, 
cannot be fired until this has been completed. When "HI is turned on the load 
cycle commences and simultaneously the capacitor voltage is placed across 
inductor L1, causing it to resonate and recharge with plate a positive. Once 
this has been completed, the circuit conditions are as in Figure 11.2(b) with 
the switch closed. The capacitor commences to discharge through the load 
and as current builds up through the inductor, to reach the value of the load 
current, thyristor THI turns off. The capacitor now continues to charge 
towards the value of the supply voltage, as before. 

This circuit can be analysed using the six comparative factors introduced 
earlier: 

(i) It can only operate in a variable-frequency mode, since there is 
control over the firing time of thyristor TH1 but no control over when 



252 Forced commutation techniques 

Figure 11.8 A basic parallel capacitor- 
inductor commutated circuit 

it turns off. Turn-off occurs at a fixed time after the thyristor is turned 
on and C has resonated through L1. 

(ii) Assuming that the current through the inductor L1 quickly reaches 
the load current, when the capacitor is placed across it, the on time tc 
of this chopper circuit is determined by the time needed for C to 
resonate through L1 and is given by equation (11.3). This determines 
both the minimum and the maximum on times. Once the main 
thyristor TH1 has been turned on it cannot be refired until capacitor C 
has discharged through the load and recharged with plate b positive, 
which can be a long time on light loads. Therefore the minimum off 
time can be large, giving a poor ratio of on-to-off time and a low 
maximum output voltage. 

(iii) The capacitor voltage is increased by the load current since it cause.s 
energy to be stored in the inductor L1 which is subsequently 
transferred to the capacitor. Therefore on heavy loads the 
commutation energy is increased, which is desirable. If lL(pk) is the 
peak load current being commutated, then the value of the capacitor 
voltage is given by equation (1 1.7). 

(11.7) 

(iv) If thyristor TH1 does not turn off after capacitor C has completed its 
discharge through L1 and the load then, since the voltage across the 
inductor-capacitor commutation is now equal to that of an on 
thyristor, capacitor C cannot charge with plate b positive and no more 
commutation attempts will be made. ‘Once-for-all’ commutation 
failure has occurred. 

(v) The resonant charge current of C flows through the main thyristor 
THl, so its rating is increased. 

(vi) A low-impedance path does not exist &cross the supply in the advent 
of a commutation failure. 

The circuit of Figure 11.9 gives a chopper with greatly improved 
performance. L1 is now a saturable reactor. As before, C must be charged 
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with plate b positive before the main thyristor is fired to commence the 
load cycle. When TH1 is fired the voltage of this charged capacitor is 
placed across reactor L1. The reactor blocks the voltage for a time tp 
required to drive it into positive saturation. When this has occurred the 
reactor presents an after-saturation inductance L1 to the capacitor and it 
resonates, recharging with plate a positive. Once resonance has been 
completed the reactor comes out of saturation and blocks current. It is now 
driven into negative saturation by the reversed capacitor voltage and after 
a negative saturation time t,, it again reaches saturation and capacitor C 
commences its discharge through the load (ignoring the effect of diode D2 
for the present), turning off the main thyristor THI. 

The diode D2 across the main thyristor is optional, and it could have 
been added to the circuit of Figure 11.8 as well, if required. It provides a 
path for the capacitor discharge current when the load current is very low. 
Therefore on an open-circuit load the capacitor would resonate through L1 
and D,. 

F m  11.9 Modified parallel capacitor-inductor commutated circuit using a saturable reactor 

The performance of the circuit shown in Figure 11.9 can be analysed 
using the six comparative points, as follows: 
(i) Only variable-frequency operation is possible, since the circuit is 

essentially as in Figure 11.8. 
(ii) The on time (tc) of this circuit has now been increased by the two 

saturation times of the reactor and is given by equation (11.8). The 
minimum off time to, that is, the time during which the main thyristor 
must remain off during a cycle, to enable the capacitor to charge with 
plate b positive, is given by equation (11.9), which is the value on 
very light loads, when most of the discharge occurs due to the 
resonance of the capacitor via diode D2. 
tc = nJ(L1C) + fp + t" (11.8) 
to = Jc J(L*c) (11.9) 



254 Forced commutation techniques 

(iii) The capacitor voltage is increased by the load current, as before, 
being given by equation (11.7), since on heavy loads most of the 
capacitor discharge will occur through the load. 

(iv) If commutation fails for any reason then it cannot be re-attempted 
since the main thyristor, being continuously on, prevents the 
capacitor from charging with plate b positive. 

(v) The rating of the main thyristor is increased by the capacitor resonant 
current. 

(vi) No low-impedance fault current path exists across the supply. 

Figure 11.10 A parallel capacitor-inductor 
commutated circuit capable of variable 
frequency and variable mark-space operation 

Figure 11.10 shows a parallel capacitor-inductor commutation circuit 
which is frequently used. ,Although a saturable reactor can be used, 
as in Figure 11.9, a linear inductor is more usual, as shown. Initially 
C charges through L1, D3 and the load to reach the supply voltage with 
plate b positive. The load cycle can now commence with thyristor THI 
being turned on. Capacitor C cannot discharge since D3 is reverse biased 
and TH2 has not yet been turned on. To turn off the main thyristor TH1 
auxiliary thyristor TH2 is fired, enabling C to resonate with L1 and 
recharge with plate a positive. The capacitor now discharges through D3 
and then through both the load and the diode D2, depending on the 
magnitude of the load current, as in Figure 11.9. As in that figure, diode 
D2 is optional and performs the same role of limiting the discharge time of 
the capacitor on light loads. 

(i) Both variable-frequency and variable mark-space operation are 
possible. 

(ii) The minimum on and off times are equal and are given by equation 
(11.3). However, since the main thyristor is not now commutated 
until thyristor TH2 is fired, this can be made long compared to the 
resonant time given in equation (11.3), so the maximum output 
voltage can be close to that of the supply. 

(iii) The commutation capacitor voltage is increased proportional to the 
load current, due to the transfer of energy from L1 to C, as before, 

The performance of the circuit in Figure 11.10 is as follows: 
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when THl turns off. The capacitor voltage is given by equation 
(1 1.7). 

(iv) A commutation failure prevents the circuit from re-attempting 
commutation. 

(v) The rating of thyristor TH1 is increased by the resonance of C through 
L1- 

(vi) There is no low-impedance short-circuit current path across the 
supply. 

11.5 series capacitor commutation 

The basic series capacitor commutation circuit is shown in Figure 11.2(c), 
where a commutation capacitor is connected in series With the load. 
Assume that initially this capacitor is discharged when thyristor TH1 is 
fired to start the load cycle. The capacitor now commences to charge 
towards the supply voltage, and when the current through the thyristor 
falls below its holding current the device will turn off. Clearly, this 
elementary circuit is capable of a single pulse only and some mechanism 
must be used to reset the capacitor voltage before the main thyristor can be 
refired. 

There are several methods which may be used to reset the commutation 
capacitor in a series capacitor commutated circuit. Figure ll.ll(a) shows 
the capacitor voltage being discharged by resistor R1 when the main 
thyristor is turned off. As before, th is  thyristor THl is fired to commence 
the load cycle. Generally, the system requires an underdamped resonant 
circuit, made up of L1, C and the load, such that the capacitor charges with 
plate b greater than that of the battery (V,) so that thyristor THI is reverse 
biased and turns off more rapidly than when the current is simply reduced 
to below its holding value. 

Load 

r- V, 

Load 
Figure 11.11 Series capacitor commutation: (a) resistor 
reset; (b) load reset; (c) resonant reset 
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The circuit of Figure l l . l l(a) can be analysed using the six comparison 
points, as before: 

(i) The on time is fiied by the resonant time in the circuit, so that only 
variable-frequency operation is possible. 

(ii) The on time, caused by resonance, is equal to that given by 
(11.10) 

where Le is the effective inductance of the series combination of the 
load and of L1. This resonant time determines the on period of the 
chopper circuit shown. After the main thyristor has turned off 
capacitor C commences to discharge through resistor R1 and the main 
thyristor cannot be turned on again, to commence the load cycle, 
until this voltage has fallen to a sufficiently low value. Otherwise 
capacitor C will not charge to a high enough voltage for commutation 
and the magnitude of the load current pulse will be reduced. 
Therefore the minimum off time of the circuit can be quite large 
compared to the on time, giving a low maximum output voltage. 

(iii) The current flowing in the load and in inductor L1 both boost the 
voltage on the commutation capacitor, just prior to the start of a 
commutation cycle, therefore the commutation voltage is increased in 
proportion to the load. However, because the voltage on the 
commutation capacitor is always reset to as close to zero as possible 
before the start of the next cycle, this voltage boosting can be a 
nuisance in requiring the capacitor to discharge by a greater amount 
during the off periods of THl. 

(iv) A commutation failure would generally occur if R1 is of a low enough 
value to provide current in excess of the holding current of "HI, and 
THI does not turn off after a half cycle, possibly due to C not being 
sufficiently discharged from a previous cycle. Under these conditions 
THI remains on continuously, supplying load current via R1 and 
commutation is not re-attempted. An alternative failure mechanism 
is when R1 is large and the capacitor is unable to discharge to a low 
enough voltage between the periods when TH1 is off, so that when 
the thyristor is fired it can only deliver very small pulses of load 
current before its current falls below the holding value, turning it off. 

(v) The rating of the main thyristor is not increased by the reset current 
of the commutation capacitor, which occurs through the resistor R1. 

(vi) There is no low-impedance short-circuit current path across the d.c. 
supply in the event of a commutation failure. 

The circuit of Figure l l . l l (a)  has a very limited maximum output 
voltage range, as described in (ii), and is also relatively inefficient since the 
commutation reset power is dissipated in resistor R1. Figure l l . l l (b)  
shows a modified circuit in which the load is connected across the 
commutation capacitor. Once again the capacitor charge circuit must be 
underdamped to provide an effective reverse voltage to commutate 
thyristor TH1, but now when this thyristor turns off, at the end of its 
resonant half cycle, the capacitor is reset by discharge through the load, 
rather than an external resistor, so the efficiency of the system is much 
higher. 
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Analysis of the circuit given in Figure l l . l l(b) shows that it is similar to 
that in Figure l l . l l (a)  regarding all the six comparative points, as follows: 
(i) Only variable-frequency operation is possible. 
(ii) The minimum on time is determined by the resonance through L1, the 

load inductance not playing any part. The off time is determined by 
the load and it should be resistive to prevent resonance during the 
discharge cycle, which would reverse the voltage across it. 

(iii) The commutation capacitor voltage is increased by the load current 
flowing in inductor L1. 

(iv) Unsuccessful commutation is more likely, with the thyristor 
remaining permanently on through the relatively low impedance 
load. When this occurs commutation is not re-attempted. 

(v) The current rating of the thyristor is not increased by the 
commutation capacitor reset action. 

(vi) A low-impedance fault current path does not exist across the supply. 
A more effective series capacitor commutated circuit is shown in Figure 

ll.ll(c), where a separate resonant circuit is used to reset the 
commutation capacitor. As before, the main thyristor TH1 is fired to 
commence the load cycle and, assuming an underdamped circuit, this 
thyristor will be turned off at the end of a half cycle of resonance, when C is 
charged to a voltage in excess of VB with plate b positive. After a time 
equal to the turn-off time of THI, auxiliary thyristor TH2 is fired, which 
enables C to resonate through inductor b and recharge with plate a 
positive, ready for the next half cycle of load current. This circuit has the 
following characteristics: 
(i) Only variable-frequency operation is possible, since the thyristor is 

only capable of delivering a half cycle of power during its on period. 
(ii) The on time is given by equation (1 1.10). The minimum off time is also 

given by this equation where the effective inductance Le is now equal 
to L. Since this inductance, L2, can be made much smaller than Le the 
minimum off time is much less than the on period, so that the maximum 
output voltage from the chopper circuit can be made to be close to that 
of the supply. 

(iii) The voltage on the commutation capacitor is boosted by the load 
current flowing through L1 and the load. Furthermore, since the 
voltage on C is built up from two sets of resonant circuits, it will reach 
a value considerably in excess of the supply voltage VB, which will 
result in faster commutation of the main thyristor. 

(iv) A commutation failure path exists via L1, b and the load, and when 
this occurs both thyristors THI and TH2 will remain permanently on, 
supplying the load current, and commutation will not be re- 
attempted. Since TH2 needs to carry the resonant reset current during 
normal operation it is usually a low-current device, so it may be 
destroyed when called upon to carry full-load current unless 
protection circuitry is used. 

(v) The rating of the main thyristor TH1 is not increased by the 
commutation capacitor reset current, which occurs through TH2. 

(vi) There is no low-impedance short-circuit current path across the 
supply if commutation fails. 
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Series capacitor commutation circuits have a very limited operational 
range, due to the capacitor reset time, and are rarely used as choppers. 
They find more frequent application as sine wave inverters, and this will be 
discussed further in Chapter 13. 

11.6 Coupled-pulse commutation 

The elementary coupled circuit shown in Figure 11.2(d) used a transformer 
to couple the charge from the commutation capacitor onto the conducting 
thyristor, reverse biasing it and turning it off. The auxiliary circuitry for 
priming the commutation capacitor is not shown, but since an isolating 
transformer is employed this can consist of a variety of systems, In 
addition, the capacitor can be replaced by a separate d.c. source, which is 
momentarily coupled onto the main thyristor using a power semiconduc- 
tor. Such a device could be a transistor or gate turn-off switch, which can 
be turned off by means of signals on its control terminal, the transformer 
being used to match the voltage and current rating of the device to that of 
the load. 

Figure 11.12 shows a coupled-pulse circuit which couples the charge on 
commutation capacitor C to the main thyristor TH1 using transformer T1. 
Initially the capacitor is charged to greater than the supply voltage, V,, 
due to the resonant action of L1 and C, with plate b positive. The main 

F@ue 11.12 Coupled pulse ushg a transformer 
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thyristor TH1 is fired to commence the load cycles and when it is required 
to commutate its gate turn-off switch, TH2, is turned on. Capacitor C 
discharges into transformer T1, reverse biasing TH1 and it will turn off 
providing the reverse voltage is maintained for a time in excess of its 
turn-off time. C will resonate with the inductance of T1 and when this has 
been completed gate turn-off switch TH2 is turned off by its gate control, 
enabling C to recharge with its b plate positive, ready for another 
commutation cycle. 

(i) It can operate in a variable-frequency or a variable mark-space mode. 
(ii) The minimum on time can be made very small, since commutation 

can start soon after the main thyristor has been fired. The minimum 
off time is determined by the resonant time for C to charge via L1 and 
is given by equation (11.9). Therefore the chopper is capable of a 
wide output voltage range. 

(iii) The commutation voltage is not appreciably increased by the load 
current , assuming low transformer inductance. 

(iv) If commutation is not successful and TH1 does not turn off when TH2 
is fired, then when TH2 is turned off the capacitor will recharge so 
that commutation will be re-attempted on the following cycle. 

(v) The current rating of the main thyristor is not increased by the reset 
action of the commutation circuit. 

(vi) A low-impedance current path does not exist across the d.c. supply, 
in the advent of a commutation failure, assuming that gate turn-off 
switch T H 2  has not failed to turn off. 

Figure 11.13 shows an alternative coupled-pulse circuit which uses an 
auto-transformer to couple the commutation pulse. Thyristor TH1 is the 
main thyristor and T H 2  is an auxiliary device used to commutate THI. 
Inductors LI and b are part of a tapped auto-transformer. The circuit 
operation is as follows. Thyristor THI is fired to commence the load cycle. 
This also causes C1 to charge through L1, reaching a value equal to that of 

The circuit of Figure 11.12 can be analysed as follows: 

Figure 11.13 Coupled pulse with an auto-transformer 
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the supply voltage VB. The clamping action of diode D2 prevents C1 
charging to a higher voltage. To turn TH1 off thyristor THz is fired, causing 
capacitor C1 to discharge through Lz and coupling a voltage pulse via L1 to 
THI, so turning it off. The voltage on C1 falls to zero, after which D1 
conducts, carrying the current due to energy stored in and the load. 
Thyristor THz turns off when the current in b has fallen to below the 
device-holding value. C, is not normally required, but by including it 
thyristor THl can be fired before THz has turned off, since then C, 
discharges through L1 coupling a pulse to T H z  via Lz and so turning it off. 
This allows a wider voltage control range. 

= L the 
values of L and C can be found from equations (1 1.11) and (1 1.12). These 
equations illustrate that this commutation method is not suitable for 
low-voltage high-current applications, since it would require a large value 
of commutation capacitor and an impractical small value of inductance. 

Assuming a symmetrical system, with C1 = C, = C and L1 = 

(11.11) 

(1 1.12) 

The following can be noted about the circuit in Figure 11.13. 

(i) The system can be operated in a variable-frequency or a variable 
mark-space mode. 

(ii) The minimum on and off times are approximately equal and are given 
by d ( L I C 1 )  and d ( I & )  respectively, for low load current. 

(iii) Due to the clamping action of D1 and D2, the commutation voltage is 
fixed at VB, irrespective of the load current. 

(iv) An unsuccessful commutation would not allow the circuits to 
re-attempt commutation. 

(v) The charging pulse for C1 and the discharge pulse for C, flow through 
TH1 increasing its current rating. 

(vi) A low-impedance failure path exists across the d.c. supply. 
In comparing the various commutation methods described in this 

chapter, generally parallel-capacitor commutation circuits are the most 
flexible and are suitable for operating from a wide range of supply 
voltages. However, in applications where the supply voltage is high and the 
load current small, parallel capacitor-inductor commutation should be 
considered, since these are often simpler than the corresponding 
parallel-capacitor circuits. Coupled-pulse commutation is more expensive, 
due to the use of a transformer, and it finds more frequent use in inverter 
circuits. Similarly, series capacitor commutation is not often used for 
choppers, due to its limited output voltage range, but is often employed in 
sine wave inverters. 



Chapter 12 

D.C. to d.c. converters 

12.1 Introduction 

To regulate the power between a d.c. source and a d.c. load both linear 
and switching techniques can be used. Linear regulators are simpler in 
design and provide a smoother output with less RFI generation, but they 
dissipate much more power within the regulator. Therefore for high-power 
applications switching regulators are almost invariably used. 

The basic switching d.c. to d.c. regulator was introduced in Chapter 6, 
and it was shown there that both step-down and step-up controllers are 
available. The step-down converter is the one most frequently used and 
this is described in the next section, step-up converters being introduced in 
Section 12.5. 

Figure 12.1 shows an elementary transistor stepdown converter 
(chopper) which is similar to the basic circuit illustrated earlier in Figure 
6.5 except that a power transistor is used as the switch element and an L-C 
filter section is included to smooth the load voltage, as would normally be 
required for a power supply application. Figure 12.1 also shows the circuit 
waveforms and, as described with reference to Figure 6.6, the output 
voltage can be controlled by varying the frequency or the mark-space ratio 
of the conducting transistor switch. The mean output voltage across the 
load is given by equation (12.1) where tc is the closed time of the switch and 
to is its open time. 

(12.1) 

When the transistor switch is conducting, the load current builds up 
through the device. When the transistor turns off the load current switches 
to the free-wheeling diode D1 and the current slowly decays, until the 
transistor is turned on again at the start of the next cycle. 

The chopping frequency used must be high, to minimise the load ripple. 
For example, the filter attenuation factor is given by equation (1 2.2) where 
Zi, is the impedance of the inductor L, and Zc, is the impedance of capacitor 
Cl. 

2, + 2, 
2, 

t =  (12.2) 

26 I 
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Figure 12.1 Bask switching d.c. to d.c. converter (chopper) operation: (a) circuit 
arrangement; (b) load voltage; (c) load current; (d) switch (TRI) current; (e) freewheeling 
diode (D,) current 

Substituting the values of the inductor and capacitor and the angular 
frequency (o), this reduces to equation (12.3) which illustrates the 
dependence of the effectiveness of the filter on the value of the chopper- 
operating frequency, so that a high operating frequency is desirable. 

T = 1 - 02LIC1 (12.3) 

Apart from increasing the power dissipation and complexity of a 
chopper, a high operating frequency has the disadvantage of giving large 
RFI generation. This is primarily due to the rapid changes in current in the 
circuit and can be minimised by the techniques described in Chapter 4. The 
main precautions are: (1) keeping wire lengths short to reduce radiation 
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effects; (2) preventing rapid current changes, such as will occur due to the 
reverse recovery of diode D1 unless a fast recovery diode is used; (3) 
screening of circuits and leads; (4) use of input filters to prevent RFI being 
conducted back into the supply. 

The next section describes the various chopper circuits, primarily with 
reference to a thyristor, which is the device most frequently used for 
high-power applications. This is then followed by a descriptionof the 
chopper voltage control methods and the design techniques for chopper 
circuits. The chapter concludes with n description of the step-up d.c. to d.c. 
converter and the control circuits which may be used with choppers. 

12.2 D.C. to d.c. converter circuits 
12.2.1 Chopper arrangements 
The two major divisions of d.c. converter circuits can be considered to be 
the output voltage level relative to the input, i.e. whether the chopper is 
step-up or step-down, as introduced in Chapter 6. In the discussions which 
follow, step-down choppers, which are the most common, are considered 
and step-up choppers are covered in Section 12.5. 

Three types of chopper circuits are available, depending on the type of 
load being controlled, as shown in Figure 12.2. Gate turn-off switches are 
shown as the power-control component and if thyristors are used then 
commutation components will be required in a practical system. The basic 
circuit of Figure 12.2(a) has the same operational mode as that of Figure 
12.1 and the output is identical, load filtering being ignored. The current in 
this system can only flow in one direction through the load, from a to b, 
and the voltage is such that terminal a is always positive. 

The regenerative chopper of Figure 12.2(b) is used with loads which 
have regenerative capability, for example motor loads which require 
electrical braking. These loads are capable of generating a voltage in excess 
of the battery voltage, under certain conditions, and this phenomenon can 
be used to feed energy back from the load to the supply, instead of 
dissipating the excess energy in resistors. During normal chopper 
operation gate turn-off switch TH1 regulates the load power and 
free-wheeling diode D2 cames the inductive current of the load when no 
power is being supplied from the d.c. source. The current in this mode 
flows from a to b through the load and terminal a is positive, as for the 
basic chopper of Figure 12.2(a). During the regenerative period the load 
current reverses and flows out of terminal a, through diode D1 and into the 
battery. The amount of regeneration can be controlled by operating gate 
turn-off switch TH2, in either a variable-frequency or mark-space mode, 
since when this device is on the load current will circulate through it rather 
than being fed back to the supply. By operating TH2 it is also possible to 
store energy in the load inductance, which is subsequently fed to the supply 
when TH2 is off, so that this system works like a step-up chopper. It should 
be noted that for regeneration in a chopper the polarity of the current has 
changed, whereas for regeneration in a.c. to d.c. converters, described in 
Chapter 9, the polarity of the voltage changes. 

The reversing and regenerative chopper of Figure 12.2(c) can be 
considered to be composed of two regenerative choppers, one set 
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(C) 

Flopre 12.2 Chopper arrangements: (a) basic chopper; (b) regenerative chopper; (c) reversing 
and regenerative chopper 

operating for any given polarity of the load. When the load voltage is to be 
such that side a is positive switches "HI and TH, are turned on for normal 
operation, the load current free-wheeling through TH4 and Dz during the 
off periods of the chopper. For regeneration, in this direction, switch T H 2  
and diodes D, and D4 come into operation. To reverse the load voltage, 
switches TH2 and TH, are now in operation, the free-wheeling current 
path being through TH, and D4. For regeneration, Dz, D3 and TH, come 
into play. As seen from Figure 12.2(c), the reversing and regenerative 
chopper requires many components, especially when thyristors are used as 
the power switches and commutation components have to be added. In 
applications where reversing is performed relatively infrequently it is 
therefore more common to use reversing mechanical contactors rather 
than power semiconductors. 

12.2.2 Commutation methods 

Although gate turn-off switches have been shown in the illustrations of ihe 
previous section, and power transistors are also widely used in chopper 
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circuits, for high-power applications thyristors are still the main switching 
component, these devices requiring forced commutation when operating 
from a d.c. supply. The various chopper commutation circuits were 
introduced in Chapter 11, as illustrations for the forced commutation 
classification system. A few further commutation circuits are described in 
this section. 

"6 - 

Load 

Fiyre 12.3 A basic series capacitor commutated chopper 

Figure 12.3 shows a series capacitor commutated chopper in which the 
commutation capacitor is reset through the load, as in Figure l l . l l(b).  
Thyristor TH1 is turned on to commence the load cycle, and when the 
current through it exceeds that of the load it commences to charge the 
commutation capacitor C1 due to resonance. The thyristor turns off when 
C1 has resonated through the series inductor L1. After TH1 turns off the 
capacitor discharges through the load, inductors L1 and L2 acting to 
smooth the load current which now flows via the free-wheeling diode D2. 
The function of this diode is also to prevent the capacitor voltage from 
swinging negative, due to resonance with the series inductors and that of 
the load, so that it will always discharge to zero and the load voltage does 
not go negative. For effective commutation the capacitor must be 
discharged to zero volts before the main thyristor can be fired again. 
A parallel capacitor commutated basic chopper arrangement, which is 

similar to those of Figures 11.6 and 11.7, is shown in Figure 12.4. Thyristor 
TH2 is initially fired, which charges capacitor C to the supply voltage V, 
with plate b positive. Thyristor TH1 is now fired to commence the load 
cycle and simultaneously with this thyristor TH3 is turned on, which allows 
C to resonate with L1, the voltage across it reversing and having the same 
magnitude if the resonant losses are low. To turn TH1 off thyristor TH2 is 
fired, C discharging through the load. Until the capacitor voltage falls to 
zero TH1 is reverse biased, and the time from the instant of fhing TH2 is 
known as the commutation interval, which should exceed the rated turn-off 
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12.5 A regenerative parallel capacitor-inductor commutated chopper 

I 

time for TH1. Thereafter C continues charging via TH, and the load until it 
reaches voltage VB with plate b positive. TH, now turns off and load 
current free-wheels in D1 until THI is again fired to commence the next 
cycle. 

Figure 12.5 illustrates a regenerative chopper arrangement which uses a 
parallel capacitor-inductor commutation system. During normal chopper 
operation thyristor TH3 conducts and provides power to the load. 
Thyristor TH, is turned on simultaneously with TH,, or a short time later, 
to charge the commutation capacitor with plate b positive. The capacitor 
will resonate with its series inductor and initially charge to greater than the 
supply voltage V,, but then the capacitor will discharge down to V, via the 
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current path D3, the supply, D2 and R1. The value of this resistor R1 is 
chosen such that the resonant circuit is overdamped. 

Thyristor TH2 turns off once C1 has charged to its peak voltage and 
commences its resonant discharge back into the supply. Thyristor TH1 is 
fired to turn off the main thyristor TH3 and this places the commutation 
Ll-C1 circuit across the main thyristor. The capacitor provides the load 
current and after the peak value of current is reached it resonates through 
TH1 and D3 and recharges with plate a positive, after which TH1 goes off, 
the load current free-wheeling through D4. If the capacitor resonance 
caused it to be charged to greater than the supply voltage with plate a 
positive, then this voltage will discharge back to the value of the supply 
voltage through the path R1, D1, the supply and D4. After this, TH3 can be 
refired to commence the load cycle, followed by TH2 to prime C1 for the 
next commutation period. 

During regeneration the load voltage exceeds that of the supply and 
current flows from the load to the supply via diode D3. When TI€, is fired 
regeneration stops and the load current free-wheels through this thyristor. 
Thyristor TH1 is fired at the same time as TH4, or soon afterwards, and it 
causes capacitor C1 to charge to the supply voltage with plate a positive, 
any excess voltage being dissipated in the path R1, D1, the supply, and D4, 
as before. To commutate TH, thyristor TH2 is turned on and regeneration 
is again commenced. 

12.2.3 Circuit enhancements 
Thyristor commutation circuits were discussed and classified in Chapter 11. 
Although these classification systems represent rather rigid boundaries 
between different groups of circuits, it is sometimes required to modify the 
circuit within a group to obtain an enhancement of one of its parameters, 
and such modifications are discussed in this section. It is important to 
appreciate that none of these alterations is sufficient in itself to change the 
classification group of a circuit. 

There are three enhancements which will be described in this section: 

(i) Higher-frequency operation. The maximum and minimum output 
voltage from a chopper, operating in a mark-space control mode, is 
limited by the set and reset times of the commutation capacitor. This 
limits the maximum operating frequency which can be used and still 
give a useful output voltage range. 

(ii) Reduction of commutation losses, which again limits the operating 
frequency. A chopper or inverter may be designed to give small 
minimum on and off times and adequate output voltage control range 
at high frequencies, but excessive commutation losses reduce the 
efficiency obtained and may make it unsuitable for use at these 
frequencies. 

(iii) Commutation voltage boosting. The higher the commutation 
capacitor voltage, the smaller its size, for the same commutation 
energy output, which may lead to cheaper components. If the voltage 
boost is proportional to load current, optimisation of components at 
all outputs can be obtained. 
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12.2.3.1 High-frequency operation 
Two problems can arise when a chopper is operated at high frequencies. 
First, the finite time required to set and reset the commutation capacitor 
limits the maximum and minimum voltage at any frequency. Second, the 
necessity of ensuring that a thyristor is reverse biased for the duration of its 
turn-off time limits the operating frequency unless some form of 
sequencing is used, as explained later. 

In the circuit shown in Figure 12.4 suppose that C is charged to V ,  with 
plate b positive, due to a preceding cycle. Thyristor TH1 is now fired to 
supply the load current and simultaneously TH3 is turned on to cause C to 
resonate through L1 and to recharge with plate a positive. The resonant 
time is given by equation (12.4) and represents the minimum on period for 
THl, since TH2 cannot be turned on to commutate it until the capacitor has 
been set. 

tc = ~ J ( w 9  (12.4) 

When TH2 is fired thyristor TH1 turns off and C discharges at constant 
(assumed) load current ZL, recharging to V, in a time given by equation (12.5). 

2c v, 
IL 

r, = - (12.5) 

Thyristor TH1 cannot be refired until this is completed, therefore it 
represents its minimum off period. Capacitor C is chosen to ensure that 
THI is reverse biased for longer than its turn-off time, under maximum 
load conditions. If the load current now falls, the reset time can be very 
large, severely limiting the peak output voltage. 

Several techniques exist for resetting the capacitor rapidly, even under 
light load conditions. Figure 12.6 shows a modification to the chopper of 
Figure 12.4, where a reset choke LZ and diode D2 have been added across 
the main thyristor to provide a capacitor reset path. Now under 
open-circuit load conditions the maximum reset time, neglecting resonance 
losses, is given by equation (12.6), which can be made relatively short. 

Figure 12.6 Addition of an auxiliary capacitor reset path to Figure 12.4 for higher-frequency 
operation 
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F@ue 12.7 A chopper Circuit with inherent high-frequency properties 

Not all chopper circuits need additions to reduce the commutation 
capacitor reset time. Figure 12.7 shows a parallel capacitor commutated 
circuit with inherent high-frequency capabilities. TH3 is fired simul- 
taneously with the main thyristor TH1 and it sets the commutation 
capacitor C within a time given by equation (12.4). When thyristor TH2 is 
fired, to turn TH, off, the capacitor resets within a time given by equation 
(12.6) capacitor C resonating and recharging with plate a positive, ready for 
the next set cycle, when TH3 is fired. 

to = JdL*c) (12.6) 

Apart from the need to set and reset the commutation circuit, which 
limits the maximum operating frequency, choppers suffer from the 
limitation imposed by the turn-off time requirements of the thyristors. 
Retuming to Figure 12.6, the values of LZ and C must be large enough to 
ensure that TH1 is reverse biased for longer than its turn-off time. This puts 
a limit on the minimum time between the firing of TH2 and the refiring of 
TH1. For a device, for example, with a turn-off time of 2 0 p  the minimum 
chopping period would be typically about 200ps, giving a maximum 
operating frequency of 5 kHz. For higher frequencies sequencing must be 
used, as illustrated in Figure 12.8, which shows a three-stage sequential 
chopper based on the circuit of Figure 12.7. The suffixes a, b and c refer to 
the separate inverter components. 

Suppose TH1, was conducting and THza has been fired to turn it off. 
Then, before the tum-off pulse has been completed, T H l b  can be fired to 
recommence the load cycle, which ends when THzb is fired. To reapply 
load current, assuming TH1, and THlb are still reverse biased, TH1, is 
fired, and so on. Clearly, any number of stages can be connected in 
sequence to obtain the required operating frequency. 

12.2.3.2 Reduction of commutation losses 
Losses normally occur in commutation circuitry due to the transfer of 
energy, from the commutation capacitor to a commutation choke, during 
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Figure 12.8 Three-stage sequential chopper 

the turn-off process and the subsequent dissipation of the energy stored in 
the choke. The commutation loss is proportional to the load current, which 
determines the capacitor size for any voltage and the frequency of 
operation. There is a fixed watts loss per commutation, so that the higher 
the operating frequency, the larger the energy loss and the lower the 
system efficiency. 

Choppers do not generally have high inherent cornmutation loss 
problems. For instance, referring to Figures 12.4 and 12.7, the 
commutation energy is interchanged between choke and capacitor during 
the turn-off period, so that there should theoretically be no efficiency loss. 
In Figure 12.7, assuming C to be charged to V,, with plate b positive, then 
when TH2 is fired TH1 turns off. C now resonates with and discharges to 
zero voltage. The commutation energy has transferred from C to k, but 
the commutation interval proceeds beyond this point, with the transfer of 
energy back from to C, so that the capacitor recharges to Vpk with plate 
a positive. When TH3 is next fired C will resonate through the supply and 
L1 and be reset, giving zero commutation loss. However, it can be seen 
that the capacitor voltage builds up over several cycles, to the value V 
which may be several times the supply VB depending on the losses in tgl 

Figure 12.9 Commutation energy recovery in the chopper circuit of Figure 12.7 
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resonant paths. For zero loss the voltage would reach an infinite value. To 
limit this voltage boost a free-wheeling diode is sometimes connected 
across b. This means that when C has discharged to zero volts the energy 
stored in is dissipated in the free-wheel path and there is no build-up of 
capacitor voltage. The price paid is loss of efficiency. 

Figure 12.9 shows a modification to the circuit of Figure 12.7 which 
prevents excessive commutation capacitor voltage build-up, resulting in 
increased device voltage rating, whilst still maintaining high efficiency. 
Winding L3 is closely coupled to and normally has a voltage induced in it 
such that D1 is reverse biased. During the commutation interval, however, 
when the voltage on to VB and 
resulting in an overshoot across L, of a value given by equation ( 1  2.7) which 
can be made small. There is theoretically no commutation loss since the 
commutation energy stored in L2 is fed back to the supply by L3. 

reverses, D1 will conduct, clamping 

(12.7) 

12.2.3.3 Voltage boosting 
If the commutation voltage is high, the commutation capacitor can have a 
low value and still provide the same turn-off energy required for the 
thyristors. For instance, in the chopper circuit of Figure 12.4 if tom is the 
turn-off time of THI then, to commutate a peak current of tL(pk), the 
capacitor size required is given by 

IL(pk) fOFF C =  
v c  

(12.8) 

In this equation V, is the commutation capacitor voltage prior to 
commutation and in the circuit of Figure 12.4 it can have a maximum value 
of VB. This equation shows that to commutate a current of 500A, with a 
voltage across the commutation capacitor of 20V and using 20 ps turn-off 
time thyristors, would require a capacitor of 500pF, 20V rating. If the 
value of V, is increased by a factor of 10, by some method of voltage 
boosting, a commutation capacitor of 50 pF, 200 V will be needed, which is 
smaller and cheaper. Another disadvantage of using high-valued capacitors 
is that the resonant time of C through L is increased. Suppose that this is 
limited to 0.1 ms, to give sufficient output voltage control at high operating 
frequencies. Then L must be 2 pH, which is impracticable, since normally 
the inductance of connecting leads would be greater than this value. 
Clearly, a voltage system which increased V, and reduced C would be 
advantageous. 

Figure 12.10 shows a modification to Figure 12.4 where a series inductor 
Ls is used to increase the commutation voltage. When TH, is conducting 
suppose that the load current reaches a value of 1,. Thyristor TH2 is fired 
to turn the main thyristor off and capacitor C discharges at constant current 
Z,, assuming that the load inductance is sufficiently large to maintain the 
current at this value during the short capacitor discharge period. C 
recharges to V s  with plate b positive. Normally, if were not present, 
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thyristor TH2 would turn off at this point and the load current would 
free-wheel in D1, but due to the presence of this inductor, there is energy 
(EST) stored in it, given by equation (12.9). 

EST = MLsIi (12.9) 

This energy causes T H 2  to remain on, the voltage on C increasing as the 
current through it decreases, the difference between this and the load 
free-wheeling through D1. 

12.10 Chopper with series inductor voltage boosting 

When C has charged to the value given by equation (12.10) the current 
through thyristor TH2 has fallen to zero and it goes off, the total load 
current being carried by D1. When TH1 and TH3 are next fired C resonates 
with L1 and recharges to an increased value of commutation voltage. 

v, = v, + ZLJ(2) (12.10) 

The value of Ls need not be large. For instance, in the previous 
example, for Z t  = 500 A and C = 50 p, a value of Ls equal to only 8 p H  
gives a boost of 200V. The principal disadvantage of this system is that 
voltage boost is not effective during the first cycle, when TH2 is first fired 
without any load current flowing. Thereafter the voltage boosting increases 
proportionally to the load current, which is a very desirable feature. 

Figure 12.11 shows a further modification to the basic parallel capacitor 
commutated chopper, which overcomes the disadvantage of not providing 
a voltage boost during the first commutation, as experienced in Figure 
12.10. Initially, TH2 is fired to charge C to V, with plate b positive. When 
THI is fired C resonates through it and L1-D1, recharging with plate a 
positive. In addition to this discharge, the build-up of load current in 
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Flrprr 12.11 Transformer voltage boosting in a chopper circuit 

induces a voltage in winding L1, which further increases the commutation 
capacitor voltage. This voltage boost is proportional to the load current 
and it is caused by the change of load current during the cycle in which 
commutation is to occur and not in a previous cycle, therefore it is effective 
from the very first commutation. 

Although a two-winding transformer has beem shown in Figure 12.11, an 
auto-transformer can be used, as in Figure 12.12, which illustrates a 
modification to the basic chopper of Figure 12.4. Inductor L1 provides the 
resonant path for capacitor C, as before, but in addition the voltage on C is 
increased due to the coupling between and L1, which causes the voltage 
which is induced by the rising load current in to be coupled to L1, 

pbprc 12.12 Modification to Figure 12.4 for auto-transformer voltage boosting 
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boosting the voltage on capacitor C by an amount which is proportional to 
this load current. 

12.3 Output voltage control 
The method of controlling the output voltage to the load, from a chopper, 
has already been discussed, and the two methods of variable-frequency and 
variable mark-space were illustrated in Figure 6.6. The mean output 
voltage is given by equation (12.1), and the r.m.s. voltage by equation 
(12.1 1). 

(12.11) 

The voltage waveforms are rich in harmonics and if constant k is defined 
as the output duty cycle, given by equation (12.12) then the nth harmonic in 
this voltage (V,) is given by equation (12.13). 

k=- t C  (12.12) 
tc + to 

J(2) sin n krc 
nn v, = v, 

t& + to) 
Figure 12.13 Variation of output voltage harmonics from a stepdown chopper 

(12.13) 
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The presence of any harmonic, and its magnitude, is therefore 
determined by the duty cycle of the output pulse, and is shown plotted in 
Figure 12.13, which also illustrates the variation of the mean voltage, as 
given by equation (12.1). This plot shows that harmonics are present at all 
times except when the chopper switch is continuously open (k = 0) or 
continuously closed (k = l ) ,  the harmonic with the largest magnitude being 
that at the chopping frequency, as expected. 

12.4 Design of chopper circuits 

This section provides an analysis of chopper circuits to enable their design 
characteristics to be obtained. Initially, the commutation components will 
be ignored, so that the results are equally applicable to any form of 
switching control, for example those using transistors or mechanical 
switches, but later the effects of commutation, as needed for thyristor 
circuits, on a typical chopper are considered. 

Figure 12.14 Equivalent circuit of a chopper 

Figure 12.14 shows an equivalent circuit of a chopper operating into a 
load of voltage V,, and although a thyristor is shown here as the switching 
component any other power semiconductor could be used. VF indicates an 
inherent voltage which may be present in the load, for example due to 
motor back e.m.f. Inductor L, resistor R and capacitor C form filter 
components and diode D1 is a free-wheeling diode, which carries the 
inductive load current during the off period of thyristor TH1. Figure 12.15 
gives this steady state current waveform, time fc corresponding to the 
period for which thyristor TH1 is on and f,, for that when it is off. The 
assumptions below are made in the analysis which follows: 

(i) The power switch (thyristor) and diode have zero voltage drop across 
them when they are conducting. 

(ii) These devices have infinite resistance when non-conducting so that 
the leakage current through them is negligible. 
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I I 1 

Fil[lue 12.15 Steady state load current waveform of a chopper 

(iii) The turn-on time of the thyristors is short compared to the switching 
period, so the switching losses can be neglected. 

(iv) The d.c. source impedance is negligible so that energy can flow in 
either direction through it without affecting the value of the voltage at 
its terminals. 

(v) The load voltage VL is constant during a cycle of operation. 
(vi) The load current is continuous although it will fluctuate during a duty 

cycle, as in Figure 12.15. 
and 

maximum (IL@k)) load current can be written down, from Figure 12.15, as 
in equations (12.14) and (12.15). 

Time 

With these assumptions the values of the minimum 

IL(min) v R R + - = exp (- ro) [ 1 - exp (- r c ) ]  VBIR VB 

(12.14) 

(12.15) 
The mean current (IT(av)) through the thyristor THl and the mean 

current through the diode D1 can be found from Figure 12.15 as the 
mean of current il over time rc and of i2 over time to, respectively. These 
are as in equations (12.16) and (12.17). 

-=--- zT(av) rC LIR p-exp(-:tc)] [ I -+]  V$R t, + ro tc + to 
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(12.17) 
The mean load current is given by equation (12.18). 

(12.18) 

Equations (12.15) to (12.18) are shown plotted in Figures 12.16 to 12.19 
and the ripple current in the load, given by the difference between the 
minimum and peak currents in equations (12.14) and (12.15), is plotted in 
Figure 12.20. These curves allow device ratings at any operating frequency, 
determined by equation (12.19) which gives the periodic time, to be 
obtained. 

(tc + to) 

LIR T =  (12.19) 

All these graphs have the ratio k defined in equation (12.12) as the abscissa 
since, as seen from equation (12.1), this is the most fundamental ratio in 
the chopper, determining the magnitude of its output voltage. 

>.I>- 
+ 

t , + l ,  
Figure 12.16 Variation of peak load current in a chopper 

I C  

l C + l O  

Figure 12.17 Variation of main switch current in a choppcr 
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Flgare 12.18 Variation of free-wheeling diode current in a chopper 
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F@t 12.19 Variation of average load current in a chopper 

1, 
' c  + 6 

Figure 12.a Variation of load ripple current in a chopper 
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The peak load current (IL(pk)) is shown in Figure 12.16 to increase as the 
frequency of the chopper reduces, that is, as the time given by equation 
(12.19) increases. This is the value of the current which has to be carried 
and commutated by the main thyristor, and it should be as low as possible, 
so a high chopper operating frequency is desirable. The maximum value of 
this load current equals (VB-VF)/R when the power switch, which is a 
thyristor in Figure 12.14, is continuously on. 

Figure 12.20 shows that the ripple current in the load also increases as 
the chopping frequency is reduced, which is expected due to the lower 
smoothing effect of circuit components. The ripple current reaches a peak 
at an equal mark-space ratio, which is the setting for which any filters need 
to be designed, and is independent of V,. The mean load current, shown in 
Figure 12.19, varies linearly with the output voltage, again as expected 
since the load is assumed to be linear. 

The rating of the power switch (thyristor) and free-wheeling diode are 
given by Figures 12.17 and 12.18 respectively. The average current rating 
of the thyristor decreases with frequency, and although the rating of the 
diode now increases, this is usually acceptable since the thyristor is the 
more expensive component. The peak rating of the thyristor is reached at 
maximum output voltage, when the device is fully on, whilst that of the 
diode occurs at half voltage, when the mark and space periods in the 
chopped waveform are equal. 

So far the discussions have ignored the effects of any commutation 
circuit used in the design of the chopper circuit. Although the effect of 
commutation on the design of the circuit will be largely determined by the 
commutation method, an example is given here using the circuit of Figure 
12.4. In this circuit the mean current rating of the free-wheeling diode D1 is 
still given by equation (12.17), its peak rating ( lypk))  being the same as 
that of the thyristor, since it carries this current at the instant that the 
thyristor is commutated, assuming the commutation interval to be short 
relative to the chopping period. The voltage rating of the diode must 
exceed 2vB7 which occurs at the instance of commutation, when the 
voltage of capacitor C is added to that of the supply. 

The mean current rating of the thyristor, in Figure 12.4, is increased due 
to commutation capacitor reset by a value given by equation (12.20). This 
total current is as in equation (12.21). The peak current is either ZL(pk), as 
in equation (12.15), or the resonant value given by equation (12.22), 
whichever is greater. Its voltage rating is not affected by the commutation 
circuit and must exceed VB. Assuming that commutation capacitor C 
discharges at constant load current, thyristor TH1 must have a turn-off 
time shorter than the value given by equation (12.23). 

(12.20) 

ITH(av) = IT(av) + IC (12.21) 

(12.22) 

(12.23) 
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Thyristor TH2 carries a current of during the charge period of C 
only, so that its mean current is given by equation (12.22), although its size 
is normally determined by its peak current capability of 1, k). Similarly, 
thyristor TH3 has a mean rating given by equation (12.28) but a peak 
resonant current of equation (12.22), which can be high. The value of C is 
fixed by the commutation requirements of equation (12.23), where tom is 
the turn-off time of the main thyristor, and inductor L1 is chosen such that 
the resonant time, given by equation (2.4), is small compared to the 
operating frequency, usually between 5% and 10%. 

12.5 The step-up chopper 

The step-up chopper was introduced in Chapter 6 and its operation 
described with reference to the basic circuit of Figure 6.7(a). This circuit is 
repeated in Figure 12.21(a), the mechanical switch being replaced by 

L Load 

Figure 12.21 Step-up chopper: (a) transistor-controlled circuit; (b) inductor and source 
current (Is); (c) load current (IL); (d) voltage across transistor TR,; (e) transistor collector 
current ( I c )  
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transistor TR1. Comparison of this circuit with the step-down chopper of 
Figure 12.l(a) shows that the main difference is that the positions of the 
main switch (transistor) and the diode have been interchanged, and the 
inductor is connected to the supply end rather than to the load end. 

The step-up chopper works by storing energy in the series inductor L1 
during the period that the transistor is on and transferring this to the load 
when the transistor is off. Because the load energy is supplied as a series of 
pulses, a capacitor C is usually added to give some smoothing. The 
operation of the chopper can be followed by reference to the circuit 
waveforms of Figure 12.21. When the power transistor is on load current 
builds up in L1, reaching a peak of zs(pk) after time fc ,  as shown in Figure 
12.21(b). The voltage across the transistor is low during this period and has 
been assumed to be zero in Figure 12.21(d). The current through the 
transistor builds up to the same peak value of Z S ( ~ ~ ) ,  having started from a 
residual value of Zscmin). The current provided from the supply to the load 
(IL) during the transistor conduction period is zero, as shown in Figure 
12.21(c), all the load current being obtained from the smoothing capacitor. 

When the transistor goes off its collector current falls to zero, but the 
current in the inductor Ll continues to flow, delivering energy to the load 
and its smoothing capacitor. The voltage across the transistor now jumps to 
the value of the load voltage, since diode D1 is conducting, and this voltage 
has been assumed, in Figure 12.21(b), to remain constant during the whole 
of the off period to. The current in L1, which started with a value of Is@k) at 
the beginning of the off cycle, now starts to decay, reaching a minimum of 

by the end of the off period. The load current waveform follows that 
of the inductor current, since with diode D1 conducting currents Is and 1, 
are equal. 

Assuming a smooth input and output voltage and a linear current 
waveform in the inductor, as in Figure 12.21, the value of the load voltage 
is given by equation (12.24). 

(12.24) 

From this equation it is seen that the load voltage will vary, from a 
minimum value equal to the supply voltage of VB when the transistor is 
continuously off, to a maximum approaching infinity as the off period of 
the transistor becomes smaller. The circuit of Figure 12.21(a) is therefore a 
stepup chopper, the output varying upwards from the supply voltage. If 
the losses in the circuit are ignored then power from the supply is fed to the 
load, so that equation (12.25) holds true. This shows the traditional 
transformer equation where a step-up change in voltage is accompanied by 
a step-down change in current, and it is the same as with a step-down 
chopper. 

v,z, = v,1, (12.25) 
Although step-down choppers are frequently used, step-up ones are less 

popular due to the high smoothing requirements caused by the pulses of 
energy delivered to the load. Where step-up of voltage is required it is 
more usual to do this by an inverter feeding into a step-up transformer, as 
described in Chapter 13. 
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12.6 Chopper control circuits 

The basic control circuit for a chopper consists of a mechanism for turning 
on the main switching semiconductor at the start of a cycle and of turning 
off the device when the cycle is to be terminated. If this main switch is a 
thyristor it can be commutated by firing an auxiliary thyristor. Usually 
there are two main applications for choppers, to provide a stabilised power 
supply and to control the speed of a d.c. motor by varying the voltage 
across it. Both these applications require some form of voltage sensing, in 
order to keep the load voltage constant under varying current or supply 
voltage fluctuations. In addition, the current to the load is sensed and 
current limit applied if this exceeds a predetermined value. 

Variable 
frequency 4 

generator generator control 

1 

Voltage detect 

12.22 Block diagram of a variable-frequency chopper control circuit 

Figure 12.22 shows a block schematic of a chopper voltage control 
arrangement using variable-frequency control. The chopping frequency 
can be changed within the variable-frequency generator and this feeds a 
monostable pulse generator, which gives a fixed pulse-width output at a 
rate determined by the frequency generator. The pulse generator drives 
the power semiconductor control circuit, the exact nature of which will 
vary depending on the commutation circuit used. For example, it may 
consist of a single drive circuit for a power transistor, or a firing pulse for 
the main switching thyristor, followed by a pulse at the end of the on 
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generator 

Power 
switches 

L ' I  - 
Variable 
pedestal 

Voltage detect 

Figure 12.24 Block diagram of a variable mark-space chopper control circuit 

period to an auxiliary commutation thyristor. The power switches feed the 
load and load current and voltage are fed back and used to adjust the 
frequency of the chopper, as required. 

Variable mark-space control can be conveniently obtained by means of a 
ramp and pedestal control circuit, as in Figure 12.23. The on (or off) period 
commences when the value of the ramp voltage exceeds that of the 
pedestal, and it ends when the voltage is again below this value. As seen 
from Figure 12.23(b), the value of the on and off times, rc and to, can be 
varied by changing the pedestal voltage level. Figure 12.24 shows a 
variable mark-space control system for a chopper, using the ramp and 
pedestal control technique with voltage and current feedback, as in Figure 
12.22. The output voltage level is now adjusted by varying the pedestal 
voltage. 



Chapter 13 

DOC. link frequency changers 

13.1 Introduction 

The basic principles of a d.c. link frequency changer, or inverter, were 
introduced in Chapter 6 and it was seen there that an inverter resembles a 
chopper in requiring forced commutation if power thyristors are used as 
the switching semiconductors. The inverter defers in the important aspect 
that its output is a.c. and not d.c., as was the case for a chopper. 

This chapter considers inverters with a view to classifying the multitude 
of circuits that exist. A classification system based on the commutation 
method was used in Chapter 12, and a similar technique can be used for 
inverters. There are, however, several other considerations which did not 
apply for choppers. First, inverters fall into two major groups: 

(i) Push-pull inverters, where the load must be centre tapped, or a 
separate centre-tapped transformer used to supply the load. 
Push-pull inverters find frequent application for lower-power 
inverter circuits, where transistors are used as the switching 
semiconductors, so avoiding the need for commutation circuitry and 
sometimes, as will be seen in the next section, for any separate base 
drive circuitry as well. 

(ii) Bridge inverters, in which a centre-tapped load is not essential. 

Second, most inverter circuits, whether bridge or push-pull and 
irrespective of the commutation system used, can be operated in several 
voltage-control modes. Apart from varying the value of the fundamental 
a.c. voltage, this also gives a measure of control over harmonics in the 
waveform. Although choppers were stated as having two control modes, 
variable frequency and fixed frequency variable mark space, both operate 
on the principle of giving unidirectional output voltage pulses, the 
mark-to-space ratio of which is controlled. They cannot be grouped 
according to a voltage-control method, as is done with inverters. 

Several factors were selected in Chapter 11 to enable a comparison to be 
made between the various commutation systems used, especially in 
relation to chopper circuits. Seven points may be considered when looking 
at a goodness factor for inverters: 

284 
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(i) Is it essential that the load be centre tapped, with the two halves 
magnetically coupled? Such a push-pull inverter severely limits the 
type of applications for which it may be used. 

(ii) What is the harmonic content of the output waveform? Inverters with 
high harmonic content, which need to provide a sine wave output, 
require large and bulky filters. Even if the output is not sinusoidal, a 
low harmonic content is often advantageous. For instance, in an 
induction motor it is the fundamental component of the waveform 
which produces the useful torque, whereas the harmonics result in 
losses. 

(iii) What is the complexity of the inverter and control electronics 
required to produce the output voltage waveform? 

(iv) Can the inverter operate at high frequencies with relatively high 
efficiency? 

(v) What are the maximum and minimum values of the fundamental 
r.m.s. output voltage? 

(vi) Is the commutation voltage increased in proportion to the load being 
commutated? This is desirable to allow optimisation of commutation 
components. 

(vii) Is the current rating of the main thyristor increased by the 
commutation capacitor reset pulse? 

Two other factors were considered when dealing with choppers, namely: 
(i) In the advent of a commutation failure will commutation be 

re-attempted and will it be successful? 
(ii) Does a low-impedance fault current path exist across the supply? 

For an inverter a commutation failure almost always results in a 
low-impedance path across the source, which is protected by fast-acting 
fuses. Therefore commutation of the thyristors cannot be re-attempted. 

The above factors are considered again in the following sections with 
reference to typical inverter systems. 
This chapter follows a format similar to Chapter 12, which described 

choppers. The various inverter circuits are first introduced, both those 
using transistors, which do not require commutation, and those with forced 
commutated thyristors. This is then followed by the techniques used to 
control the output voltage from an inverter. The design of inverter circuits, 
both with and without commutation, is then described. The chapter 
concludes with a description of the current-fed inverter and the control 
electronics used in inverter circuits. 

13.2 Inverter circuits 

This section first introduces the various forms of inverter configurations, 
followed by a description of transistor inverters, popularly used for low- to 
medium-power applications. For high-power applications thyristor circuits 
are required and the basic commutation techniques used for these are 
described. The section concludes with a description of the modifications 
made to the basic commutated circuits for enhancement of certain 
performance factors. 
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13.2.1 Inverter configurations 
The two broad classifications for inverter circuits are push-pull and bridge. 
A push-pull circuit, which uses transistors as the main switching elements, 
is shown in Figure 13.1(a), the circuit used to drive the base of the 
transistors not being shown. The operation of this circuit can be followed 
by reference to the waveforms of Figures 13.l(b) to 13.1(e). Assume that 
at time to transistor TRl is turned on so that end A of the transformer 
primary goes negative with respect to B and the primary voltage V, 
equals that of the supply voltage V,, the voltage drop across the 
conducting transistor being neglected. Assuming the load to be inductive 
and to be flowing due to a previous cycle, this continues to flow via diode 
D1 until time tl, when the current changes direction and flows as collector 
current through the transistor. At time f2 transistor TR1 is turned off and 
transistor TR2 is turned on, causing reversal of the load voltage. The load 
current again continues to flow in the transformer primary via diode D2 
until it reverses at time t3 and flows as transistor TR2 current. 

It is obviously not essential to use an output transformer, although this is 
useful for stepping the battery voltage up or down to meet the requirement 
of the load. It is possible to make the load itself centre tapped, for instance 
AEB forming the stator winding of a single-phase induction motor. In 
either case, when TR, conducts a voltage equal to the battery voltage V,  

A 
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L 

Figure 13.1 Push-pull inverter circuit: (a) circuit arrangement; 
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Figure 13.1 continued (b) transformer primary voltage (VAE); (c) load current (IL); (d) 
transistor collector current ( IC);  (e) diode current (I,) 
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is impressed across AE and if the two halves of the load are closely coupled 
this raises the collector of TR2 to a potential of 2VB above its emitter. 
Therefore all the semiconductor devices need to have a voltage rating 
equal to at least twice that of the supply. 

Figure 13.2 shows a half-bridge inverter in which a centre-tapped d.c. 
supply is needed. The waveforms for this circuit are identical to those given 
in Figure 13.1, which is illustrated for an inductive load. Transistor TRl is 
turned on at time to but it does not conduct until tl, the load current during 
this period flowing into the supply via diode D1. When this inductive 
current reverses the transistor starts to conduct. Similarly, during the 
following half cycle transistor TR2 and diode D2 conduct the load current. 

The half-wave bridge circuit can be extended to a full-wave bridge, also 
known simply as a bridge inverter, as shown in Figure 13.3. Transistors 
TR1, T& and TR2, TR3 may be turned on in pairs and consequently 
diodes D1, D4 and D2, D3 also conduct the inductive current in pairs, the 
circuit waveforms again being the same as those in Figure 13.1. 

Generally, the transistors are not turned on in pairs, the delay being 
used to vary the magnitude of the output voltage. This is illustrated by the 
waveforms of Figure 13.4, where the load is assumed to be filtered and is 
therefore sinusoidal. In Figure 13.4(a) the transistors are turned on in pairs 
and the load voltage is a maximum value. To reduce this voltage the 
transistor turn-on sequence shown in Figure 13.4(b) is adopted. At time to 

VB 
I i: 

Figure 13.2 Half-bridge inverter 
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-re 13.3 Full-bridge (or simply, bridge) inverter 

Figure 13.4 Inverter waveforms with filtering to give sinusoidal load voltage and current: 
(a) maximum voltage output; (b) reduced voltage output 
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transistors TR1 and T& are turned on and conduct since the current is 
starting positive. At time tl transistor T& is turned off. The load current 
continues to circulate through transistor TR1 and diode D3, effectively 
short circuiting the load. At t2 transistor TRI is turned off and TR2 and TR3 
are turned on, causing the load current to reverse. Finally, at time r3 
transistor TR3 is turned off and load current circulates through TR2 and 
D4, the load voltage again being zero. As seen from Figure 13.4(b), the 
mean load voltage has been reduced over that of Figure 13.4(a). 

A common requirement in frequency changers is that of regeneration. 
For instance, a variable-frequency motor control, in, for example, a 
locomotive, will regenerate when it starts to move downhill and the motor 
acts as a generator. Regeneration can be obtained in inverters although it is 
not a natural phenomenon of most inverter systems, as was the case for 
cycloconverters, and special modifications are necessary to accomplish it 
successfully. Unless the d.c. supply is 'soft' the regenerated energy will 
cause excessive voltage increase in the system. For inverters operating 
from a rectified a.c. source, it is necessary to connect an inverting bridge to 
feed this energy from the d.c. to the a.c. supply, as shown in Figure 13.5 for 
a thyristor bridge inverter. Diodes D, to D4 and thyristors THI to TI& 

L, 

I J 

Flgnre 13.5 Regeneration arrangement for an inverter obtaining its d.c. power from an a.c. 
source 

form the bridge inverter circuit, the d.c. supply for the inverter being 
derived from Ds to D8 and smoothed by and C. Thyristors TH, to THE 
form the usual arrangement of an a.c. line commutated inverter feeding 
energy from the d.c. side back to the a.c. supply. It is used during 
regeneration to prevent excessive voltage build-up across the capacitor. 
When no regeneration is occurring, inductors L1 and are saturated by 
load current and LQ and L4 absorb the instantaneous voltage difference 
between rectifier and inverter. During regeneration energy flow is from the 
load to the ax.  supply, and the functions of the inductors are reversed. 

The single-phase bridge circuits can be extended to three phases, as 
shown for transistor bridges in Figure 13.6, the operation of the 
three-phase variants being very similar to that of the single-phase circuits. 

13.2.2 Transistor inverters 
Although transistors were the switching semiconductors in the previous 
section, the base drive circuitry to these devices was not shown, so that any 
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other power semiconductor, such as a thyristor or gate turn-off switch, 
could have been used in their place. Power transistors are, however, 
popularly used in inverter circuits, primarily because of the ease with which 
they can be controlled, and this section will describe inverter configura- 
tions which are unique to transistors. 

The simplest transistor inverter is the single-transistor circuit which uses 
feedback from its collector to provide its own base drive. Such a 
singie-ended arrangement is popular for low power blocking oscillator 
applications, but is not often used in power inverters because of the 
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+"B 

Figure 13.7 Two-transistor , single-transformer inverter 

limitation on power output and the asymmetry of the output voltage 
waveform. 

Figure 13.7 shows a relaxation oscillator circuit, with two power 
transistors and a single transformer, which is frequently used for simple 
inverter circuits. The operation of this circuit is as follows, the polarity of 
the transformer windings being indicated by the dots. Assume on switching 
on that transistor TRI starts to turn on. This will cause the current in its 
collector to slowly increase, which in turn induces a voltage in the 
transformer winding connected in its collector. This induced voltage is fed 
back to the base of TRI and causes it to turn on further, the whole process 
being regenerative so that transistor TRI will be driven very rapidly into 
saturation. Because of the polarity of the transformer windings, the base of 
transistor TR2 is reverse biased during this period, so it is maintained 
firmly off. 

Figure 13.8(a) shows the collector current waveform in transistor TR1 
during this period. Transistor TRI is assumed to turn on at time to and its 
collector current jumps to the value of the load current ZL at that time. 
Assuming the load to remain constant, the collector current will now start 
to increase, due to magnetising current ZMAG of the transformer, and this 
has been assumed to be linear in Figure 13.8. Eventually, at time tl the 
total collector current Ic(pk) will reach such a value, given by equation 
(13.1), that it can no longer be supported by the base current and transistor 
TR1 will start to come out of saturation. 

IC(pk) = IL -k IMAG (13.1) 

Reduction of collector current will cause a reversal of the voltages 
induced in the transformer so that the base drive to TRI is reduced, forcing 
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(b) 
Figure 13.8 Collector current waveform in transistor TR, for the inverter of Figure 13.7: 
(a) with non-saturating transformer; (b) with saturating transformer 

it further into the off state, whilst the base current to TR2 starts to increase, 
turning it on. The circuit will therefore rapidly flip over into the state 
where TR1 is fully off and TR2 is saturated. The next half cycle will now 
commence, which ends at time t2 when the collector current through TR2 
reaches a value where it can no longer be supported by its base current. 

The peak collector current which the transistor can support, equal to the 
sum of the load current and the transformer-magnetising current, is 
determined by its common emitter gain hFE and the magnitude of the base 
current t,. This is given by equation ( I  3.2). 

k ( p k )  = hFEzB (13.2) 
The value of the transformer magnetising current ZmG depends on the 

supply voltage VB, the inductance of the transformer primary winding LPm 
and the on time of the transistor tc, as in equation (13.3). 

(13.3) 

Therefore from equations (13.1), (13.2) and (13.3) the on time tc, which 
determines the frequency of the inverter, is given by equation (13.4). 

(13.4) 

This equation shows the major limitation of this inverter circuit in 
certain applications, since the frequency vanes with the magnitude of the 
load current, being lowest at light loads. This variation in frequency would 
affect the efficiency of the circuit and also that of any filtering and 
decoupling components which may be used. 
To overcome the problem of frequency variation with load the linear 

transformer in Figure 13.7 can be replaced by a saturable transformer, the 
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collector current waveform now being as in Figure 13.8(b). The frequency 
of operation is once again determined by the maximum collector current, 
but now the magnetising current builds up rapidly, once transformer 
saturation has commenced, and this swamps the variation in load current, 
so the operating frequency is less load sensitive. 

In the circuit of Figure 13.7 it has been assumed that at switch-on one of 
the transistors commences to turn on. This may not be the case, especially 
on heavy load currents when the loop gain of the system is below unity, so 
that the circuit may fail to oscillate. To prevent this, several starting circuits 
are used, Figure 13.9 showing two of the simplest techniques. In the 
resistor-starting circuit the resistor chain R1 and Rz provides the initial bias 
for turn-on, the transistor with the highest gain turning on first. Thereafter 
the circuit performs as before, the starting resistors having very little effect. 

Figure 13.9 Starting circuits for the inverter of Figure 13.7: (a) resistor starting; (b) diode 
starting 

The disadvantage of the resistor-starting circuit is that the resistors need 
to be of low value in order to provide adequate base current under full 
starting load conditions, but this results in excessive circuit dissipation 
during normal running conditions, when the bulk of the base drive is 
derived via the transformer feedback winding. Diode starting is now 
preferred, as in Figure 13.9(b), where the reverse biased diode D1 prevents 
excessive static dissipation, whilst resistor R1 can still be made of a value 
low enough to provide adequate starting current. 

In Figure 13.7 a single transformer is used to supply the load current and 
to feed back the transistor base currents. The disadvantage of this system is 
that for stable operation a saturable tansformer is required, which is 
expensive and can lead to distortion of the load supply. A better method is 
to use a linear output transformer and a second, saturable transformer to 
feed back the current to the base of the transistors, as shown in Figure 
13.10, where use of a starting circuit is optional for starting on heavy load 
currents. The second saturable transformer can be made much smaller and 
cheaper since it is only required to carry the base drive currents of the 
transistors. The circuit performs much the same as before, the base current 
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transistors. When this drive transformer reaches saturation its current 
rapidly increases, resulting in a voltage drop across resistor R3 which 
reduces the base drive causing the conducting transistor to be turned off. 
This further reduces the current in the output transformer and results in 
regeneration, which causes a reversal of state, as before. The performance 
of the starting circuit is identical to that of Figure 13.9(b). The collector 
current is again equal to the sum of the load current and the magnetising 
current in the output transformer, but since the output transformer does 
not saturate and the operation of the circuit is not determined by the 
magnitude of this current, it can be kept low, reducing the device rating. 

Irrespective of whether the inverter is push-pull or bridge, and the 
voltage-control mode adopted, as described in Section 13.3, the basic 
commutation system used for inverter circuits, which use thyristors as the 
main switch, can be grouped into four classes, as was done for chopper 
circuits in Chapter 11: 
(i) Parallel-capacitor commutation, the commutation capacitor discharg- 

ing directly into the thyristor being turned off. 
(ii) Parallel capacitor-inductor commutation, where a series capacitor 

and inductor are connected across the thyristors being commutated. 
(iii) Series capacitor commutation, the commutation capacitor being 

placed in series with the load conduction path. 
(iv) Coupled-pulse cornmutation, the commutation capacitor pulse being 

coupled to the thyristor via a transformer or auto-transformer. 
There fniir methndc are eramined in thic c e r t i n n  with r m C n r n n e n  tn ... ""I .vu. I..-... V I "  ..." ",...a .... X".. 11. .I.-" "WW.."ll, ..1.1. 1"IW'w.'- 6" 

typical bridge and push-pull inverter circuits. 
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13.2.3.1 Parallel-capacitor commutation 
Parallel capacitor commutated circuits are the most popular and the circuit 
of Figure 13.11(a) is perhaps one of the earliest used thyristor inverter. In 
fact the push-pull inverter is often called a parallel inverter due to the 
parallel-capacitor commutation system used, but it will be seen that several 
other commutation methods can also be used with push-pull inverters. 

The circuit of Figure 13.11(a) is similar to Figure 13.l(a) where the 
transistor switches have been replaced by thyristors, inductor L1 is added, 
and diodes D1 and D2 have been omitted. Figure 13.11(b) shows a more 
efficient system. Firing thyristor TH1 charges capacitor C with plate a 
positive, to a voltage of 2vB. When TH2 is turned on capacitor C is 
connected across TH1 turning it off. The capacitor now discharges to zero 
voltage, its stored energy then being dissipated in the L1-D1-C-THP 
conduction path. After this, capacitor C charges to 2vB with plate b 
positive, ready to turn TH2 off when THI is fired. 

Load 

Figwe 13.11 Parallel-capacitor commutation in a push-pull inverter: (a) basic arrangement; 
(b) improved arrangement; (c) use of d.c. rated capacitors 

Figure 13.11(c) shows an alternative arrangement of the commutation 
capacitors, where the capacitors need only have a d.c. rating, which 
reduces their size, although two capacitors are now necessary. 

The simple push-pull parallel capacitor commutated circuits have a 
disadvantage in that one or another of the main thyristors must be 
triggered to commutate the conducting device. This means that mark-space 
voltage-control schemes, as described in Section 13.3, cannot be obtained, 
and even varying the d.c. supply voltage, to control the magnitude of the 
output voltage, would reduce the commutation energy, which is 
undesirable. Although h.f. pulse-width modulation systems can be used, 
either with a rectangular or sine reference, as described in Section 13.3, the 
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inverter losses, caused by the circulation of commutation current (for 
example, via L1-D1-C-THz) make it inefficient at high frequencies. The 
most usual voltage-control system consists of two parallel inverters, with a 
common secondary, whose square wave outputs are phase shifted to give a 
mark-space controlled voltage output. 

13.12 Parallel capacitor commutated push-pull inverter with individual ann control 

Figure 13.12 shows a commutation system which permits individual 
thyristor turn-off. Whilst TH1 is conducting thyristor 'Il& is fired, which 
charges C, to 2vB with plate a positive. When turns on, thyristor THI 
being previously turned off, capacitor C, discharges through it and b-D4, 
recharging with plate b positive. To turn THz off thyristor TH, is again 
fired to connect capacitor C, across it. Thyristor TH1 can be fired later in 
the cycle as required, the greater the delay between the turning off of one 
thyristor and the firing of the next, the lower the output voltage. As 
mentioned above, it is important to bear in mind that this is not true 
mark-space control since the inductive load current would normally be 
decaying through feedback diodes D1 and Dz. Therefore the load voltage 
at any inverter setting is determined by the magnitude of the load current 
and its power factor. 

Figure 13.13(a) shows a single-phase bridge inverter circuit using 
parallel-capacitor commutation. With TH1 and TI& conducting, capacitor 
C is charged to VB with plate a positive. When T H z  and TH3 are fired to 
commence the next step of the output, capacitor C is connected across THI 
and TH, and turns them off. The circuit is therefore an example of 
parallel-capacitor commutation in which inductors L1 prevent the supply 
from being instantaneously short-circuited during commutation. Figure 
13.13(b) shows an extension to a three-phase inverter, where firing any 
thyristor which has positive anode voltage will commutate all the other 
conducting thyristors in its row. 
An alternative parallel capacitor commutated bridge is illustrated in 

Figure 13.14. An auxiliary d.c. supply is shown connected to the 
commutation circuit to enable the main supply to be varied, for example to 
control the magnitude of the output voltage. Where this is not required a 
separate supply is not essential and can be shorted out. When TH7 is fired 
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(b) Three phase load 

Figure 13.13 Parallel capacitor commutation in a bridge inverter: (a) single-phase; (b) 
three-phase 

1 I I 
* t $ 

Flgue 13.14 Use of an external commutation voltage source in a parallel capacitor 
commutated bridge inverter 
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capacitor C is charged to voltage V, with plate a positive. Firing TH8 will 
cause the capacitor to resonate through L and recharge with plate b 
positive, the voltage being increased if auxiliary supply VBl is included. 
When TH7 is next fired capacitor C short-circuits the input to the bridge 
inverter and causes all the conducting thyristors in both arms of the bridge 
to turn off. It is important once again to bear in mind that turning off all 
devices will not make the load voltage zero. This can only be obtained by 
refiring appropriate devices to allow the current to free-wheel through 
them. 

13.2.3.2 Parallel capacitor-inductor commutation 
An example of parallel capacitor-inductor commutation is given in Figure 
13.15. This differs from Figure 13.12 in two aspects. First, inductors and 
L4 are in series with capacitors C1 and G, so reducing the rating of the 
commutation devices. Second, the resonant pulse of the capacitors does 
not now pass through the main thyristors, so reducing their current rating. 
Apart from this, the two circuits have similar performance, TH5 and 'I?& 
being normally fired simultaneously with THl and TH2 respectively. 

"B 

TH, Lz 
F+ 13.15 Push-pull inverter with parallel capacitor-inductor commutation 

Figure 13.16 shows parallel capacitor-inductor commutation used in a 
bridge circuit. A centre-tapped supply is illustrated, which reduces the 
number of devices needed, but when such a supply is not available a 
conventional inverter can be used, all components now being duplicated. 
Referring to Figure 13.16, with thyristor TH1 conducting, thyristor TH, is 
fired to charge C with plate a positive. To turn TH1 off, thyristor TH3 is 
turned on, causing C to resonate through D1 and TH3, commutating THl. 
This circuit is extremely versatile, since it allows individual commutation of 
all devices and also has theoretically zero commutation loss, so that it can 
be operated at high frequencies. Its only disadvantage is the relatively large 
number of commutation devices required. 



300 D.C. link frequency changers 

Figure 13.16 Parallel capacitor-inductor 
cornmutation in a bridge inverter with tapped 

Load supply 

Three phase load 
Flyre 13.17 Light-weight parallel capacitor-inductor commutated bridge inverter 

The inverter of Figure 13.17, although similar in principle to Figure 
13.14, has been designed for aerospace applications. Therefore inductors 
LI from Figure 13.14, which can be bulky, have been replaced by thyristors 
TH7 and TH8. With these devices and the appropriate bridge thyristors 
conducting, TH9 is fired to prime capacitor C ready for commutation. 
When THIO is now turned on capacitor C discharges via its inductor L, 
turning TH, and TH, off and so eventually commutating the inverter 
thyristors. This circuit also has high operating efficiencies. 

13.2.3.3 Series capacitor commutation 
In series capacitor commutated inverters the commutation devices are 
normally in the main thyristor current path. Figure 13.18 shows a typical 
circuit, with its waveforms. The inverter is operated at a frequency 
determined by the oscillatory frequency of the load and C, so that these 
inverters find most frequent application for producing fixed frequency sine 
wave output. 

Figure 13.19 is another example of a simple series capacitor commutated 
inverter. Once again the trigger frequency of TH1 is chosen to coincide 
with the oscillatory frequency of C, and L1. Capacitor C1 is large valued 
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Fi~ure 13.18 Series capacitor commutated bridge inverter 

Figure 13.19 An inexpensive series capacitor commutated inverter 

and acts as a pivot for the see-saw action of the output. This circuit is very 
useful as a simple sine wave fixed-frequency generator. 
13.2.3.4 Coupled-puke commutation 
A coupled-pulse commutated bridge inverter is shown in Figure 13.20, 
which will be analysed in Section 13.4. This circuit is perhaps the most 
frequently used and reliable of coupled-pulse inverter circuits. With any 
device conducting, the commutation capacitor in the corresponding half of 
the bridge is charged to voltage V,. When the thyristor in that leg is fired 
the capacitor discharges through half of the auto-transformer, coupling a 
turn-off pulse to the conducting thyristor via the other half of the 
transformer. The circuit is versatile in that firing one device will 
automatidy commutate the other half of the bridge. It can be used to 
produce outputs with zeros in the waveform with no additional circuitry. It 



302 D.C. link frequency changers 

t 
Three phase load 

Figure 13.20 Coupled-pulse commutated three-phase bridge inverter 

does, however, suffer from low efficiency, due to commutation losses at 
higher frequencies, and is therefore not suited for voltage-control 
techniques which require an inherent high-frequency operation, such as 
pulse-width modulation described in Section 13.3. Also it cannot be used in 
circuits which use d.c. supply variations to change the output, since the 
commutation voltage is now affected. Figure 13.21 overcomes this 
disadvantage by using an auxiliary fixed-voltage low-power commutation 
voltage source Vsl, the diodes in series with the main thyristor enabling 
the commutation capacitors to charge to a voltage which can be greater 
than VB. 

"E 

3 
Figure 13.21 Coupled-pulse commutated inverter with an auxiliary commutation voltage 
source 
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Figure 13.22 Coupled-pulse three-phase bridge inverter with single commutation circuit 

Although Figure 13.22 resembles the circuit of Figure 13.14, the 
inductors L1 and b are now closely coupled. With thyristors TH1, TH5 and 
TI& conducting, (say) capacitor C2 is charged to a voltage equal to VB and 
C1 is at zero voltage. Firing thyristor TH7 couples a pulse in L1 via which 
blocks the conducting thyristor. Load current continues to free-wheel via 
feedback diodes and via Dg, TH7, therefore true mark-space control is 
obtained without additional circuitry. Capacitor C1 is now charged so that 
during the next part of the cycle, assuming TH, is fired, it discharges into 
L1 and couples a pulse to b turning TH7 off. 

13.2.4 Modified thyristor commutation circuits 
This section describes modifications made to the basic thyristor 
commutation circuits to obtain enhanced circuit performance in certain 
parameters. Three types of enhancements are considered, which are the 
same as those introduced when dealing with chopper circuits in Chapter 12, 
and, as before, it is important to note that none of the additions change the 
basic commutation category of the circuits. The three modifications are: 
(1) enhancement for high-frequency operation; (2) enhancement to reduce 
commutation losses; (3) enhancement to provide commutation voltage 
boosting. 

13.2.4.1 High-frequency enhancements 
Two timing problems occur when operating at high frequencies, i.e. the 
time required to set and reset the commutation capacitors and the necessity 
of ensuring that a thyristor is reverse biased for the duration of its turn-off 
time. 

The majority of inverter circuits are not affected by limitations on the set 
and reset times of the commutation capacitor; of the circuits described in 
the previous section only a few need modifications. The push-pull inverter 
shown in Figure 13.11(a) is one of these. When thyristor TH1 or TH2 is 
fired the capacitor has to discharge and reset through the load, and this 
time can be very long on light loads. Modifying the circuit as in Figure 
13.11(b) allows C to reset partially by resonance through inductor L1 and 
the feedback diodes, resonance losses only being made up by charging the 
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capacitor through the load, so that for low-loss circuits the reset time is 
considerably reduced. 

Inverters, like choppers, suffer from the maximum frequency limitation 
imposed by the turn-off time requirements of the thyristors and, as for 
choppers, sequencing is usually used to overcome this limitation. Figure 
13.23 shows a basic two-thyristor inverter which does not use sequencing. 
Thyristor TH1 is fired, which charges capacitor C, to a voltage equal to V,, 
which will be close to 2VB for low resonant losses. The current through the 
device attempts to reverse and it turns off. Thyristor TH2 is then fired, 
which discharges C, and charges C1 to V,. This thyristor then turns off and 
thyristor THI is refired. For a low-impedance load the output will be a sine 
wave provided the device trigger rate corresponds to the resonant time of 
the inverter. The thyristor waveforms, shown for when the inductors L1 
and are both coupled and non-coupled, clearly illustrate the larger 
turn-off pulse obtained if the inductors are coupled, and this is the mode 
normally used. 

U L2 

(c) v 
13.23 Series capacitor commutated inverter: (a) circuit arrangement; (b) thyristor 

waveforms with inductors non-coupled (c) thyristor waveforms with inductors coupled 

Figure 13.24 Three-stage sequential inverter: (a) circuit arrangement; (b) waveform across 
TH-; (c) load waveform 
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The operating frequency of the inverter of Figure 13.23 is limited by the 
requirement af ensuring that devices are reverse biased for longer than 
their turn-off time. Figure 13.24 shows a three-stage sequential inverter 
which overcomes this limitation, its operation being essentially as for a 
sequential chopper introduced in Chapter 12, the thyristor conducting 
periods being indicated in Figure 13.24(c). 

It has been seen that series-commutated inverters are most efficient 
when used with sine wave converters in which the inverter frequency is 
related to the resonant load frequency. In discussions so far the two 
frequencies have been maintained equal, but this does not necessarily have 
to be so. In Figure 13.25 the output load is a tuned circuit consisting of 
and C, which has a relatively high Q, so that once it is set into oscillation it 
will produce a sine wave output whose amplitude decreases slowly due to 
losses. Periodically THI and TH2 are fired to compensate for this loss. 
Figure 13.25 also shows various circuit waveforms. Firing THI will charge 
C1 with plate a positive. TI31 will now go off and T H z  is fired, causing 
capacitor C1 to resonate with the load and recharge with plate b positive. 
Thyristor TH2 will turn-off when this has been completed and will remain 
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Figure 13.25 Series capacitor commutatcd inverter in which the load frequency is a multiple of 
the thyristor operating frequency: (a) circuit arrangement; (b) waveforms 
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reverse biased so long as the peak amplitude of the load oscillations is 
arranged to be lower than the capacitor voltage, as shown clearly by the 
circuit waveforms. Such an inverter is very useful, since the output 
frequency can be several times the inverter frequency, enabling slower 
turn-off thyristors to be used, although if the Q of the load circuit is low, 
the inverter frequency approaches the output frequency and in the limit 
must be equal to it. 

Figure 13.26(a) shows a method of sequencing the basic inverter of 
Figure 13.25, the operation of the circuit being illustrated by the 
waveforms of Figure 13.26(b). In the example shown the thyristors are 
fired at one eighth the tuned output frequency and the bursts of energy are 
fed to the output at half the output frequency. 

As mentioned when discussing choppers in Chapter 12, although there is 
no fundamental limit to the magnitude of the output frequency which can 
be attained by sequencing an increasingly greater number of inverter 
stages, in practice the limit is set by the switching losses which occur in the 
devices and by the loss per cornmutation, both of which considerably 
reduce the efficiency of the inverter. 
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Firing fi 
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- - I 
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pulses TH,, THlb THlC THld 
(b) T", T"2e THZa THZb 

Figure 13.26 Four-stage sequential inverter using the basic arrangement of Figure 13.25: 
(a) circuit arrangement; (b) waveforms 
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13.2.4.2 Commutation loss reduction 
Commutation losses can be reduced, as was done for choppers, by several 
techniques. For example, Figure 13.1 l(b) illustrated a popular push-pull 
parallel commutated inverter configuration, which is not suitable for 
high-frequency operation due to its large commutation loss. When TH1 
fires, capacitor C discharges through inductor L1 and recharges to twice the 
supply voltage. When this has been completed diode D1 conducts, feeding 
back the inductive load current to the supply, and the energy stored in L1 
during the commutation interval is dissipated in the loop L1-D1-TH1. 

Load 

D2 

Figure 13.27 ‘Lossless’ push-pull inverter 

Figure 13.27 shows a modified push-pull circuit which has a much lower 
commutation loss, four thyristors being used to avoid the possibility of short- 
circuit of the commutation capacitor during the turn-off process and to 
eliminate the need for a series inductor. Suppose that TH, and TH3 are 
conducting and TH, has been fired to prime the commutation capacitor, after 
which this thyristor turns off. To reverse the load current thyristor TH, is 
fired, the capacitor discharging and recharging, with reverse polarity, through 
TH3, this thyristor also going off when the capacitor has completed its 
charge. There is negligible commutation loss in the system since the stored 
energy in a commutation inductor has been avoided. 

Bridge inverter coupled-pulse circuits of the McMurray-Bedford t y p ,  
as shown in Figure 13.20, also suffer from relatively high commutation 
losses. For instance, if TH1 is conducting then capacitor C1 is discharged 
and C, is charged to VB. To turn TH1 off thyristor TH2 is fired, which 
couples a pulse to the top device, turning it off. Capacitor C, then 
discharges to zero voltage, after which time the energy stored in inductor 
L1 is dissipated in the free-wheeling path TH2-D2-L1. 

Several modifications can be made to reduce the commutation loss 
caused by the circulating current in Figure 13.20, for instance by tapping 
the load. Figure 13.28 shows the addition of an auxiliary transformer with a 
feedback winding, which gives a better performance. During the 
commutation interval, for example when THz is fired as before, the energy 
stored in L1 will induce a voltage in winding 1 of the transformer, which 
will feed back the energy from inductor L1 to the supply via the step-up 
winding 4 and bridge rectifier D7. There is an overshoot voltage on due 
to this feedback action, as seen with chopper circuits, but it is small. For 
example, for a 1:20 turns ratio between windings 1 and 4 it will be 1/20th of 
the supply voltage. 
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Flgurc 13.28 Recovery of commutation energy in the inverter of Figure 13.20 

13.2.4.3 Voltage boosting 
Increasing the available commutation in proportion to the load current 
improves the efficiency of the circuit, and this occurs in several inverter 
circuits as part of the circuit function. In these instances it may sometimes 
be necessary to limit the amount of voltage boost by use of feedback 
windings to the supply, as discussed in the previous section. In applications 
where voltage boosting does not occur naturally, auxiliary circuits can be 
used. 

In the coupled-pulse commutated circuit of Figure 13.20 the maximum 
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Figure 13.30 shows a modification to the inverter of Figure 13.13. 
Inductors Ld are required as part of the commutation process, inductors L, 
in the free-wheeling diode path being added to give voltage boost 
proportional to load current. Since the commutation capacitors are 
charged to a voltage greater than that of the supply, auxiliary thyristors are 
required in series with them, to prevent a loss of charge when boosting 
stops. TH1, is fired with TH1, THh with TH2, and so on, so that they do 
not perform any function apart from assisting in voltage boosting. 

Figure 13.31 shows circuit additions to Figure 13.11(b) for voltage 
boosting, where once again a series inductor is used. After capacitor C 
has charged to 2V* at the end of a commutation, the energy stored in 
during a previous load cycle transfers to C, boosting its voltage. Diodes D1 
and D2 can conduct, carrying the inductive load current, but due to the 
reverse-biased action of series diodes D3 and D4 the boost voltage on C is 
not lost, being available for the next commutation. 

TH6 D4 

1 
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13.31 Push-pull inverter with series inductor voltage boost 

13.3 Output voltage control 
One method of output voltage control has already been introduced, with 
reference to Figure 13.4, for mark-to-space control, or a quasi-square 
waveform. One of the main considerations in controlling the output 
voltage is the harmonics which have been introduced, and this was not 
evident from Figure 13.4 since sine wave filtering had been assumed. In 
reality this is unlikely to be the case, as for motor-drive applications, and 
the waveforms will be as illustrated in Figure 13.32(a). The output voltage 
and current are rich in harmonics, which causes excessive load losses. To 

n ln-+antaneous 
d current 

instantaneous 
lnad vnltana 

Instantaneous 
load current \ 

13.32 Inverter waveforms with untiltered load Current: (a) single p u k ;  (b) multiple 
P* 
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reduce the harmonic content of the load voltage and current. alternative 
control techniques can be used, one such system being shown in Figure 
13.32(b). The load voltage is made up of several sections of varying 
duration, each block switching between zero and the d.c. supply voltage. 
The placing and width of these periods are such as to give a mean a.c. 
voltage which approximates closely to a sine wave, the load current being 
seen to have a smaller low-frequency harmonic content than that in the 
traditional voltage-control system of Figure 13.32(a). 
This section describes the various voltage-control techniques which can 

be used for inverter circuits, and the impact which these have on the output 
harmonics. Voltage control within an inverter is usually required for two 
applications : 
(i) When the output is to be kept at a fixed value, compensating for 

regulation effects within the inverter, or for fluctuations in the supply 
voltage or the load current. These requirements usually arise in 
fixed-frequency inverter supplies. 

(ii) When the output is to be varied in a given manner, for example 
proportional to the frequency to keep the flux within the load 
constant, such as required for variable-frequency motor drives. 

There are several ways in which this voltage control can be achieved, in 
all these cases the a.c. being composed of a fundamental component and a 
band of harmonic frequencies. The various control methods all contrive to 
reduce the harmonic voltages whilst avoiding excessive circuit complexity. 
In this section these techniques are classified as unidirectional switching, 
bi-directional switching, and waveform synthesis. 

I i 
--T- 

Figure 13.33 A quasi-square waveform 

13.3.1 Unidirectional switching 
Perhaps the most popular method for controlling the a.c. voltage is to vary 
its mark-to-space ratio, as shown in Figure 13.32(a) and repeated in Figure 
13.33. Fourier analysis of such a waveform gives the r.m.s. value of the nth 
coefficient as in equation (13.5). The total r.m.s. voltage of the waveform, 
including all harmonics, is obtained as in equation (13.6). 

(13.5) 

(13.6) 
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Tsbk 13.1 Hamonk eompositiop of s quad-qusre rsve 

2DIT R. M.S.  voltage percentage of d.c. supply 

1 3 5 7 9 11 13 15 Total 

0.00 90.0 
0.02 89.8 
0.04 89.3 
0.06 88.4 
0.08 87.2 
0.10 85.6 
0.12 83.7 
0.14 81.4 
0.16 78.9 
0.18 76.0 
0.20 72.8 
0.22 69.3 
0.24 65.6 
0.26 61.6 
0.28 57.4 
0.30 52.9 
0.32 48.2 
0.34 43.4 
0.36 38.3 
0.38 33.1 
0.40 27.8 
0.42 22.4 
0.44 16.9 
0.46 11.3 
0.48 5.65 
0.50 0.00 

30.0 
29.5 
27.9 
25.3 
21.9 
17.6 
12.8 
7.46 
1.88 
3.76 
9.27 

14.5 
19.1 
23.1 
26.3 
28.5 
29.8 
29.9 
29.1 
27.1 
24.3 
20.5 
16.1 
11.0 
5.62 
0.00 

18.0 12.9 10.0 8.18 6.92 6.00 
17.1 11.6 8.44 6.30 4.74 3.53 
14.6 8.20 4.26 1.53 0.43 1.85 
10.6 3.20 1.25 3.94 5.33 5.71 
5.56 2.41 6.37 7.61 6.87 4.85 
0.00 7.56 9.51 7.78 4.07 0.00 
5.56 11.3 9.69 4.38 1.30 4.85 

10.6 12.8 6.85 1.03 5.85 5.71 
14.6 12.0 1.87 5.96 6.71 1.85 
17.1 8.80 3.68 8.17 3.34 3.53 
18.0 3.97 8.09 6.62 2.14 6.00 
17.1 1.61 9.98 2.03 6.26 3.53 
14.6 6.89 8.76 3.48 6.44 1.85 
10.6 10.9 4.82 7.40 2.55 5.71 
5.56 12.8 0.63 7.92 2.95 4.85 
0.00 12.2 5.88 4.81 6.58 0.00 
5.56 9.37 9.30 0.51 6.07 4.85 

10.6 4.73 9.82 5.60 1.72 5.71 
14.6 0.81 7.29 8.12 3.71 1.85 
17.1 6.19 2.49 6.91 6.80 3.53 
18.0 10.4 3.09 2.53 5.60 6.00 
17.1 12.6 7.71 3.01 0.87 3.53 
14.6 12.5 9.92 7.17 4.41 1.85 
10.6 9.91 9.05 8.04 6.91 5.71 
5.56 5.47 5.36 5.22 5.05 4.85 
0.00 0.00 0.00 0.00 0.00 0.00 

100 
98.0 
95.9 
93.8 
91.7 
89.4 
87.2 
84.9 
82.5 
80.0 
77.5 
74.8 
72.1 
69.3 
66.3 
63.2 
60.0 
56.6 
52.9 
49.0 
44.7 
40.0 
34.5 
28.3 
20.0 
0.00 

Equations (13.5) and (13.6) are shown evaluated in Table 13.1 up to the 
15th harmonic, where the period T equals a. From this table it is evident 
that the harmonic content of the output increases rapidly as the 
mark-to-space ratio of the waveform is reduced. This is illustrated more 
clearly in Figure 13.34, which shows the plot of the harmonics, obtained 
from Table 13.1. Because in reality it is the magnitude of the fundamental 
which is of interest rather than the mark-to-space ratio, which is a means of 
varying the fundamental, it is more normal to show harmonic plots against 
the fundamental, and this is done for the harmonics of Table 13.1 in Figure 
13.35. 

At low voltages various harmonics are almost equal in value to the 
fundamental, the total harmonic content being about ten times larger. This 
represents the greatest disadvantage of the quasi-square voltage-control 
system, and normally limits the output voltage range to between 30% and 
90% of the d.c. supply, Le. a frequency change of 3:l in applications where 
the voltage needs to be varied proportional to the frequency of the load. 

Figure 13.33 is also referred to as a single-pulse unidirectional wave. It is 
unidirectional since in any half cycle the output is either positive or 
negative, but never both, and there is a single pulse in each half cycle. An 
obvious extension to this system is shown in Figure 13.36, which illustrates 
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0 0.1 0.2 0.3 0.4 0.5 0.6 
2DK 

Figure 13.34 Harmonic content for a quasi-square wave plotted against pulse width 

a two-pulse unidirectional waveform. Choosing the values of B, AI,  A2 and 
o to satisfy equations (13.7) and (13.8) will give the nth Fourier coefficient, 
as in equation (13.9). 

Ai  + A2 (13.7) B =  
2 

A2 - A1 
2 

o =  (13.8) 

6, = - 8VB sin n B sin n o  (13.9) 

Obviously, it is possible to arrange the pulses symmetrically in a half 
cycle, and this is considered later when this technique is extended to a large 

nn 
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(13.12) 

Equations (13.11) and (13.12) are shown evaluated in Tables 13.2-13.4 
for P = 3, 5 and 7 respectively. These show that even though lower 
harmonics are eliminated, the total harmonic content is large. However, 
higher harmonics are much easier to remove than lower-order 
harmonics, so that a comparison based on total content can often be 
misleading. Perhaps the most serious disadvantage of this control method 
is that the maximum output voltage is limited by the necessity of not 
allowing adjacent pulses to merge. With quasi-square waves the maximum 
voltage is 90% of the d.c. supply, when the output waveshape has no zero 
voltage periods. In two-pulse systems the maximum fundamental 
obtainable is 75.1%, 62.2% or 33.3% of the d.c., according to whether the 
third, fifth or seventh harmonic is being eliminated. Therefore in a 
variable-frequency drive, a 240 V, 50 Hz motor could run at a maximum 
frequency of 340 X 0.333 x 50/20 = 24Hz and still remain fully fluxed (340 
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T a b  13.2 Harmonlea in a two-puk unhlfnettonrl wave with P = 3 

2wIT R. M.S. voltage as percentage of d.c. supply 

0.16 75.1 
0.15 70.8 
0.14 66.4 
0.13 61.9 
0.12 57.4 
0.11 52.8 
0.10 48.2 
0.09 43.5 
0.08 38.8 
0.07 34.0 
0.06 29.2 
0.05 24.4 
0.04 19.5 
0.03 14.7 
0.02 9.79 
0.01 4.90 
0.00 0.00 

3 5 7 9 

0.00 18.3 8.20 0.00 
0.00 22.0 3.48 0.00 
0.00 25.2 1.40 0.00 
0.00 27.8 6.21 0.00 
0.00 29.7 10.7 0.00 
0.00 30.8 14.7 0.00 
0.00 31.2 18.0 0.00 
0.00 30.8 20.4 0.00 
0.00 29.7 21.9 0.00 
0.00 27.8 22.3 0.00 
0.00 25.2 21.6 0.00 
0.00 22.0 19.8 0.00 
0.00 18.3 17.2 0.00 
0.00 14.2 13.6 0.00 
0.00 9.63 9.48 0.00 
0.00 4.88 4.86 0.00 
0.00 0.00 0.00 0.00 

11 

9.70 
12.6 
14.1 
13.8 
12.0 
8.69 
4.38 
0.45 
5.22 
9.37 

12.4 
14.0 
13.9 
12.2 
9.03 
4.80 
0.00 

13 
~ 

15 

2.98 
1.88 
6.43 
9.92 

11.8 
11.7 
9.70 
6.10 
1.50 
3.35 
7.64 

10.7 
12.0 
11.3 
8.74 
4.76 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

~ 

Total 

80.0 
77.5 
74.8 
72.1 
69.3 
66.3 
63.2 
60.0 
56.6 
52.9 
49.0 
44.7 
40.0 
34.6 
28.3 
20.0 
0.00 

Table 13.3 Harmonla in a two-pubc llnMirretionrl wave wlth P = 5 

2 d T  R. M.S .  voltage as percentage of d.c. supply 
~~~~ ~~ 

1 3 5 7 9 11 13 15 Total 

0.20 62.2 54.3 0.00 
0.19 59.5 55.7 0.00 
0.18 56.7 56.6 0.00 
0.17 53.9 57.0 0.00 
0.16 51.0 57.0 0.00 
0.15 48.0 56.4 0.00 
0.14 45.0 55.3 0.00 
0.13 42.0 53.7 0.00 
0.12 38.9 51.6 0.00 
0.11 35.8 49.1 0.00 
0.10 32.7 46.2 0.00 
0.09 29.5 42.8 0.00 
0.08 26.3 39.1 0.00 
0.07 23.1 35.0 0.00 
0.06 19.8 30.6 0.00 
0.05 16.6 25.9 0.00 
0.04 13.3 21.0 0.00 
0.03 9.96 15.9 0.00 
0.02 6.64 10.7 0.00 
0.01 3.32 5.37 0.00 
0.00 0.00 0.00 0.00 

23.3 
21.0 
17.8 
13.7 
9.00 
3.83 
1.54 
6.82 

11.8 
16.2 
19.8 
22.4 
24.0 
24.4 
23.7 
21.8 
18.8 
15.0 
10.4 
5.33 
0.00 

6.91 
9.29 

10.9 
11.7 
11.5 
10.5 
8.57 
5.98 
2.92 
0.37 
3.63 
6.61 
9.06 

10.8 
11.7 
11.6 
10.6 
8.82 
6.30 
3.28 
0.00 

5.65 
2.68 
0.60 
3.82 
6.58 
8.57 
9.54 
9.39 
8.12 
5.90 
2.97 
0.30 
3.54 
6.36 
8.43 
9.50 
9.45 
8.28 
6.13 
3.26 
0.00 

12.5 
13.1 
11.5 
8.07 
3.27 
2.06 
7.06 

10.9 
12.9 
12.9 
10.7 
6.70 
1.65 
3.67 
8.39 

11.7 
13.1 
12.4 
9.60 
5.23 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

89.4 
87.2 
84.9 
82.5 
80.0 
77.5 
74.8 
72.1 
69.3 
66.3 
63.2 
60.0 
56.6 
52.9 
49.0 
44.7 
40.0 
34.6 
28.3 
20.0 
0.00 
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Table 13.4 Harmonics in a two-pulse unidirectional wavt with P = 7 

2 d T  R.  M . S .  voltage as percentage of d.c. supply 

1 3 5 7 9 11 13 15 Total 

0.14 33.3 56.7 22.8 0.00 11.4 15.8 3.22 1.61 74.8 
0.13 31.0 55.0 25.1 0.00 7.96 15.6 4.97 0.81 72.1 
0.12 28.8 52.9 26.8 0.00 3.89 13.5 5.90 3.06 69.3 
0.11 26.5 50.3 27.8 0.00 0.49 9.78 5.86 4.64 66.3 
0.10 24.1 47.3 28.1 0.00 4.83 4.93 4.86 5.21 63.2 
0.09 21.8 43.9 27.8 0.00 8.79 0.50 3.06 4.64 60.0 
0.08 19.4 40.0 26.8 0.00 12.0 5.87 0.75 3.06 56.6 
0.07 17.0 35.9 25.1 0.00 14.4 10.6 1.68 0.81 52.9 
0.06 14.6 31.3 22.8 0.00 15.5 14.0 3.83 1.61 49.0 
0.05 12.2 26.6 19.9 0.00 15.4 15.8 5.35 3.68 44.7 
0.04 9.79 21.5 16.5 0.00 14.1 15.7 6.00 4.95 40.0 
0.03 7.35 16.3 12.8 0.00 11.7 13.7 5.65 5.14 34.6 
0.02 4.90 11.0 8.90 0.00 8.38 10.2 4.38 4.21 28.3 
0.01 2.45 5.50 4.40 0.00 4.36 5.40 2.39 2.36 20.0 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

= 240 x V2, i.e. the peak rectified mains voltage) when the seventh 
harmonic is being eliminated. 

A second extension to quasi-square wave control is to have several 
equally spaced unidirectional pulses in a half cycle. This is conveniently 
obtained by feeding a high-frequency carrier triangular wave and a 
low-frequency square wave into a comparator, as in Figure 13.37(a). The 
output voltage swings between the supply voltage V, and zero volts 
according to the relative magnitudes of the two waveforms, as in Figure 
13.37(b). The width of the output pulses is determined by the ratio of 

Figure 13.37 Pulse-width modulation with a square wave using unidirectional switching 
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AdAT and there are as many pulses per cycle as the ratiofdfs. The Fourier 
coefficient of this waveform is given by equation (13.13) and the total r.m.s. 
content by equation (13.14). 

(13.14) 

Equations (13.13) and (13.14) have been evaluated in Tables 13.5-13.8 
forf+”s = 4,6,10 and 20 respectively. These tables indicate an increase in 
total harmonic content with pulse numbers where fdfS = 2 corresponds to 
a quasi-square wave. However, the lower harmonics are now considerably 
attenuated, and this is illustrated more clearly in Figure 13.38, where the 

Tab& 13.5 h n w a l c  content ufa 4- moddated u d d h d o d  wave withfrlfs = 4 

AdAr R.M.S. VOltagt? 11s percentage of d.c. supply 

1 3 5 7 9 11 13 15 Total 

0 90.0 30.0 18.0 12.9 10.0 8.18 6.92 6.00 100 
0.1 82.7 36.2 9.74 17.7 1.11 11.5 2.29 7.84 94.9 
0.2 74.8 40.3 0.00 17.3 8.31 6.80 9.31 0.00 89.4 
0.3 66.5 42.3 9.74 11.8 13.8 2.70 7.44 7.84 83.7 
0.4 57.8 41.9 18.0 2.84 12.6 10.3 1.53 6.00 77.5 
0.5 48.7 39.2 23.5 6.% 5.41 10.7 9.05 3.25 70.7 
0.6 39.3 34.3 25.5 14.7 4.37 3.58 7.92 8.49 63.2 
0.7 29.7 27.6 23.5 18.1 12.1 6.05 0.77 3.25 54.8 
0.8 19.9 19.3 18.0 16.2 14.0 11.4 8.72 6.00 44.7 
0.9 9.99 9.90 9.74 9.50 9.18 8.80 8.35 7.84 31.6 
0.98 2.00 2.00 2.00 2.00 1.99 1.99 1.99 1.98 14.1 

Table 13.6 Humonk content of a 4lure moddated u d d h d o d  wave with/& = 6 

As& R.M.S. voltage os percentage of d.c. supply 
~~ ~ 

1 3 5 7 9 11 13 15 Total 

0 90.0 80.0 18.0 12.9 10.0 8.18 6.92 6.0 100 
0.1 81.7 29.6 25.5 4.00 8.93 14.6 2.15 4.22 94.9 
0.2 73.2 28.5 31.2 5.36 5.90 16.3 10.3 0.02 89.4 
0.3 64.5 26.7 34.8 14.0 1.58 12.7 13.8 4.26 83.7 
0.4 55.6 24.3 36.0 20.8 3.07 5.04 11.2 6.02 77.5 
0.5 46.6 21.2 34.8 24.9 7.05 4.25 3.57 4.26 70.7 
0.6 37.4 17.6 31.2 25.6 9.49 12.2 5.65 0.02 63.2 
0.7 28.2 13.6 2S.5 22.9 9.86 16.2 12.4 4.22 54.8 
0.8 18.8 9.25 18.0 17.2 8.07 15.0 13.6 5.98 44.7 
0.9 9.44 4.47 9.34 9.23 4.52 8.93 8.73 4.22 31.6 
0.98 1.90 0.92 1.90 1.90 0.92 1.90 1.90 0.92 14.1 



Output voltage control 3 19 

Table 13.7 Harmomic content of a square modulated unidirectiod wave WithfTlfS = 10 
~ ~~ 

R. M.S .  voltage as percentage of d.c. supply 

1 3 5 7 9 11 13 15 Total 

0 90.0 30.0 18.0 12.9 10.0 8.16 6.94 6.00 100 
0.1 81.3 27.8 17.8 14.6 18.2 0.85 4.37 5.33 94.9 
0.2 72.4 25.4 17.1 15.6 25.0 9.77 1.09 3.51 89.4 
0.3 63.6 22.7 16.1 15.9 29.7 17.5 2.37 0.92 83.7 
0.4 54.6 19.9 14.6 15.4 32.1 23.2 5.44 1.87 77.5 
0.5 45.6 16.8 12.7 14.1 32.0 26.2 7.61 4.26 70.7 
0.6 36.5 13.6 10.6 12.2 29.3 26.0 8.52 5.72 63.2 
0.7 27.4 10.3 8.19 9.72 24.3 22.8 8.03 5.94 54.8 
0.8 18.3 6.93 5.58 6.75 17.4 16.9 6.22 4.87 44.7 
0.9 9.17 3.47 2.83 3.45 9.05 8.99 3.38 2.74 31.6 
0.98 1.85 0.68 0.58 0.68 1.85 1.85 0.68 0.58 14.1 

As/& R. M.S. voitage os percentage of d.c. supply 

1 3 5 7 9 11 13 15 Total 

0.1 81.1 27.2 16.5 
0.2 72.1 24.3 15.0 
0.3 63.1 21.4 13.3 
0.4 54.1 18.4 11.6 
0.5 45.1 15.4 9.14 
0.6 36.1 12.4 7.87 
0.7 27.1 9.31 5.94 
0.8 18.1 6.22 3.98 
0.9 9.04 3.11 2.00 
0.98 1.81 0.62 0.40 

12.1 
11.1 
10.0 
8.84 
7.54 
6.14 
4.67 
3.15 
1.58 
0.32 

9.68 8.28 7.49 7.23 
9.16 8.14 7.75 8.07 
8.46 7.15 7.69 8.46 
7.59 7.13 7.31 8.38 
6.58 6.30 6.62 7.84 
5.42 5.28 5.66 6.86 
4.17 4.10 4.47 5.51 
2.82 2.81 3.09 3.85 
1.43 1.42 1.58 1.98 
0.29 0.29 0.32 0.40 

94.9 
89.4 
83.7 
77.5 
70.7 
63.2 
54.8 
44.7 
31.6 
14.1 

third harmonic at high pulse numbers varies almost linearly with the 
fundamental, being 30% of its value. This is clearly highly desirable, since 
filter designs can be simplified. There is also a very large reduction from 
the 100% third harmonic content obtained at low voltages with 
quasi-square wave control methods. 

For higher harmonics it is necessary to go to a larger pulse number to 
obtain appreciable harmonic reduction. For instance, the curves for the 
seventh harmonic are shown in Figure 13.39, and from these it is seen that 
with ten pulses per cycle there is still a large and variable harmonic 
content. With twenty pulses the variation is from 14% to 17% of the 
fundamental, for the seventh harmonic, at 90% and 10% of the 
fundamental voltage points. This can be compared with 14% and 90% for 
the same two points when using quasi-square wave control. 

This voltage-control system therefore gives an overall lower harmonic 
content, compared to quasi-square wave control, provided a sufficiently 
high ratio off&, say 20, is chosen, whilst the maximum d.c. voltage is still 
90% of the d.c. supply. The only disadvantage of this system is that the 
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Figure 13.38 Third harmonic content for the square modulated unidirectional wave of Figure 
13.37 

inverter must now run at twenty times the output frequency required, 
which can result in extra losses, and special techniques must be used to 
minimise these losses and to increase high-frequency commutation times, 
as described in Section 13.2.4. 

In the voltage-control technique illustrated in Figure 13.37 a square 
wave is used as the reference source. A greater reduction in harmonic 
content would be obtained if a sine wave was used as the reference, as in 
Figure 13.40. The output pulses are now of unequal width, but provided 
the values of XI, X2, X3, etc. are known the magnitude of the harmonic 
coefficient can again be found from equation (13.13). Equation (13.14) 
needs to be modified to take account of the unequal pulse widths, and the 
total r.m.s. content of the output is now given by equation (13.15). 

{X(M + 1) - X ( M ) }  x 100 
VB [ I C  I” (13.15) 
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R.M.S. fundamental as 96 of d.c. 

Figun 13.39 Seventh harmonic content for the square modulated unidirectional wave of 
Figure 13.37 

output load modulating wave 
voltaae waveform 

High frequency 
'carrier' wave 

Figure 13.a High-frequency pulse-width modulation with sine modulating wave and 
unidirectional switching: (a) modulating waveforms; (b) output waveform 
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Tabk 13.9 Harmonic content of a slue modulated m W e c t b d  wave withfTlfs = 4 

AslAr R.M.S. voltage as percentage of d.c. supply 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
0.98 

1 3 5 
~~ 

7 9 11 13 

0 0 
9.93 9.77 

16.6 15.9 
23.2 21.1 
29.6 25.4 
33.9 27.5 
40.0 29.5 
44.0 30.0 
47.9 29.8 
51.6 29.0 
53.4 28.3 

15 
~ 

Total 

0 
9.46 

14.4 
17.4 
17.9 
16.9 
13.4 
10.0 
6.01 
1.63 
0.62 

0 0 0 0 
8.99 8.40 7.69 6.88 

12.4 9.97 7.32 4.64 
12.5 7.18 2.26 1.65 
9.19 1.25 4.24 6.48 
5.54 3.19 7.27 6.60 
1.02 8.41 7.66 2.01 
5.36 9.91 5.05 2.41 
9.03 9.44 0.95 5.85 

11.6 7.08 3.44 6.92 
12.4 5.33 5.33 6.38 

0 
6.00 
2.14 
4.13 
5.68 
2.87 
3.52 
5.90 
5.13 
1.61 
0.62 

0 
26.5 
34.4 
40.7 
46.2 
49.5 
54.2 
57.0 
59.7 
62.3 
63.6 

Table 13.10 Iivmoaie eontcnt of a h e  modd&d unfdirectlonrl wave withjT/fs = 6 

AdAT R.M.S. voltage os percentage of d.c. supply 

1 3 5 7 9 11 13 15 Total 

0 0 0 
0.1 6.98 0.29 
0.2 14.7 0.60 
0.3 21.2 0.25 
0.4 27.8 0.45 
0.5 34.3 1.46 
0.6 40.8 2.74 
0.7 48.8 5.52 
0.8 55.4 7.28 
0.9 60.8 10.4 
0.98 66.3 13.6 

0 
7.20 

14.7 
19.9 
23.9 
26.7 
28.1 
27.2 
25.7 
22.5 
18.7 

0 0 
6.57 0.84 

13.1 1.60 
18.0 0.59 
21.5 0.88 
23.4 2.17 
23.1 2.72 
20.4 2.22 
15.6 0.32 
10.8 3.59 
5.12 7.86 

0 
7.20 

13.1 
14.4 
12.7 
8.47 
3.07 
2.73 
5.67 
5.06 
2.74 

0 0 0 
5.98 1.32 24.0 

10.2 2.09 34.8 
11.4 0.55 41.7 
9.08 0.39 47.7 
3.59 0.38 52.9 
3.48 2.69 57.7 

10.9 6.50 63.0 
13.7 6.41 67.1 
12.6 4.51 70.2 
8.82 0.21 73.1 

As/& R.M.S. voltage os percentage of d.c. supply 

1 3 5 7 9 11 13 15 Total 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
0.98 

0 0 0 0 0 0 0 
7.26 0.28 0.24 0.88 7.53 6.70 0.43 

13.6 0.54 0.12 0.11 13.7 12.3 1.48 
20.8 0.95 0.18 0.12 19.9 17.4 2.72 
27.5 0.49 0.57 0.02 24.1 21.2 3.63 
34.7 0.98 0.69 0.80 27.7 23.0 5.70 
42.1 0.60 0.35 3.67 27.8 24.7 6.21 
48.9 0.17 0.93 4.90 27.0 23.2 8.51 
55.9 1.31 0.91 8.17 24.9 20.8 9.71 
62.5 1.43 1.57 11.0 20.7 17.5 10.5 
68.5 0.93 1.57 13.4 16.6 12.7 11.9 

0 0 
0.68 25.0 
0.29 34.6 
0.27 42.8 
0.92 49.1 
0.66 55.2 
1.17 60.7 
2.16 65.2 
2.89 69.9 
4.11 73.9 
4.70 n . 3  
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Table 13.12 Harmonk content ofa sine modulated unidireetiorrpl wave rrithJTlfs = 20 
~~ ~ 

R.  M.S.  voltage as percentage of d.c. supply 

1 3 5 7 9 11 13 15 Total 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
0.98 

0 0 0 
7.58 0.68 1.04 

14.9 0.60 0.09 
21.5 0.15 0.15 
28.2 0.03 0.56 
35.3 0.05 0.00 
42.4 0.16 0.05 
49.2 0.10 0.22 
56.8 0.53 0.59 
64.0 0.55 0.02 
69.0 0.26 0.42 

0 0 0 0 0 0 
0.22 0.33 0.26 0.38 1.26 25.9 
0.50 0.35 0.30 0.62 0.48 36.2 

0.89 0.00 0.01 1.02 0.55 50.2 
0.41 0.53 0.15 0.47 0.50 56.2 
0.21 0.22 0.13 0.82 0.53 61.6 
0.39 0.29 0.15 0.85 0.97 66.3 
0.26 0.06 0.36 0.28 0.09 71.2 
0.15 0.49 0.21 0.13 0.76 75.5 
0.19 0.10 0.16 0.32 1.25 78.6 

o.n 0.53 0.52 0.88 0.24 43.7 

Equations (13.13) and (13.15) are shown evaluated in Tables 13.9-13.12 
for various values of the ratio f+’fs. Voltage control is again effected by 
changing the ratio of AdAT. The maximum value of this ratio is limited to 
0.98 rather than unity, to prevent adjacent pulses from merging into each 
other. 

Unlike all the previous systems, this method of voltage control results in 
severe attenuation of frequencies below a certain value. The two-pulse 
asymmetrical wave technique could be referred to as ‘selected harmonic 
reduction’, since in this system the pulse spacing is so chosen as to 
eliminate any required harmonic. The present system can be called ‘lower 
harmonic reduction’, since it works to reduce harmonics below a certain 
frequency. On examining the tables it will be seen that the harmonic 
numbers with the largest amplitude occur at fiJfs k 1. Therefore, for 
example, with f+’fs = 10 the harmonics are largest at the ninth and 
eleventh. This is logical, since the tenth harmonic is the ‘camer’ wave 
itself, and no attempt is made to eliminate it. Quite clearly, the higher the 
ratio of f+’lfs, the more effective this system becomes. The same statement 
was made when considering modulation with a square wave, but there the 
effect of higher carrier frequencies was to keep the proportion of the 
harmonics constant (and equal to the value for a square wave) as the 
fundamental was varied, and not to eliminate it. 

The system shown in Figure 13.40 has two disadvantages. First, the high 
inverter frequency required to give effective lower harmonic reduction 
leads to smaller efficiencies. Second, the maximum output voltage is well 
below 90% of the d.c. supply, as obtained with a square wave. This would 
limit the maximum operating frequency when running with some types of 
loads which need to be fully fluxed. The system also shows a characteristic 
increase in total harmonic content with higher operating frequencies. As 
explained earlier, this is not normally serious since higher harmonics can be 
more easily filtered out than lower-order ones. 
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13.3.2 Bi-directional switching 
All the waveforms cotlsidered so far have been unidirectional, that is, the 
instantaneous voltage in any half cycle has been either positive or negative, 
but never both. For bi-directional switching the output swings positive and 
negative in a half cycle. The simplest unidirectional system was the 
quasi-square waveform, shown in Figure 13.33, and it is interesting to note 
that this can be obtained by combining two square waves phase shifted 
from each other, as in Figure 13.41, the output being zero when the 
waveforms are in anti-phase. This single-pulse system was then extended to 
two-pulse waveforms, as in Figure 13.36. The two-pulse bi-directional 

(C) 

Flgurc 13.41 Production of a quasi-square wave by combining two-phase shifted square 
waves: (a) first square wave; (b) phase-shifted second square wave; (c) quasi-square wave 

Nmre 13.42 A two-pulse bi-directional wave 
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wave equivalent is shown in Figure 13.42, the Fourier coefficient for this 
being given by equation (1 3.16) the values of B and w being chosen to satisfy 
equations (13.7) and (13.8), as before. 

(13.16) 

It is, of course, possible to combine the two-phase shifted waveforms of 
Figure 13.42 together, as was done in Figure 13.41. This would give a 
modified result for the nth harmonic content, as in equation (13.17), where 
2 0  is the phase shift between the two waveforms. Since the square of the 
voltage ignores signs, the r.m.s. of the total waveform is given by equation 
(13.18). 

- Vnns(n) = - 2J2 [l - 4sinnBsinnol cosnD X 100 (13.17) 
VB nx 

(13.18) 

In equation (13.17) there are now three variables, two of which, say o 
and B, can be used to eliminate any two harmonics, whilst the third, in this 
case D ,  is used to control the magnitude of the fundamental voltage. 
Therefore if B and o are chosen to satisfy equations (13.19) and (13.20) 
then harmonics PI and Pz will be absent from the output over the whole 
range of variation of D.  

1 - 4 sin (PlZ3) sin (Plo) = 0 (13.19) 
1 - 4sin (P2B)  sin (P20) = 0 (13.20) 

Equations (13.17) and (13.18) have been used to obtain a harmonic 
analysis of waveforms where the third and fifth, the third and seventh, and 
the fifth and seventh harmonics have been eliminated. The results are 
given in Tables 13.13-13.15. 

The system shown in Figure 13.42 is a method of 'selected harmonic 
reduction' so comparison will be made with the quasi-square control and 
two-pulse unidirectional waveforms, i.e. with Tables 13.1-13.4. From 
these it is clear that the maximum fundamental output voltage is less than 
that obtainable from the quasi-square wave, and the lower the harmonics 
eliminated, the less the maximum voltage. This is not the case for 
unidirectional switching, where the reverse is true, but it must be 
remembered that the limitation was then fixed by the necessity of not 
allowing adjacent pulses to merge. This is not required for bi-directional 
switching since in effect positive and negative pulses are already merged in 
the primary wave, and control is achieved by phase shifting two such 
identical waveforms up to the full half cycle. For example, the quasi-square 
wave gives a peak fundamental which is 90% of the d.c. value. For 
unidirectional switching this reduces to 75.1%, 62.2% and 33.3% when 
eliminating the third, fifth and seventh harmonics, respectively. For 
bi-directional switching comparable figures are 75.5%, 77.5% and 84.0% 
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Table 13.13 B.rmonlf mtent d a  two-pulac M-direetiolul wave witb thlrd and Blth hrmoaie 
euminmtion 

2DIT R.M.S. voltage as percentage of d.c. supply 

1 3 5  7 9 11 

0 
0.02 
0.04 
0.06 
0.08 
0.10 
0.12 
0.14 
0.16 
0.18 
0.20 
0.22 
0.24 
0.26 
0.28 
0.30 
0.32 
0.34 
0.36 
0.38 
0.40 
0.42 
0.44 
0.50 

75.5 0 0 
75.4 0 0 
74.9 0 0 
74.2 0 0 
73.1 0 0 
71.8 0 0 
70.2 0 0 
68.3 0 0 
66.2 0 0 
63.8 0 0 
61.1 0 0 
58.2 0 0 
55.0 0 0 
51.7 0 0 
48.1 0 0 
44.4 0 0 
40.5 0 0 
36.4 0 0 
32.2 0 0 
27.8 0 0 
23.3 0 0 
18.8 0 0 
14.2 0 0 
0 0 0  

22.4 
20.3 
14.3 
5.58 
4.21 

13.2 
19.7 
22.4 
20.9 
15.4 
6.91 
2.81 

12.0 
19.0 
22.3 
21.3 
16.4 
8.26 
1.41 

10.8 
18.2 
22.1 
21.7 
0 

36.8 
31.1 
15.7 

23.5 
35.0 
35.7 
25.2 

13.6 
29.8 
36.7 
32.3 
17.7 
2.31 

21.6 
34.2 
36.2 
26.8 
'9.16 
11.4 
28.4 
36.5 
0 

4.61 

6.90 

27.2 
21.0 

13.1 
25.3 
25.9 
14.6 

5.10 

3.41 
19.8 
27.1 
22.0 

11.6 
24.6 
26.3 
16.0 

18.6 
27.0 
23.0 

10.0 
23.8 
0 

6.76 

1.71 

8.40 

13 

2.40 
1.65 
0.15 
1.85 
2.39 
0.41 
0.45 
2.03 
2.33 
1.16 
0.74 
2.18 
2.24 
0.89 
1.02 
2.29 
2.11 
0.60 
1.29 
2.36 
1.95 
0.20 
1.53 
0 

15 

15.2 
8.92 
4.69 

14.4 
12.3 

12.3 
14.4 

0.00 

4.69 
8.92 

8.92 
4.69 

15.2 

14.4 
12.3 

12.3 
14.4 

0.00 

4.69 
8.92 

15.2 
8.92 
4.69 
0 

Total 

100 
98.0 
95.9 
93.8 
91.7 
89.4 
87.2 
84.9 
82.5 
80.0 
77.5 
74.8 
72.1 
69.3 
66.3 
63.2 
60.0 
56.6 
52.9 
49.0 
44.7 
40.0 
34.6 
0 

when the third and fifth, the third and seventh, or the fifth and seventh 
harmonics are being eliminated, respectively. 

A comparison of the harmonic tables shows that, in general, 
unidirectional switching has a higher total harmonic content than 
bi-directional switching, the quasi-square wave having the least. 

An interesting aspect of harmonic elimination is that the amplitude of 
the harmonics increases with the harmonic number, which is contrary to 
that found with quasi-square waves. For bidirectional switching the ninth 
harmonic is the largest when the third and fifth harmonics are eliminated, 
whereas when the third and seventh are eliminated the eleventh 
predominates. The same is true for unidirectional switching, but to a lesser 
extent and at higher harmonic numbers. It should also be noted that for 
unidirectional switching every harmonic which is an odd multiple of the 
harmonic being eliminated is absent from the output waveform. Therefore 
the third, ninth, fifteenth, etc. are absent, and so on. For bi-directional 
switching only the two harmonics chosen are eliminated. 

Generally, harmonic elimination causes the remaining harmonics to be 
of much larger magnitude. Perhaps, however, it is worth noting the 
phenomenal increase in the third harmonic when unidirectional switching 
is used to eliminate either the fifth or the seventh harmonic. The results 
given in Table 13.15 also deserve special mention. Although the fifth and 
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TPMC 13.14 tfumonlf content of a two-pulne bi.direetiolul wave with third .ad seventh 
bprmoaie dhninstlon 

2DIT R. M.S.  voltage as percentage of d.c. supply 

1 3 5  7 9  11 13 15 Total 

0 77.5 0 
0.02 77.4 0 
0.04 76.9 0 
0.06 76.2 0 
0.08 75.1 0 
0.10 73.7 0 
0.12 72.1 0 
0.14 70.1 0 
0.16 67.9 0 
0.18 65.5 0 
0.20 62.7 0 
0.22 59.7 0 
0.24 56.5 0 
0.26 53.1 0 
0.28 49.4 0 
0.30 45.6 0 
0.32 41.5 0 
0.34 37.3 0 
0.36 33.0 0 
0.38 28.5 0 
0.40 24.0 0 
0.42 19.3 0 
0.44 14.5 0 
0.46 9.72 0 
0.48 4.87 0 
0.50 0 0 

11.8 
11.3 
9.57 
6.95 
3.66 
0.00 
3.66 
6.95 
9.57 

11.3 
11.8 
11.3 
9.57 
6.95 
3.66 
0.00 
3.66 
6.95 
9.57 

11.3 
11.8 
11.3 
9.57 
6.95 
3.66 
0 

0 20.0 
0 16.9 
0 8.51 
0 2.51 
0 12.7 
0 19.0 
0 19.4 
0 13.7 
0 3.75 
0 7.36 
0 16.2 
0 20.0 
0 17.5 
0 9.63 
0 1.25 
0 11.7 
0 18.6 
0 19.6 
0 14.6 
0 4.97 
0 6.18 
0 15.4 
0 19.8 
0 18.1 
0 10.7 
0 0  

33.2 
25.6 

16.0 
30.8 
31.5 
17.8 

24.2 
33.1 
26.8 

14.1 
20.0 
32.1 
19.5 

22.7 
32.9 
28.0 
10.3 
12.2 
29.1 
32.6 
21.1 
0 

6.22 

4.16 

8.25 

2.08 

31.3 
21.5 

24.2 
31.1 
18.4 

26.5 
30.4 
15.1 

28.4 
29.1 
11.5 
13.3 
29.8 
27.5 

16.8 
30.8 
25.4 

20.0 
31.3 
22.8 
0 

1.97 

5.87 

9.69 

7.80 

3.93 

16.7 100 
9.81 98.0 
5.16 95.9 

15.9 93.8 
13.5 91.7 
0.00 89.4 

13.5 87.2 
15.9 81.9 
5.16 82.5 
9.81 80.0 

16.7 77.5 
9.81 74.8 
5.16 72.1 

15.9 69.3 
13.5 66.3 
0.00 63.2 

13.5 60.0 
15.9 56.6 
5.16 52.9 
9.81 49.0 

16.7 44.7 
9.81 40.0 
5.16 34.6 

15.9 28.3 
13.5 20.0 
0 0 

seventh harmonics have been completely eliminated from the output, the 
third and ninth harmonics are also less than those obtained when using the 
quasi-square method of control. Higher harmonics are considerably 
greater, but this waveform has special merit when used in three-phase 
inverters, as interconnections of the output transformer can then be used 
to eliminate triplen harmonics, making the eleventh harmonic the lowest 
present. 

The two-pulse bi-directional wave can be extended to several 
equi-spaced bi-directional pulses by mixing a triangular and square wave, 
as in Figure 13.43. This waveform will contain odd and even harmonics. 
Knowing the value of the intersection points Xo, XI, X2, etc. the r.m.s. of 
the nth harmonic can readily be obtained, as in equation (13.21), by the 
arithmetic sum of the individual pulses over the zero to n interval. 

- = -  VrmS(") J2 { 1 - cos nX(0) + c [cos nX(2M + 1) - cos nX(2M + 211 VB nn 
- [cos nX(2M) - cos nX(2M + l,]} x 100 (13.21) 

The r.m.s. value of the total harmonic is constant, irrespective of the 
depth of modulation and the operating frequency, and is equal to that of a 
square wave since there are no zero periods in the output. 
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2DIT R.M.S.  voltage as percentage of d.c. supply 

1 3 5 7 9  11 13 15 Total 

0 84.0 14.5 
0.02 83.8 14.3 
0.04 83.3 13.5 
0.06 82.5 12.3 
0.08 81.3 10.6 
0.10 79.8 8.54 
0.12 78.1 6.18 
0.14 76.0 3.61 
0.16 73.6 0.91 
0.18 70.9 1.82 
0.20 67.9 4.49 
0.22 64.7 7.00 
0.24 61.2 9.26 
0.26 57.5 11.2 
0.28 53.5 12.7 
0.30 49.3 13.8 
0.32 45.0 14.4 
0.34 40.4 14.5 
0.36 35.7 14.1 
0.38 30.9 13.1 
0.40 25.9 11.8 
0.42 20.9 9.94 
0.44 15.7 7.78 
0.46 10.5 5.35 
0.48 5.27 2.72 
0.50 0.00 0.00 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

8.16 
6.89 
3.48 
1.02 
5.20 
7.76 
7.91 
5.59 
1.53 
3.01 
6.60 
8.15 
7.15 
3.93 
0.51 
4.80 
7.59 
8.02 
5.95 
2.03 
2.52 
6.29 
8.10 
7.39 
4.37 
0.00 

17.6 
13.5 
3.29 
8.47 

16.3 
16.7 
9.42 
2.20 

12.8 
17.5 
14.2 
4.37 
7.48 

15.9 
17.0 
10.3 

12.0 
17.4 
14.8 

1.10 

5.43 
6.47 

15.4 
17.3 
11.2 
0.00 

23.1 
15.8 

17.8 
22.9 
13.5 

19.5 
22.3 
11.1 

20.9 
21.4 

1.45 

4.32 

7.12 

8.49 
9.81 

21.9 
20.2 

12.4 
22.6 
18.6 

14.7 
23.0 
16.8 
00.0 

5.73 

2.89 

21.6 100 
12.7 98.0 
6.67 95.9 

20.5 93.8 
17.5 91.7 
0.00 89.4 

17.5 87.2 
20.5 84.9 
6.67 82.5 

12.7 80.0 
21.6 77.5 
12.7 74.8 
6.67 72.1 

20.5 69.3 
17.5 66.3 
0.00 63.2 

17.5 60.0 
20.5 56.6 
6.67 52.9 

12.7 49.0 
21.6 44.7 
12.7 40.0 
6.67 34.6 

20.5 28.3 
17.5 m.0 
0.00 0.00 

(b) 
Figure 13.45 Pulse-width modulation with a square modulating wave and bi-directional 
switching: (a) modulating waveforms; (b) output waveform 
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The harmonics, as calculated from equation (13.21), are given in Tables 
13.16-13.19 for values of fdfs = 4, 6, 10, 20 respectively. 

It should be noted that for bi-directional switching even harmonics are 
absent from the output, apart from the inverter operating frequency and its 
triplen harmonics. For unidirectional switching all even harmonics are 
missing. 

The lower harmonic content with bi-directional switching, when the 
inverter operating frequency is higher than the output frequkcy, is less 
than for a quasi-square wave. It is also less than that obtained with 

Table 13.16 Ii .nwdc content ofa square modulated M-direetioolll wave d&/& = 4 

Harmonic 
number 

R.  M.S .  voltage as percentage of d.c. supply 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
~ ~~~ ~~ - 

1 8.6 17.3 26.2 35.1 44.1 53.2 62.4 71.6 80.8 90.0 

3 1.67 3.73 6.16 8.91 12.0 15.3 18.8 22.4 26.2 30.0 
4 88.9 85.6 80.2 72.8 63.7 52.9 40.9 27.8 14.1 0 
5 1.11 1.48 1.11 0 1.80 4.22 7.18 10.5 14.2 18.0 
6 0 0 0 0 0 0 0 0 0 0  
7 7.94 14.3 18.7 20.6 20.1 17.1 11.8 4.70 3.74 12.9 
8 0 0 0 0 0 0 0 0 0 0  
9 8.98 18.1 26.2 32.3 35.6 35.8 32.8 27.0 19.0 10.0 

10 0 0 0 0 0 0 0 0 0 0  
11 2.17 5.45 9.22 12.8 15.5 16.9 16.7 14.9 11.9 8.18 
12 26.7 17.6 4.67 9.27 21.2 28.5 29.6 24.3 13.6 0 
13 0.52 0.86 3.79 7.51 11.1 13.6 14.4 13.3 10.6 6.92 
14 0 0 0 0 0 0 0 0 0 0  
15 7.04 9.68 7.04 0 9.06 17.1 21.4 20.5 14.7 6.00 

2 0 0 0 0 0 0 0 0 0 0  

Tabk 13.17 Hvmonle content ofa square modulated bi-direetiolul wave wlthf& = 6 

Harmonic 
number 

R.M.S. voltage as percentage of d.c. supply 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

8.82 
0 
2.45 
0 
0.78 

88.9 
0.41 
0 
2.06 
0 
8.34 
0 
9.02 
0 
2.75 

17.7 
0 
5.06 
0 
1.86 

85.6 
0.38 
0 
3.45 
0 

15.3 
0 

17.8 
0 
6.00 

26.6 
0 
7.83 
0 
3.22 

80.2 
0.10 
0 
4.10 
0 

20.4 
0 

25.3 
0 
9.25 

35.6 44.6 
0 0  

10.7 13.8 
0 0  
4.82 6.66 

72.8 63.7 
1.00 2.30 
0 0  
3.97 3.07 
0 0  

23.0 23.2 
0 0  

30.8 33.4 
0 0  

12.0 13.8 

53.7 
0 

16.9 
0 
8.68 

52.9 
3.95 
0 
1.44 
0 

20.7 
0 

33.1 
0 

14.5 

62.7 71.8 80.9 90.0 
0 0 0 0  

20.1 23.4 26.7 30.0 
0 0 0 0  

10.9 13.2 15.6 18.0 
40.9 27.8 14.1 0 
5.90 8.09 10.4 12.9 
0 0 0 0  
0.82 3.58 6.70 10.0 
0 0 0 0  

15.9 9.04 0.80 8.18 
0 0 0 0  

29.7 23.8 15.9 6.92 
0 0 0 0  

13.8 12.0 9.25 6.00 
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Table 13.18 Harmoafe content of a quare modulated bi-directional wave withfT/fs = 10 
~~ 

~ 

Harmonic 
number 

R. M.S. voltage as percentage of d.c. supply 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
~ 

1 8.94 17.9 26.9 35.9 44.9 53.9 62.9 71.9 81.0 90.0 
2 0 0  0 0 0 0 0 0 0 0  
3 2.81 5.67 8.60 11.6 14.6 17.6 20.7 23.8 26.9 30.0 
4 0 0 0 0 0 0 0 0 0 0  
5 1.47 3.04 4.70 6.44 8.26 10.1 12.1 14.0 16.0 18.0 
6 0 0 9 0 0 0 0 0  0 0  
7 0.80 1.74 2.82 4.01 5.32 6.71 8.18 9.71 11.3 12.9 
8 0 0 0 0 0 0 0 0  0 0  
9 0.32 0.84 1.54 2.40 3.42 4.57 5.83 7.18 8.57 10.0 

10 88.9 85.6 80.2 72.8 63.7 52.9 40.9 27.8 14.1 0 
11 0.10 0.05 0.44 1.05 1.8 2.90 4.08 5.38 6.76 8.18 
12 0 0 0 0 0 0 0 0 0 0  
13 0.57 0.83 0.77 0.39 0.30 1.26 2.46 3.84 5.35 6.92 
14 0 0 0 0 0 0 0 0 0 0  
15 1.23 2.07 2.46 2.38 1.84 0.86 0.49 2.15 4.02 6.00 

Table 13.19 Harmonk content of a quare modulated bi-dlnetional wave withfr/fs = 20 

Harmonic 
number 

R. M.S. voltage as percentage of d.c. supply 

0.1 0.2 0.3 0.4 . 0.5 0.6 0.7 0.8 0.9 1.0 

1 8.99 18.0 27.0 36.0 45.0 54.0 63.0 72.0 81.0 90.0 

3 2.95 5.92 8.90 11.9 14.9 17.9 20.9 24.0 27.0 30.0 

5 1.72 3.47 5.23 7.M 8.83 10.6 12.5 14.3 16.2 18.0 

7 1.17 2.38 3.62 4.89 6.18 7.49 8.82 10.2 11.5 12.9 

9 0.85 1.75 2.69 3.66 4.67 5.71 6.76 7.83 8.91 10.0 

11 0.63 1.32 2.06 2.85 3.68 4.54 5.43 6.33 7.25 8.18 

13 0.47 1.00 1.60 2.25 2.96 3.70 4.48 5.28 6.10 6.92 

15 0.33 0.75 1.23 1.78 2.39 3.05 3.75 4.48 5.24 6.00 

2 0 0 0 0 0 0 0 0 0 0  

4 0 0 0 0 0 0 0 0 0 0  

6 0 0 0 0 0 0 0 0 0 0  

8 0 0 0 0 0 0 0 0 0 0  

10 0 0 0 0 0 0 0 0 0 0  

12 0 0 0 0 0 0 0 0 0 0  

14 0 0 0 0 0 0 0 0 0 0  

unidirectional switching and is due to the absence of any ‘zero’ periods in 
the waveform. For maximum modulation the output reduces to a square 
wave and the harmonic content is identical to comparable quasi-square and 
unidirectional systems. 

With bi-directional switching the odd harmonic content generally 
increases as the operating frequency is raised, whilst the reverse was true 
for unidirectional switching. However, the presence of the large-valued 
even harmonics still makes it desirable to operate this system at an inverter 
frequency of the order of twenty times the desired output frequency. 
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The square reference wave may be replaced by a sine wave, the output 
being very similar to Figure 13.43 except that the modulation depth vanes 
linearly along the cycle. This waveform will also contain odd and even sine 
terms, and since X, = 0 the r.m.s. voltage of the nth harmonic can be 
derived from equation (13.22). 

Vrms(n) = J2 (E [cos nX(2M + 1) - cos nX(2M + 2)] 
VB nn 

- E [cos n ~ ( 2 ~ )  - cos n ~ ( 2 ~  + I)]} x 100 (13.22) 

The solutions for equation (13.22) for four values of fdfS are given in 
Tables 13.20-13.23. It is seen from these that the harmonic content of the 
waveform is very similar to unidirectional switching, as in Tables 
13.9-13.12. The harmonic with the largest amplitude is that which occurs 
close to the chopping frequency fT, both odd and even harmonics being 
considered. As an example, when operating at fdfs = 6 the sixth harmonic 
is very large. For zero modulation depth the fundamental is zero and the 
sixth harmonic has a value 90% of the d.c. supply, since the output is a 
square wave at this frequency. As the modulation depth increases the 
fundamental also increases in value and the sixth harmonic reduces, 
whereas adjacent even harmonics, i.e. the fourth and the eighth, increase 
in value. When operating with fT/fs = 20 the harmonic content up to the 
15th is very similar to unidirectional methods, except that there are now 
odd and even terms. However, the total harmonic content, which for 
bi-directional switching is 100% of the d.c. supply irrespective of the 
modulation depth, is much higher. As in previous methods using ‘lower 
harmonic reduction’ it is clear that the inverter frequency should be several 
orders larger than the output frequency for effective harmonic reduction. 
This is therefore a disadvantage of the system as it can lead to lower 
efficiencies. 

TaMe 13.20 Hermonk content of a modul.ted M-bireetlorrPI wave aitbfi/Js = 4 
~~ ~ 

Harmonic 
number 

R.M.S. voltage as percentage of d.c. supply 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.98 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

8.34 16.0 21.4 29.4 34.9 44.4 49.8 57.2 63.4 10.9 
0.09 0.61 1.03 6.58 7.28 11.1 12.0 14.9 19.4 22.2 
2.52 1.23 2.16 0.11 0.64 0.01 0.67 1.22 1.79 1.80 

89.2 87.2 84.9 80.6 77.0 69.4 64.4 57.0 50.7 42.4 
2.50 1.25 2.18 3.04 4.38 6.81 8.17 11.2 12.7 15.2 
0.28 1.79 3.00 2.79 5.18 9.21 12.4 15.8 20.7 25.5 
8.24 15.3 19.8 22.3 24.7 25.1 25.2 22.6 17.9 13.6 
0.93 0.87 2.01 1.73 3.34 5.29 7.50 11.6 10.2 13.4 
8.17 14.8 18.7 24.7 26.2 26.7 24.7 21.1 16.1 8.92 
0.47 2.88 4.70 10.7 11.9 13.6 13.5 11.0 9.10 5.19 
2.39 1.41 2.29 0.39 0.57 0.94 2.11 1.44 4.55 5.86 

27.5 22.0 16.2 7.43 1.14 7.07 10.5 11.8 8.42 4.28 
2.34 1.47 2.33 6.24 7.08 8.65 7.44 3.31 3.97 1.47 
0.65 3.82 5.99 10.6 13.6 18.1 18.4 18.9 15.8 11.0 
7.87 12.9 14.3 8.93 6.41 0.89 3.78 5.53 4.63 1.00 
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Table 13.21 Humonle content ofa alnc moddated M-dhrctiolld wave nlthfT/fs = 6 

Harmonic R.M.S. voltage as percentage of d.c. supply 
. . U . W C .  

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.98 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

~ 

6.98 
0.02 
0.44 
0.20 
0.26 

0.26 
0.41 
0.41 
0.09 
6.91 
0.09 
6.88 
0.13 
0.37 

89.5 

14.1 21.0 
0.14 1.29 
0.41 0.82 
0.80 2.72 
2.11 1.46 

2.05 0.87 
1.58 1.71 
0.21 2.22 
0.65 1.08 

1.29 1.07 

0.86 0.70 
0.17 0.76 

87.8 85.1 

13.4 18.7 

13.2 19.0 

28.7 35.6 
1.13 0.15 
0.29 0.75 
4.34 6.71 
0.65 0.21 

1.34 0.36 
4.68 6.11 
0.78 3.89 
1.62 0.44 

1.19 0.48 

0.62 2.26 
2.59 3.23 

81.1 76.4 

23.2 25.5 

23.0 26.0 

42.7 49.1 
0.11 0.24 
0.88 0.22 
8.52 12.6 
1.66 0.36 

70.8 65.2 
1.58 0.82 
9.46 11.4 
5.49 7.89 
0.12 0.30 

2.87 1.26 

2.42 5.38 
6.16 6.65 

26.8 24.6 

25.9 25.8 

56.1 
0.10 
0.44 

14.8 
1.47 

58.2 
1.62 

15.3 
10.3 

22.9 
0.21 

3.46 
22.3 
6.60 

10.2 

63.5 70.5 
1.86 1.46 
0.95 1.28 

19.6 22.1 
0.04 0.62 

50.4 42.5 
2.97 3.33 

17.1 21.2 
13.0 15.6 
1.14 2.17 

16.8 12.8 
3.85 5.39 

20.0 13.9 
9.29 10.9 

10.7 13.1 

Harmonic 
number 

R.M.S. voltage as percentage of d.c. supply 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.98 

1 6.94 13.3 21.1 27.4 35.2 43.2 48.9 57.5 63.8 71.6 
2 0.01 0.46 0.84 1.25 0.01 0.75 0.04 0.11 0.14 0.72 
3 0.42 0.26 0.12 0.05 0.44 0.05 0.16 0.12 0.38 0.26 
4 0.04 0.90 0.66 0.41 0.21 0.95 1.45 0.60 0.81 1.08 
5 0.26 0.63 0.25 0.62 0.22 0.17 0.43 0.29 0.41 0.23 
6 0.02 0.76 0.45 0.26 0.17 0.17 0.20 0.81 1.45 1.01 
7 1.31 0.11 1.44 0.32 1.06 0.66 2.09 0.84 0.06 1.38 
8 0.24 1.35 2.77 4.55 5.23 9.38 11.4 16.4 19.3 22.4 
9 1.89 2.50 1.26 1.64 1.03 1.00 1.07 0.83 0.55 0.11 

10 89.4 88.0 85.1 81.8 76.7 70.4 65.3 56.9 50.1 41.4 
11 1.88 2.67 1.66 2.41 O.% 1.69 0.99 0.68 0.84 0.63 
12 0.35 0.70 2.15 3.55 7.53 9.74 12.8 15.4 18.3 23.2 
13 1.31 0.28 0.71 0.14 0.94 0.83 0.68 0.37 0.79 0.59 
14 0.04 1.05 0.59 0.54 0.51 0.48 0.60 0.70 0.23 1.99 
15 0.25 0.50 0.13 0.53 0.10 0.65 1.27 1.58 1.72 2.99 

13.3.3 Waveform synthesis 
Several techniques for output voltage control can be considered to fall into 
the general category of waveform synthesis. One of these is called 
staggered phase carrier cancellation, and its principle is introduced in 
Figure 13.44. It essentially consists of combining several high-frequency 
modulated waves in which the carriers are out of phase, whereas the 
modulating low-frequency wave is in phase. This results in a strengthening 
of the low-frequency and a weakening of the high-frequency carrier. This is 
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Tnbk 13.23 € I d  content d n  sine modal.ted M-dircrtiolul wave with fTlfs = u) 

Harmonic 
number 

R. M.S. voltage as percentage of d.c. supply 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.98 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

7.23 13.9 21.1 28.1 35.0 42.1 
0.01 0.02 0.02 0.10 0.34 0.07 
0.05 0.56 0.24 0.19 0.35 0.16 
0.01 0 0.06 0.71 0.43 0.03 
0.50 0.13 0.05 0.42 0.12 0.13 
0 0.04 0.01 0.37 0.11 0.01 
0.63 1.02 0.32 0.29 0.80 0.40 
0.02 0 0.02 0.76 0.28 0.22 
1.03 0.98 0.63 0.86 0.19 0.03 
0.02 0.09 0.04 0.31 0.42 0.10 
0.35 0.18 0.25 0.13 0.48 0.36 
0.03 0.18 0.14 0.07 0.35 0.11 
0.22 0.03 0.15 1.05 0.13 0.78 
0.06 0.14 0.06 0.05 0.14 0.17 
0.13 0.76 0.29 1.14 0.28 0.75 

49.9 56.5 63.9 
0.79 0.11 0.03 
0.14 0.10 0.49 
0.02 0.18 0.86 
0.43 0.61 0.75 
0.35 0.28 0.76 
0.17 0.17 0.78 
0.70 0.54 0.25 
0.19 0.03 0.32 
0.12 0.06 0.37 
0.12 0.12 0.03 
0.11 0.45 0.10 
0.14 0.65 0.73 
0.34 0.66 0.50 
0.07 0.48 0.70 

70.7 
0.27 
0.22 
0.03 
0.14 
0.62 
0.62 
0.01 
0.22 
0.22 
0.14 
0.10 
0.33 
0.30 
0.56 

evident from the waveforms of Figure 13.44 where the carrier in (a) and (b) 
are 180" out of phase, whereas the low-frequency signal is in phase. 
Combining the two waveforms will give the lowest carrier harmonic at 
twice the carrier frequency. 

This system can be extended. For instance, combining four waveforms 
with their low frequencies in phase but their carriers phase shifted by No, 
180" and 270" would result in the carrier and its first, second and third 
harmonics being eliminated from the output. 

The disadvantage of the staggered phase carrier cancellation system is 
the extra hardware needed. For example, to combine the two waveforms 
shown in Figure 13.44 would require two independent inverters, so 
doubling the power and control circuits. Its prime use is in fixed-frequency 

Modulating wave Carrier 

V V V V V V V V V I 

(b) 
Figure 13.44 Staggered phase carrier cancellation: (a) first wave; (b) staggered wave 
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sine wave inverters where the extra cost can be justified on account of the 
reduction in harmonics, and therefore in the cost and size of the output 
filter. 

Another method of waveform synthesis is that using stepped waveforms, 
which is frequently employed in larger, three-phase, installations, where 
several inverters are run in parallel but phase shifted, their outputs being 
summed by a transformer to produce a stepped waveform with reduced 
harmonic content. The same effect can be obtained by using a tapped 
supply, as in Figure 13.45(a), the thyristor firing sequence being indicated 
in Figure 13.45(b), alongside the output waveform. Alternatively, instead 
of tapping the supply, either the primary or the secondary of the output 
transformer can be tapped. Taps on the primary of the transformer are 
shown in Figure 13.46(a), the firing sequence of the thyristors and the 
output waveform being given in Figure 13.46(b). Figure 13.47(a) shows an 
inverter arrangement with a tapped secondary, the primary being the 
normal form of a push-pull inverter. Provided the tappings on the 

(a) (b) 
15-45 Waveform synthesis using a tapped supply: (a) circuit; (b) waveform 

JH2 
N 1:l:l 

&THl 
N 

d l  

TH3 

:I'C 
VB 

(a) 
Figure 13.46 Waveform synthesis with a tapped primary transformer: (a) 
(b) waveform 

circuit; 
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(b) 
Figure 13.47 Waveform synthesis with a tapped secondary transformer: (a) circuit; 
(b) waveform 

transformer are chosen so as to give the waveform indicated in Figure 
13.47(b), it can be calculated that the output contains no harmonics below 
the eleventh. 

13.4 Design of inverter circuits 

This section presents formulae and graphs which can be used in the design 
of inverter circuits. In common with the approach used when dealing with 
chopper circuits in Chapter 12, design information ignoring the effects of 
any commutation circuit will be introduced first, so that the information is 
common to all types of inverters and not only those which require 
commutation, such as thyristors. The effects of commutation on the design 
of inverter circuits, as required for thyristor inverters, is then described. 

13.4.1 Inverter circuits without commutation 

To determine the operational equations a bridge inverter circuit will be 
considered, as shown in Figure 13.48. Although thyristors are used their 
commutation components have been omitted, so that the circuit is equally 
applicable to inverters using transistor or gate turn-off switches as the 
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+ Load voltage 

0 -  A 
0 A 

0 -u 

Figwe 13.48 Basic thyristor bridge inverter without commutation components 

- 
Figore 13.49 Circuit waveforms for the inverter of Figure 13.48 

Device currents 

Load current 

Thryistor TH, -1 r- O 

Thyristor THz A-1 

Thyristor TH3 -0 

Diode 0 2  -0 

Diode 0 3  I L O  

Supply current 

Device voltages 
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control semiconductors. The operation of this circuit has already been 
briefly introduced and may be readily followed by reference to the circuit 
waveforms shown in Figure 13.49. As expected, the supply current shows 
periods of regeneration, which is a maximum when there is no zero dwell 
period in the load voltage waveform. It also increases as the power factor 
of the load decreases, and for a purely inductive load the current shows 
equal areas above and below the zero line, indicating that no net power is 
taken from the supply. 

Figure 13.50 Inverter load voltage and current per cycle with quasi-square wave voltage 
control 

The load current and voltage are drawn to an enlarged scale in Figure 
13.50, which also shows the device-conducting periods. The characteristics 
of the inverter can be determined using the same assumptions made in the 
analysis of the chopper circuit in Chapter 12. These are: 

(i) The power semiconductor switches have zero voltage drop across 
them when they are fully on. This assumption is clearly not correct, 
but the voltage drop is of the order of a few volts and can usually be 
ignored provided the d.c. supply is of a sufficiently high value. 

(ii) The devices have infinite resistance when off. Once again this is not 
true, but the leakage current through the power devices is a fraction 
of that of the load current and can usually be ignored. 

(iii) The turn-off time of the power semiconductors is short compared to 
the switching period so that switching losses can be neglected. This 
assumption is true unless the inverter is operating at very high 
frequencies. 

(iv) The d.c. source impedance is negligible so that energy can flow in 
either direction through it without affecting the terminal voltage. This 
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(VI 

is usually the case since large reservoir capacitors are connected 
across the d.c. source, so that any voltage fluctuation is very small. 
The load current is assumed to be continuous, which is again usually 
the case since most inverter loads are inductive, and the operating 
frequency is high enough to give continuous current. 

With the above assumptions the peak load current IL(pk) can be found by 
an analysis of the waveform of Figure 13.50, as in equation (13.23). 

1 - exp {- (RIL) [(T/2)  - 2 0 1 )  

1 + exp [- (RIL) (Tl2)] 
- =  I L ( W  
VBIR (13.23) 

The r.m.s. current rating of the devices is obtained by an integral of the 
currents indicated in Figure 13.50, noting that one arm of the bridge cames 
a larger current than the other, so that the worst case should be considered. 
Therefore the rating of the thyristors can be taken as il over the time 
interval (t,  - t,), or as the sum of i, over the period (t,  - fa) plus i2 over to. 
The latter gives the worst case and should be the one considered. 

diode r.m.s. current, 
and load r.m.s. current IL(rms) are given by equations (13.24), 

(13.27) and (13.28) respectively, the values of fT0 and P being given by 
equations (13.25) and (13.26). 

The values of the thyristor r.m.s. current, 

(13.24) 

- log P + 2Pexp 
LIR TI2 - 2 0  

v$R LIR 

(13.25) 

(13.26) 

(13.27) 

(13.28) 

The above equations can be plotted, as in Figures 13.51, 13.52 and 
13.53, to give the maximum load current, and the rating of the thyristor 
and diode. The curves are shown plotted against the fundamental voltage, 
the value of the fundamental for any ratio of 2DIT being obtained from 
Figure 13.34. These plots allow the peak load current and the r.m.s. ratings 
of the diode and thyristor to be determined, at any load voltage and r.m.s. 
load current, and for a given operating frequency. 
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Figure 13.51 shows the large increase in commutation current 
requirements and the device peak load currents, at low frequencies and 
voltages, illustrating the unsuitability of this control method for low 
mark-space operation. The thyristor r.m.s. current is almost constant at 
l /d2  times the load current, indicating that the devices conduct for 
approximately half the load current period. The diode ratings also tend to 
this value at low voltages. 

The equations derived so far have been on the assumption of zero 
inverter loss, so that there is power balance at every stage. If cos$ is the 
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power factor of the load, is the mean supply current, and VL(-) is the 
total r.m.s. load voltage, inciuding harmonics, then equation (13.29) can 
be obtained, and the power factor is given by equation (13.30). 

IL(rms) vL(rms) COS 4) = IS(rms) VB (13.29) 

(13.30) cos 4) = - - 
IL(rms) VL(rmS) 

Equation (13.30) is plotted in Figure 13.54. It may seem odd at first to 
notice from this that the power factor at any frequency is not fixed 
although both L and R are assumed to be so, but it must be remembered 
that the applied voltage is not sinusoidal so that the load reactance is not 

IS(rms) VB 

2.0 I I I I I 8 I I 

1.9 

1.8 
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- 
- 
- 

Fundamental as 46 of d.c. 
Figure 13.54 Effective power factor curves 
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2nfL. Each harmonic must be treated individually and the harmonic 
composition of the wave changes with pulse-width control. As expected, 
there is an increase in power factor as frequency is reduced and load 
resistance has a greater effect. The curves converge at low voltages where 
the harmonics become a greater percentage of the fundamental. This also 
accounts for the decrease, with reduction in pulse width, at any frequency. 

13.4.2 Commutation effects on inverter design 
In this section a typical thyristor inverter, including all commutation 
components, will be considered, and the method of specifying the 
commutation components and their effect on the device ratings will be 
determined. Although these will be determined by the actual commutation 
method selected, the technique used in their evaluation is common to all 
circuits. 

T H 3 1  $.. 
Figure 13.55 McMurray-Bedford bridge inverter circuit 

Figure 13.55 shows the popular McMurray-Bedford circuit, using 
coupled-pulse commutation, which has been introduced earlier. Although 
Figure 13.49 still represents the general circuit waveforms, the commuta- 
tion interval has been assumed too small to be distinguishable, and Figure 
13.56 shows the instant of commutation of TH3 to an enlarged scale. 
Assume TH3 and TH, to be conducting, the load current being at its peak 
value of zL(pk). Capacitors C3 and C, are discharged provided device 
voltage drops and the d.c. resistance of the centre-tapped inductors Lo are 
assumed to be negligible. Thyristor TH1 is now fired. If the leakage 
inductance of the inductors are also ignored, current ZL(pk) transfers 
instantaneously from TH3 to TH1, capacitor C1 discharging to support both 
this and the load current. 

The current through TH1 increases, reaching a peak of lpk after time tl, 
when C1 has completely discharged. Energy stored in now free-wheels 
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Current 
thyristor TH, 

Current diode D, 

Voltage D, 
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Voltage D, 

Voltage 

0 

Voltage 

Fired 

t2 
Figure 13.56 Circuit waveforms for Figure 13.55 during the commutation interval of thyristor 
TH, 

through diode D1 and is dissipated, falling to zero after a further time t2. 
Load current is carried by lR, and D1. 

When TH2 is fired at a later interval, to commutate TI&, the load 
current will have decayed to ZL(-). Therefore commutation requirements 
and increased device ratings are not as severe as before, and in the worst 
case, when there are no zero dwell periods in the output voltage waveform, 
the ratings of all devices are equal. This will be considered here. 

If tF denotes the turn-off (reverse voltage) time seen by the thyristor 
being commutated and P m M  is the watts loss per cornmutation, caused by 
the dissipation of the energy stored in Lo, equal to 1/2tO(f,,k)2, then Figure 
13.57 shows the variation of turn off, peak current and watts loss factors 
with the commutation factor F,, given by equation (13.31). 

(13.31) 
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Flgure 13.57 Variation of peak thyristor turn-off current and watt loss factors with peak load 
current 

From Figure 13.57 it is seen that watts loss is a minimum at a 
commutation factor of 0.8, the variation between 0.6 and 1.0 being slight. 
Below 0.6 the peak current and commutation loss increase steeply, 
although available turn-off time also increases. Working on the minimum 
loss point the values of Lo and C can be found as in equations (13.32) and 
(13.33), respectively. 

(13.32) 

(13.33) 

The contribution to device ratings by the commutation interval is 
directly dependent on time r2 in Figure 13.56. This is the period required 
for the current in TH1 to decay from Zpk to zero due to losses across TH, 
and D1 (assumed to be a constant and equal to A v )  and due to the 
'effective loss' resistance (Re) of the THI-L-D1 loop. To reduce this time 
to a minimum means introducing an external resistance in series with D1, 
which gives greater loss during normal operation, with a subsequent 
reduction in efficiency. There is no one acceptable solution for all cases. 
Some inverters may be using devices which are overrated, so that higher 
r.m.s. currents may be acceptable, whilst in others efficiency may not be 
important so losses across a larger Re are tolerated. In any case it is always 
important to ensure that rz is less than half a cycle of inverter operation, to 
prevent commutation failures. 

If ZD1 and ZT1 represent the commutation current, in r.m.s. terms, 
through the diode and thyristor respectively, and Tis the inverter periodic 
time, Figures 13.58 and 13.59 show plots of ZDl~(Z") /Zupk~)  and 
&d(7')/lqpk~) against supply voltage. These are calculated €or values of 

and C given by equations (13.32) and (13.33) and for A V = 2.5 V and 
Re = O . ~ V B / Z ~ ( ~ ~ ) .  These figures show the advantage of using fast turn-off 
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Figure 13.60 Variation of power loss per commutation with the supply voltage-peak load 
current product 

the total thyristor r.m.s. current with commutation is d(0.79’ + 
0.352)lypk, = 0.864ZL(pk). Therefore this inverter is not suitable for 
higher-frequency operation. The same conclusion can be derived from 
Figure 13.60, which gives the watts loss per commutation. Now for 4 0 ~  
devices and v&(pk)  = 50000, the total energy loss per second at loHz is 
200 W, whereas at 1 kHz it is 20 kW. 

In conclusion, it should be remembered when designing forced 
commutated inverter circuits that two factors need to be considered: (1) 
the rating of the devices, and (2) the peak load current. The device ratings 
vary considerably with the operating frequency of the inverter relative to 
the load time constant, and with the method used to control the output 
voltage. There are considerable advantages to be able to operate an 
inverter at high frequencies, but it is then that losses are at their highest. 
The importance of peak load current is often overlooked. This is the 
current which has to be commutated in the main thyristors and it directly 
determines the size of the commutation components. A system which gives 
the smallest ratio of peak/r.m.s. load current is clearly desirable. 

13.5 The current-fed inverter 

All the inverter circuits discussed so far may be considered to be voltage 
fed, since the inverter forces the voltage across the load, whilst the 
magnitude and waveshape of the current is determined by the power factor 
of the load. Usually the voltage is fixed, by the d.c. supply being connected 
directly across the load via the semiconductor switch. 

In contrast with this the current-fed inverter maintains a constant current 
through the inverter switches and the load voltage is determined by the 
load power factor. Because the current through the inverter is constant no 
feedback diodes need to be connected across them, for example as 
required in the inverters of Figures 13.1 and 13.3. 
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F m  13.61 Illustration of voltage and current-fed inverters: (a) current-fed inverter circuit 
arrangement; (b) waveforms 
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Figure 13.61(a) shows a simplified push-pull inverter, which is similar to 
Figure 13.l(a) except that a large-valued inductor L1 is connected in the 
supply line, of such a magnitude as to keep the current constant. Because 
of this the current will switch between transistors TRI and TR2, the current 
flowing as soon as the transistors turn on, and so no diode is required 
across them. Figure 13.61(b) gives the circuit waveforms €or both current- 
and voltage-fed operation, inductor L1 being absent in the latter case and 
diodes being connected across the switches. It is seen from these 
waveforms that both inverters are capable of operating in a regenerative 
mode, i.e. when inductive current is fed back from the load to the supply. 
These periods of regeneration occur when the current and voltage are of 
opposite polarity, so the current-fed inverter can achieve regeneration 
without altering the current flow through its switches. 

Inverter 
current 

Voltage for 
resistive 
load 

Voltage for 
inductive 
load 

Voltage for 
capacirive 
load 

Figure 13.62 The current-fed inverter waveforms when operating into a tuned load 
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It is seen from the waveforms that the voltage-fed inverter is not suitable 
for operating into capacitive loads, due to the high spikes of current, whilst 
the current-fed inverter results in high-voltage transients, when operating 
into inductive loads or where the load gives a high impedance to harmonic 
currents. The current-fed inverter is ideal when the load presents a low 
impedance to harmonic currents and is close to unity power factor, for 
example a tuned circuit used for induction heating where a large capacitor 
is connected across the heating coil. In these instances the inverter 
operates at substantial constant frequency and the load voltage is 
sinusoidal, as shown in Figure 13.62. The current through the inverter 
switches is still square and these provide the energy to compensate for 
resonant losses in the tuned load. 

Because a constant current is assumed in a current-fed inverter, this 
current must flow through one of the inverter switches, so that it is not 
possible to operate with both devices off, as required for voltage-control 
systems having unidirectional switching. In these instances a modification 
is required, as shown in Figure 13.63, where a feedback winding is used on 
the supply inductor, so that with both transistors off the energy of the 
choke is fed back to the d.c. supply. Diode D1 prevents a current from 
flowing in this winding during normal operation, when one of the 
transistors is on. 

I -I c 

Figure 13.63 A current-fed inverter with the ability to operate with both switches 
non-conducting 
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Figure 13.64 A thyristor bridge current-fed inverter 

Figure 13.64 shows a thyristor bridge current-fed inverter, inductor L1 
being large enough to maintain substantially constant current through the 
switches during a cycle. Note that no feedback diodes are required across 
the main thyristor switches, although diodes have been added in series and 
take part in the commutation process by isolating the commutation 
capacitors from the load voltage. When thyristors TH1 and TH, are fired 
capacitors C1 and C, charge with their plates 'a' positive. During the next 
half cycle thyristors TH2 and TH3 are fired, which turns off the conducting 
thyristors and enables the commutation capacitors to recharge with reverse 
voltage, ready for the next commutation interval. Depending on the load 
power factor, the current will switch from diodes D1 and D4 to D2 and D3, 
after a delay, for example if the load is inductive. The load current is a 
square wave, as before, and the voltage will be sinusoidal with 
commutation spikes, if the load is tuned. 

The current-fed inverter has several advantages over the voltage-fed 
inverter, as follows: 

(i) No feedback diodes are required across the power switches when 
operating into inductive loads, so reducing the cost of the overall 
system. 

(ii) Capacitive loads can be handled relatively easily, although in 
voltage-fed inverters they can result in large current spikes. 

(iii) Utilisation of the power switches is high since, unlike the voltage-fed 
inverter, the switches conduct for a full conducting cycle, the current 
from the supply switching between them. 

(iv) Utilisation of the output transformer is high, due to constant current 
flow with the absence of peak currents, which occur in voltage-fed 
inverters. 
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(v) The RFI generated in a current-fed inverter is much lower than that 
in voltage-fed inverters, since RFI is essentially generated by 
changing currents and in a current-fed inverter the current is 
substantially constant. 

(vi) The current drawn from the supply in a current-fed inverter is much 
smoother than that in a voltage-fed inverter, so that the filtering 
requirements are also much less. 

In spite of some of the advantages of current-fed inverters, voltage-fed 
inverters continue to be used, since they are more versatile in a variety of 
applications, and they are easier to control. 

Comparator Sequencer Drive Inverter 
-+ --+ -D circuit -+ switches 

13.6 Inverter control circuits 

A variety of control circuits exist for inverters, dependent on the system 
used to vary the output voltage and the inverter configuration. All these 
will consist of the power semiconductor drive circuit and a form of 
sequencing to turn the devices on at the appropriate instances in the cycle, 
usually incorporated into a single integrated circuit. 

Figure 12.23 illustrated a method of mark-to-space control of the output 
voltage, using a sawtooth waveform and a pedestal reference, and this was 
incorporated into a control circuit for a chopper in Figure 12.24. The same 
technique can be used to provide mark-to-space control within an inverter, 
although Figure 13.65 shows an alternate technique using two shifted 
square waves to achieve the same effect, as illustrated in Figure 13.41. The 

Figure 13.65 System for mark to space control of the output voltage from an inverter 

square waveform from the generator is passed through a phase shifter and 
the two direct and shifted waveforms are compared to provide the input to 
the sequencer and drive circuits, which turn the inverter semiconductor 
switches on at the correct instances. The load voltage may be fed back and 
used to regulate the output, and the current can also be monitored to 
provide a current limit function, if required. The frequency of the inverter 
is controlled by varying the frequency of the square wave generator and the 
output voltage by regulating the phase shift between the two square waves 
prior to the comparison stage. 

Selected harmonic reduction, of the type illustrated in Figure 13.36, can 
be obtained by the control circuit shown in Figure 13.66. The output from 
the pulse generator, which determines the frequency of the inverter, is 
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Figure 13.66 Control system for obtaining selected harmonic reduction in the output voltage 
of an inverter 

Sequencer W e .  
circuit 

varied so as to produce a series of pulses spaced at the required distances 
apart, to eliminate a given harmonic in the output voltage. The magnitude 
of the fundamental voltage in the output is altered by controlling the width 
of the pulses. As before, sequencing is needed to drive the correct power 
switches in the inverter and drive circuits to provide the drive power. 
Voltage and current feedback can be used to sense and adjust the 
magnitude of the load voltage and therefore the current. 

Figure 13.67 shows a high-frequency pulse-width modulation control 
system, which gives the waveforms illustrated in Figures 13.37, 13.40 or 

Inverter 
1 switches 

Frequency 4 and mr Wwok I 
control Voltape and current 

Figure 13.67 Control system for high-frequency pulse-width modulation of an inverter output 
voltage 
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13.43. The high-frequency triangular wave is compared with a low- 
frequency square, triangular or sine waveform, the inverter frequency 
being determined by the frequency of this low-frequency wave and the 
magnitude of the output voltage by its amplitude relative to the reference 
high-frequency wave. The remainder of the circuit, with sequencer, driver 
and current or voltage feedback, is as before. 

Staggered phase carrier cancellation is illustrated in Figure 13.68. The 
two high-frequency carrier waveforms are phase shifted by 180" before 
being modulated by the low-frequency waveform and then compared, as in 
Figure 13.44. The subsequent control stages are then as before. 
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Chapter 14 

Power semiconductor circuit applications 

14.1 Introduction 

The preceding chapters have already described a variety of applications for 
power semiconductors, such as static switching, a.c. line control, 
phase-controlled rectification and inversion, frequency changers like 
inverters and cycloconverters, and d.c. to d.c. converters or choppers. 
When describing these applications the main consideration was for 
analysing the systems from a circuit design point of view. In the present 
chapter applications will be considered from another aspect, that of usage, 
although the circuits within each of these groups will already have been 
described in an earlier chapter. For example, inverters and choppers are 
used within power supplies, phase-control rectification and inversion in 
d.c. motor control, and so on. 

Although there are a large number of different applications for power 
semiconductors only a few of these are described here, and they are 
grouped into four sub-sections: power supplies; electrical machine control; 
heating; and electrochemical. 

14.2 Power supplies 

A power supply, or a power source, is anything which is capable of 
providing energy. With this loose definition almost everything is a power 
supply, although what is usually referred to by this term is equipment used 
to provide stabilised and closely regulated d.c. voltage and current output 
from an ax .  mains input, or from a d.c. source such as a battery. There are 
many ways in which this can be achieved, a few of these being shown in 
Figure 14.1. Many of the functions shown are commercially available in the 
form of integrated circuits, often the logic control circuitry and the power 
switches being incorporated into the same die to form a smart power device 
(Alegro, 1995; Bush, 1995; Dallimore and Carter, 1995). In these power 
supplies, however, it is important to isolate the output from the input, and this 
is usually done by a transformer. 

Figure 14.l(a) shows a power supply arrangement in which voltage 
regulation is applied to the a.c. input. This regulation technique can use 
any of the methods described for a.c. line control in Chapter 8, although 

355 
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phase control of thyristors or a triac is commonly used. The regulated 
voltage is then rectified and filtered to give the d.c. output. Voltage 
regulation is used to enable the operator to vary the magnitude of the 
output voltage, but it also provides a control mechanism for keeping the 
voltage constant under changing load current or input voltage and a 
method for limiting the current under fault conditions. 

Regulating the d.c. voltage can also be used, as in Figures 14.l(b) and 
14.1(c). After isolation through the transformer the a.c. voltage is rectified 
and filtered to give a raw d.c. voltage. This can then be adjusted to the 
required d.c. output value by a transistor operating in a linear mode, or by 
switching chopper regulation, as described in Chapter 12. A second stage 
of filtering is required to provide the final smoothed d.c. output. Switching 
regulation contains a higher ripple content than linear regulation, so it 
requires a greater amount of smoothing, but it is much more efficient since 
it does not dissipate the voltage difference between the input and output 
across its regulating power semiconductor, so it is used more often for 
high-power supplies. 

Figure 14.l(d) shows an arrangement in which the a.c. input is first 
rectified and filtered to give a d.c. supply, which is not isolated from the 
a.c. input. This is then inverted, the inverter frequency being several 
orders higher than that of the a.c. input, and the high frequency is isolated 
in a transformer. Usually voltage regulation occurs within the inversion 
stage, using one of the many techniques described in Chapter 13, although 
a separate a.c. line control voltage regulator may be used, as shown in 
Figure 14.1(d). Finally the a.c. voltage is rectified and filtered to provide 
the d.c. output voltage. This arrangement gives a power supply which is 
light and small, since the high-frequency isolation enables a smaller 
transformer to be used, but it also generates a higher level of noise and ripple 
compared to non-switching forms of power supplies. If the primary input 
source is d.c. then the main technique used is that of Figure 14.1(d), with the 
initial rectification stage omitted, since it provides isolation following d.c. at 
the first filtering stage. 

Filtering 
A.C. input 

Filtering * L . C .  output A.C. input 

(b) 

A.C. input 

. .  
Figure 14.1 Common arrangement for a.c. to d.c. power supplies: (a) ax .  voltage control; 
(b) linear d.c. regulation; (c) switching d.c. regulation; (d) switching a.c. regulation 
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Performance factors used in the measurement of power supplies include: 

(i) Line regulation, the variation in the load voltage as the input voltage 
changes. 

(ii) Load regulation, where the load voltage fluctuates as the load current 
changes. 

(iii) Temperature regulation, resulting in changes in output voltage due to 
variations in temperature, primarily due to temperature effects on 
components used within the power supply. 

(iv) Ripple and noise, caused by switching effects within the power supply 
and insufficient filtering at the output. 

Power supplies usually provide two forms of protection for the load, 
overvoltage and overcurrent. Overvoltage protection is normally achieved 
by sensing the power supply output voltage and applying a short-circuit 
across the power supply output lines when this voltage exceeds a preset 
value. Thyristor crowbar circuits are used for this since the semiconductor 
switch can be made to operate within a fraction of a second, so preventing 
damage to the load. Once the crowbar has operated, overcurrent circuitry 
within the power supply comes into play, as described below. 

Overcurrent protection is required not only to guard the load from 
excessive currents under certain fault conditions, but also to protect the 
power supply from damage. It is achieved by sensing the load current and 
feeding this back to the voltage control section within the supply, so that 
the voltage reduces to limit the current. Three techniques are used for this, 
as illustrated in Figure 14.2. In the normal current limit mode the voltage 
begins to drop rapidly as the load current increases, so the maximum fault 
current is only slightly greater than that of the current limit setting. This is 
the simplest and most commonly used method of overcurrent protection. 
For constant current operation the current limit point is never reached 
since the circuit is designed to provide a constant current to the load under 
all conditions. In re-entrant or foldback protection the voltage rapidly 

I ‘Current 
Rated limit 
current setting 

Figure 14.2 Current-limiting techniques in a x .  to d.c. power supplies 
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decreases once the current limit point is reached, so that the load current 
falls below the full-load value. This method of current limit is usually used 
with linear regulators, to limit the dissipation across the voltage controlling 
element when a fault occurs. 

- RS (Yo) 

RLOAD 

0.1 0.3 Q3 I 3 5 IO 3 0 %  ~00 3005001oO0 
~RLOADC 

Figure 14.4 D.C. output voltage curves for full-wave rectifier circuits with capacitor input 
filters 
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The a.c. supply and rectification shown in Figure 14.1 can be single 
phase or three phase, and the filtering used can consist of several types, 
capacitor input filters being illustrated in Figure 14.3. This circuit, as 
applied to a mercury arc rectifier, has been extensively analysed by O.H. 
Schade (Pruc. IRE, July 1943) and his design curves, one of which is 
illustrated in Figure 14.4, are still used today. The series resistor Rs is 
usually that of the transformer winding, the rectifier resistance and any 
external resistance added to limit the surge current caused by the charging 
effect of the capacitors in the filter. 

Figure 14.4 gives the magnitude of the d.c. output and Figure 14.5 the 
load ripple voltage. Generally, the value of oRLoADC is chosen to operate 
on the flat portion of the curves of Figure 14.4 and to reduce the ripple to 
the desired value. 

At high-load currents a choke input filter is usually preferred, since it 
gives better smoothing without needing a large value of capacitance 
carrying high ripple current. This filter can be obtained by replacing the 
series resistor Rs in Figure 14.3 by a choke. For applications which require 
very smooth supplies even this single-stage filter is inadequate, resulting in 
large-valued capacitors and chokes, and multi-section filtering is then 
preferred, as shown in Figure 14.6. Figure 14.7 illustrates the attenuation 
curves for these filters, where fr is the fundamental ripple frequency, and 
from this it is seen that high attenuation factors are obtained more 
effectively by multistage filters. 

10 

a 5  

,: 3 

? 1  

14.2.1 Unintemiptabk power supplies 
Power supplies are often required which provide a.c. at the mains 
frequency of 50 Hz or 60 Hz once the mains fails. They are usually used to 

loor 

Figure 14.5 Ripple voltage curves for full-wave rectifier circuits with capacitor input filters 
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Figure 14.6 Choke input filters: (a) single-section; (b) two-section; (c) three-sectioi 

Figure 14.7 Attenuation curves for choke input filters 
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provide emergency supplies to vital equipment such as computers and 
life-support systems. The changeover from the mains to standby supply must 
occur almost instantaneously, hence the term ‘unintermptable power 
supplies’ is used when describing this type of equipment. They are also 
called standby power supplies, since they stand by whilst the mains is 
working. These power supplies usually consist of inverters operating from a 
d.c. storage source, such as a battery, since such a supply can be brought into 
service quickly, and it is switched off once a motor generator is able to run 
up to speed to supply the power. Furthermore, not all emergency loads 
require unintermptable supplies: emergency lighting, for example, can 
usually operate effectively with a break of about 200ms. 

Figure 14.8 shows the schematic of a typical uninterruptable power 
supply. The load is normally supplied direct fram the main ax .  supply, 
switch SW1 being closed and SW2 being open. During this period the 
battery is trickle charged from the mains supply. The inverter is operated 
at a fixed frequency and is therefore optimised for a sine wave output, by 
using techniques such as pulse-width modulation or waveform synthesis, 
the output waveform being further enhanced by the filter. The inverter is 
also synchronised to that of the mains so that when the main supply fails, 
switch SW2 closing to apply the inverter supply to the load, there is no 
waveform distortion. 

14.2.2 Variable-speed constant-frequency supply 
A variable-speed constant-frequency (VSCF) supply provides an accurate 
fixed-frequency output voltage from a variable-frequency source. Such a 
system is used in aircraft where the main a.c. power is generated by 
an alternator driven from the aircraft’s engines, and since these operate at 
variable speeds the output from the alternator has a variable frequency. 

Traditionally, variable-slip couplings have been used between the engine 
and the alternator to keep its speed constant, but such mechanical systems 
need maintenance and have limited life. A better solution, shown in Figure 
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14.9, uses a cycloconverter, operating in reverse mode to those illustrated 
in Chapter 10, to provide a fixed-frequency output, which is then filtered to 
give a highly stable sine wave supply. Such a system requires no 
maintenance, is reliable and lightweight, and gives better performance by 
use of feedback since the response time is much shorter than in mechanical 
systems. Closer control of frequency is also possible, with a better match of 
the amplitude and phase between different phases of a three-phase system, 
even when the load is unbalanced. 

Variable x? - 3 

Fixed 

load 

Variable 
frequency . ~ Cycloconverter , 
from 
alternator 

c frequency 

14.2.3 High-voltage d.c. transmission (HVDC) 

A.C. power is a convenient source to generate and to convert from one 
voltage level to another, for example by using transformers, and it is 
therefore the supply most often used both as a power source and for 
transmission. However, for very long distances, both over land and under 
the sea, a.c. can result in relatively high transmission-line losses, and in 
these instances d.c. is preferred. In these applications the a.c. supply is first 
transformed to a high-voltage and then converted to a d.c. voltage for 
transmission, the high-voltage d.c. then being converted back to a.c. at the 
other end, before being transformed down to a low voltage. This is 
illustrated in Figure 14.10. 

D.C. 

Ftgure 14.10 A high-voltage d.c. transmission system 

The power source used for high-voltage d.c. transmission is usually a 
thyristor converter, made from series-connected devices to obtain the 
high-voltage capability. Commonly a twelve-pulse fully controlled bridge is 
used, providing both the rectification and inversion operation, the ripple 
being low enough to enable fairly simple filters to be used. These filters 
minimise ripple voltage, which would result in additional transmission 
losses. 
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14.3 Electrical machine control 
Electrical machine control marks one of the most important applications 
for power semiconductors, especially thyristors and triacs. Due to their 
small size these power devices have given practical reality to systems which 
previously were only an experimenter’s dream (Dewan et al., 1984; Pillai, 
1995; Shepherd et al., 1996). 

Control electronics bridges the gap between two widely differing 
sciences. On the one hand, the power semiconductor, with its associated 
control circuitry, may be regarded as a tool of the electronic engineer, 
whereas the machine, which differs only slightly from conventional 
designs, is the instrument of the electrical engineer. It is not possible to 
treat power semiconductors and machines separately if they are to work 
together as a system. The characteristics of the machine affect the 
performance of the power semiconductor and vice versa, but the rapid 
growth of electronic control systems has resulted in instances where 
electronic engineers have developed systems whilst having no knowledge 
of machine fundamentals, or electrical engineers have blundered into 
electronic control schemes whilst being unfamiliar with transistor circuitry. 

A control engineer is a unique animal who must have a good working 
knowledge of both electronics and electrical machines. The previous 
chapters have dealt with power electronic circuitry at some length, and the 
present section will consider the principles of electrical machines and how 
they can be controlled by power electronic devices. 

Although power semiconductors are in widespread use for machine 
control, sometimes because they represent the only practicable method for 
obtaining a control system, often they are in direct competition with 
traditional controllers and must then prove themselves to be either 
technically or economically superior. The advantages which power 
semiconductor drives have over conventional methods, such as 
Ward-Leonard systems, are: 
(i) Quicker response. This is specially advantageous when fast accelera- 

tion or high-speed accuracy is required, as in reversing-mill tables. 
(ii) High operating efficiency due to the small voltage drop across a 

power semiconductor, even when it is handling large amounts of 
power. 

(iii) Less weight and lower installation cost. A power semiconductor 
control cubicle occupies a small floor area, is light and does not 
require any special floor surface or mounting. This compares very 
favourably with the aligning and mounting requirements for 
motor-generator systems. 

(iv) Ease of maintenance. A power semiconductor system can be 
designed to be easily maintained by incorporating diagnostic circuits 
during the design stage and providing plug-in card replacements for 
electronics. Servicing of the controller is, of course, not required due 
to the absence of any moving parts. 

The disadvantages of power semiconductor systems are: 

(i) The low overload capability, which is caused primarily by the low 
time constant of the power semiconductor devices. This means that in 
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most cases the control system must be rated to withstand the peak 
overload expected instead of the usual full-load value. 

(ii) Inability of a power semiconductor system to regenerate unless 
special circuit modifications are included, such as double-bridge 
controllers. A motor-generator set, on the other hand, can readily 
pass energy in either direction. 

(iii) Low power factors in drives which use phase angle control. As has 
been illustrated in previous chapters the load power factor is 
approximately proportional to the delay in the turn-on of the power 
semiconductor within an a.c. half cycle, and the power factor will 
therefore be poor at low speeds, when the voltage is low and the 
delay angle is therefore large. 

(iv) Generated harmonics in systems where large voltages are switched, 
due to the very fast operating time of the power semiconductor. 
These harmonics cause radio frequency interference which must be 
suppressed. 

14.3.1 Elements of electrical machines 
Machines fall into two groups, motors and generators. To explain the 
difference between them it is necessary to discuss the operating principles 
of an elementary machine, as in Figure 14.11. The essential requirement 
for production of magnetic force is interaction of two magnetic fields. The 
force of attraction and repulsion between two bar magnets is well known, a 
similar force resulting if one or both magnets are replaced by a 
current-carrying conductor. 

In Figure 14.11 magnet N-S is fixed (stator) whereas coil a-b is mounted 
on a drum and is free to rotate (rotor). If current flows into the rotor at a 
and out at b, as indicated, then this will produce a magnetic field so that 
side Y is a north pole and X a south pole. The drum will rotate, the north 
pole at Y aligning itself with the stator south pole. The machine is an 
elementary motor, the electrical energy in the coil being converted into 
mechanical work on the drum. 

Drum Coil 

Figure 14.11 Elements of an electrical machine 

Now assume that no external voltage is applied to coil a-b, but the drum 
is rotated clockwise. Work done in rotating the drum must be opposed by 
current flowing in the coil, since if it were to aid the external force this 
would create the well-known paradox of a perpetual-motion machine. The 
direction of coil current will be as indicated in Figure 14.11. Mechanical 
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work is done in overcoming the repulsion between similar poles on stator 
and rotor, and this is converted to electrical energy in the coil, so that the 
machine is a generator. 

It is clear that the construction of a motor and generator for a given type 
are very similar, it is only the terms of reference which differ. For a motor 
energy input is electrical and output is mechanical, whilst for a generator 
mechanical input energy is converted to an electrical output. 

Motors and generators can be further divided into various groups as 
shown in Figure 14.12, and these will be discussed in the following sections. 

Figure 14.13 shows the construction of an elementary d.c. machine, 
where the rotor is a single coil and the commutator consists of two half 
cylinders. During a complete coil rotation the commutators are in contact 
with brushes A and B for half the period. During motor operation a d.c. 
voltage is applied to brushes A and B, with the polarity shown. Current 
will flow up coil side a and down side b, this current forming rotor poles 
which interact with the stator flux to produce a torque on the coil in an 

Motor1 
generator 

D.C. A.C. 
(commutator) 1 

I I 
Induction Synchronous Commutator 

Figure 14.12 Types of electrical machines 
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Figure 14.13 Basic d.c. machine 
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(a )  (b) 
Figure 14.14 The switching action of a commutator 

anticlockwise direction. The function of the commutator is to switch the 
rotor poles, by reversing coil current, as shown in Figure 14.14, and so 
maintain unidirectional motion. 

In Figure 14.13 if brushes A and B were connected to a load and the 
armature rotated in a clockwise direction, by an external mechanical force, 
an e.m.f. would be induced in coil sides a and b, forcing current down side 
b and up side a. The commutator ensures that this current is unidirectional 
in the load and the machine is now a d.c. generator. 

During motor action, when the rotor revolves, the changing flux induces 
in it a voltage which will produce poles to oppose the stator flux, this being 
referred to as the motor back e.m.f. This voltage is a function of the motor 
speed and the strength of the field flux, being in effect secondary generator 
action in a motor. 

The function of the commutator must be clearly noted. It senses the 
rotor position, by virtue of its construction, and switches the rotor current, 
at the appropriate instant, to ensure that torque is unidirectional in a motor 
and that the generator output is d.c. 

Figure 14.15 illustrates an elementary a.c. motor, which differs from 
Figure 14.13 in that the commutator and brushes are removed and the ends 
of the rotor short-circuited. Assume magnetising current to flow and 
produce field poles as illustrated. Now if the poles were caused to rotate 
they would induce a current in the rotor coil, this current, by Lenz's law, 
opposing the rotating stator field. Figure 14.15 shows two positions of the 
stator field, the rotor being assumed at a standstill, and illustrates that the 
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Figon 14.15 Induced rotor polarity during rotation of a stator field 
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rotor current is such that the torque is always unidirectional. A.C. is 
induced in the rotor by the stator flux, the action being identical to that of a 
transformer with short-circuited secondary. An equal and opposite current 
flows in the stator to balance the rotor ampere turns, this being the power 
current. 
This machine is called an induction motor. In an actual machine the 

stator poles are not physically rotated, but instead they are supplied with 
magnetising currents displaced in amplitude and time to produce a rotating 
stator flux. The stator will cany this input a.c. magnetising current, with an 
input a.c. power current which produces a mechanical motor output. 

The rotor of an induction machine may be driven by an external force at 
a speed greater than that of the stator field. This is shown in Figure 14.16 
where the stator poles are assumed almost stationary. Applying the 
principle that the poles induced in the rotor by the stator field will oppose 
this stator field and that the rotor ampere turns are balanced by flow of 
stator power current, the current directions will be as shown. It is seen that 
the power current is reversed, the machine converting mechanical input 
into electrical output and is now a generator. 

Since current is induced in the rotor due to a changing flux linkage with 
the stator field, it is evident that an induction machine must always run 
below (motor) or above (generator) the speed of the rotating stator field, 
never at the same speed. It was also seen that in a d.c. machine power and 
magnetising currents are carried by two separate windings, whereas for an 
induction machine they both flow in the same winding, this being the 
fundamental difference between the two. It is essential in both systems that 
stator poles be maintained during both motor and generator action. 

If the rotor of Figure 14.13 is replaced by a magnet, the result is a 
synchronous machine. Like the induction machine, the stator field is 
rotating which enables the rotor to lock on and follow at the same speed. 
Any other speed would cause alternate attraction and repulsion, making 
the machine unstable and causing it to stop. For motor action the input at 
the stator provides excitation for the revolving field and supplies the power 
component necessary to overcome the load torque and cause the rotor to 
follow the stator field. In this respect the machine is similar to an induction 
motor. However, when generating, no input is required to the stator, since 
excitation is provided independently to the rotor. The action is now more 
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Figure 14.16 Generator action in an induction machine 
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like that in a d.c. generator, in fact the only difference between the 
synchronous and d.c. generator is that the commutator (rectifier) is not 
present in a synchronous machine, resulting in an a.c. output. In many 
synchronous machines the rotor poles are produced by a electromagnet. 
The commutator in Figure 14.13 is replaced by slip rings so that the current 
in coil sides a and b is unidirectional and independent of rotation. 

The a.c. commutator machine is very similar to an induction machine, 
the stator field revolves, the rotor being connected to a commutator as in a 
d.c. machine. This is illustrated in Figure 14.17, the rotating field inducing 
alternating currents in the rotor. The frequency of these currents depends 
on the frequency with which the stator field cuts the rotor conductors and 
on the speed difference between stator field and rotor. This is as for normal 
induction machines, but the rotor currents flow through the brushes and 
since the brushes are stationary the stator field always cuts them at a fixed 
speed, that of the rotating field, so that the frequency at the brushes is 
constant. The commutator acts as a frequency converter, between the 
speed-dependent frequency in the rotor conductors and the fixed 
frequency at the brushes. This introduces several advantages during 
machine control, as seen later. 

Having looked at basic types of machines, the methods by which they 
can be controlled are now examined in the following sections. 

14.3.2 D.C. motors 
The armature and field coils of a d.c. motor can be arranged in several 
ways, as shown in Figure 14.18, the system used determining the overall 
performance of the motor. In all cases equations (14.1) to (14.4) hold, 
where V is the applied d.c. voltage, E is the motor back e.m.f. at speed N 
and field flux 4, I,, is the value of the armature current which gives motor 
torque T, If is the field current and Kf, K, and Kt are called the flux, speed 
and torque constants respectively. R is the series resistance of the motor 
and is equal to either the armature resistance alone or to the sum of 
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Figure 14.17 Elements of an a.c. commutator machine 
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Figure 14.18 Armature and field arrangements in a d.c. machine: (a) series excitation; (b) 
shunt excitation; (c) separate excitation; (d) compound excitation 

armature (R,) and field (Rf) resistances, depending on the type of motor 
connection used. 

E = V - I,R (14.1) 

(14.2) 

T = K t @ I ,  (14.3) 

(14.4) 

The performance of the motor can be readily derived from the above 
equations. For example, equations (14.1) and (14.2) show that the motor 
speed is roughly proportional to supply voltage V, ignoring secondary 
effects due to voltage drop caused by armature current, provided that 
motor flux does not also vary in the same manner with voltage. This can be 
satisfied with series and separately excited machines, but not with shunt 
field windings in which the current is determined by the supply voltage and 
field resistance. Therefore shunt motors cannot be used for speed control 
using supply-voltage variation. 

The methods by which a d.c. motor can be started, controlled and 
stopped will now be examined with reference to some typical power 
semiconductor control circuits. These circuits are used for illustration 
purposes only, and any of the other circuits described in this book may also 
be used, provided that their output corresponds to that required by the 
motor. 

@ = Kf1f 

14.3.2.1 Starting 
Equation (14.2) shows that when a motor is starting its back e.m.f. will be 
very small at low speeds. Therefore, from equation (14.1), the armature 
current will be large since the armature resistance is small. The high 
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starting current would give a good motor-starting torque, and this is one of 
the advantages of a d.c. motor, although excessive currents can cause 
machine damage over a period of time and should be avoided. For large 
motors the peak current drawn at starting is also limited by the supply 
authorities, in order to prevent reductions in the voltage of the supply to 
other consumers. Since the armature current is proportional to the 
difference between supply voltage and motor back e.m.f. and inversely 
proportional to the armature resistance, there are two methods which may 
be used to limit motor-starting current. In one technique an external 
resistance can be connected in series with the armature to increase the 
effective armature resistance. As the motor speeds up the resistance is 
progressively reduced, either manually or by automatic methods such as 
servo-driven potentiometers. This is the system most commonly used with 
conventional d.c. motor starters. With power electronic drives it is much 
easier to arrange for the supply voltage to the motor to be progressively 
increased as the machine speeds up, so that the peak armature current is 
held at a predetermined value which would give good starting torque and 
long motor life. Depending on whether the motor is supplied from an a.c. 
or d.c. source, it is now possible to use a variety of power electronic circuits 
to give controlled rectification (Chapter 9) or d.c. line control (Chapter 12) 
respectively. Static contactors have also been discussed in Chapter 8. 

14.3.2.2 Control 
The principal parameter of interest in d.c. motor control systems is the 
speed of the machine, this parameter generally being linked in a secondary 
loop to the motor current. Such an arrangement is shown in Figure 14.19, 
the d.c. motor being mechanically connected to a tachogenerator which 
provides a feedback signal proportional to the motor speed. This feedback 
signal is compared with the reference, or demand, speed signal and the 
error, after amplification if required, can be used to adjust the motor 
controller so that the motor speed equals that of the reference. Figure 
14.19 shows a system in which the speed error signal is first passed into 
another servo point where it is controlled by a current feedback signal. 
This inner loop has ovemding command such that, even though the 
reference speed may be abruptly changed, the error signal driving the 
motor controller is modified to ensure that motor current is always below a 
predetermined maximum value. 
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Although a tachogenerator has been shown in Figure 14.19 as providing 
the feedback speed signal, it is not the only system that can be used. For 
instance, equations (14.1) and (14.2) indicate that the motor speed is 
proportional to the supply voltage provided allowance is made for the drop 
in the motor armature resistance. Since this resistance can be measured, all 
that is required is a knowledge of the armature current at any supply 
voltage. Therefore the feedback speed signal can be made proportional to 
the supply voltage on which is superimposed an I,R drop compensation 
signal. Since this signal is proportional to armature current it may also be 
used in the current limit loop if required. 

For a certain load torque, motor speed will be such that the resultant 
current interacting with the field will give a machine torque just sufficient 
to overcome the load, plus internal losses. Speed control is therefore a 
form of torque control. In a d.c. motor, if the armature voltage is reduced, 
but the load torque kept constant, speed will fall so that the back e.m.f. 
reduces sufficiently to increase the current to almost its original value (flux 
being kept constant) and give an unchanged machine torque. Similarly, a 
reduction in field flux would cause a reduction in speed so that the 
increased current can give the same torque, the flux-current product 
tending to be maintained constant. If the load torque was allowed to fall as 
flux decreased, motor speed would increase to compensate for lost torque 
and so keep the power constant. 

Depending on the type of supply, either a form of controlled 
rectification or d.c. line control may be used. Figure 14.20 shows a system 
which uses a unidirectional thyristor converter to control the voltage 
applied to the motor armature. The field may be supplied either from a 
separate bridge rectifier, or as in Figure 14.20, where diodes D1 and D2 are 
used to pass current to both the armature and the field. The field is 
supplied by the diode bridge D~-D~-D~-Ds.  Although this circuit 
economises on the number of devices used, the ratings of diodes D1 and D2 
have been increased, and for large machines a separate field rectifier 
system is to be preferred. 

Figure 14.20 Separately excited motor speed-control system 

Figure 14.21 shows a simple half-wave series motor drive which has 
found use in small domestic control systems such as food mixers. The 
circuit also has an element of feedback speed control, as will be evident 
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Figure 14.21 A simple half-wave series motor drive 

from the description of its operation. When line A of the input goes 
positive to B, capacitor C begins to charge via R1 and the motor. As soon 
as the capacitor voltage reaches the breakdown value of trigger diode D4 it 
breaks over and fires thyristor TH1. Load current now flows from the a.c. 
supply to the motor for the remaining half cycle. When the supply polarity 
reverses TH1 turns off and motor load current free-wheels in diode D1. If 
the motor is heavily loaded then diode D1 is forward biased for the whole 
time that TH1 is off. This means that when C commences to charge its time 
constant is determined primarily by the value of R1, the motor resistance 
being small. Since the speed of a series motor varies substantially with load 
this would mean that when the load decreased the motor would speed up, 
even though the value of R1 remained unchanged. The load current would 
now tend to go discontinuous during the half cycle, so that D1 no longer 
clamps the motor voltage. This indicates that the charging time of C will be 
affected by the motor back e.m.f., which is developed on residual motor 
flux. Since this e.m.f. increases with speed the capacitor would take longer 
to reach the trigger voltage of Dq. This effectively increases the firing delay 
of the half-wave cycle and reduces the motor voltage. The motor speed will 
therefore fall and remain relatively stable about the value determined by 
the setting of R1. Therefore R1 represents the demand speed and motor 
back e.m.f. is the feedback speed signal. 

Although it is usual to control the armature voltage on a d.c. motor, 
equation (14.2) shows that speed variations can also be obtained by 
keeping the armature voltage fixed but changing the field voltage, and 
hence flux. Figure 14.22 shows such a system where a bi-directional 
converter is used to supply the field. This has the advantage of being 
capable of regenerating the highly inductive current stored in the field back 
to the supply. This facility is often required in fast response drives, such as 
in Ward-Leonard schemes with power electronic control of the generator 
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Figure 14.22 Field control system for limited motor speed variation 

field current. Generally, a field control is used only where a narrow speed 
range, say 4:1, is required. This is because at high flux densities the motor 
poles would saturate, whereas at low densities problems would be 
experienced with motor commutation due to the predominant effect of the 
armature reactance. No such restriction is placed on armature voltage- 
control, and with this method drives having speed ranges of 100: 1 are quite 
common. 

In the discussion so far it has been assumed that the motor is being 
supplied from an a.c. source, which is the usual industrial drive since an 
a.c. supply is almost universally available. For many applications, 
however, especially in battery vehicles, only a d.c. supply is present, and 
the motor must now be driven by some form of chopper arrangement. 
Most of the circuits described in Chapter 12 can be used for chopper drive 
of a d.c. motor, although a few, such as the circuit shown in Figure 14.23, 
are not suitable. Referring to the load voltage waveform, suppose that at 

E(motor back emf) 
(b) 

Figure 14.23 Chopper control of a shunt motor on light loads: (a) circuit diagram; 
(b) load-voltage waveform 

time to thyristor TH1 is fired. The load voltage rises to VB and power is 
supplied to the motor. From a previous cycle C was charged to VB-E with 
plate a positive, where E is the motor back e.m.f. at this speed. When THI 
is fired the capacitor resonates with L and recharges with plate b positive, 
so that when TH2 is fired, thyristor TH1 is reverse biased by VB-E and 
turns off. Motor current flows in D2 and C charges to VB with plate a 
positive, the voltage drop in D2 being ignored, the load voltage being zero 
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as at f2. On light loads the inductive load current will decay to zero, the 
current flowing against the motor back e.m.f., before TH1 is refired. When 
this occurs, say at f3, the capacitor will discharge through D1 and its voltage 
will fall to VB-E. The motor back e.m.f. has therefore had two effects. 
First, it has distorted the load voltage waveform between heavy loads and 
light loads. Since the magnitude of the load voltage is determined by its 
waveform this means a change in the motor voltage and hence its speed, 
even though the firing period of the thyristors has been unaltered. This is 
not serious and can be compensated for by using closed-loop speed control, 
as in Figure 14.19. A much more serious effect of the back e.m.f. has been 
a reduction in the available thyristor commutation voltage, and although 
this voltage is reduced most on light loads, when commutation is least 
demanding, it is a disadvantage of this circuit. A much better solution is to 
replace D1 by a thyristor, which turns off as soon as capacitor resonance 
has been completed, and so prevents the motor back e.m.f. from affecting 
the capacitor voltage. 

Apart from controlling the speed, it is often necessary to be able to 
reverse the direction of rotation of a d.c. motor. This can be done by 
electromechanical contactors, if required, although Figure 14.24 shows a 
reversible converter arrangement in which the motor direction can be 
readily changed by operating one or other of the converters. It is now 
necessary to have all elements of the converters controllable, that is, to use 
bi-directional converters only, so as to avoid short-circuits between supply 
lines. This converter arrangement was introduced in Chapter 10, in 
relation to cycloconverters, and it was shown that there are two ways in 
which it may be operated. In the first method both converters are fired 
simultaneously but with delay angles a1 + a2 = 180". This gives equal 
mean output voltages from both converters and they can readily be 
changed from one direction of operation to another by adjusting the delay 
angles. However, due to instantaneous voltage differences between the 
converters it is necessary to introduce a reactor between them in order to 
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Fignre 14.24 Reversible three-phase thyristor controller for a d.c. motor 
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Figure 14.25 Closed-loop control for the drive of Figure 14.24 

limit the circulating current flow. A better control method, in the present 
application, is to sense the converter current direction and to ensure that 
only one converter is fired at any time. 

Figure 14.25 shows the closed-loop speed-control arrangement for such a 
system. In addition to demand speed there is also now a demand direction, 
which is used to operate one of the two converters to change the polarity of 
the armature voltage and hence the motor direction. Feeding into the same 
direction logic circuitry is a signal which senses the direction of current flow 
in the converters, and ensures that the changeover from one converter to 
another does not occur unless the current in the previously conducting 
converter has fallen to zero. In addition, the magnitude of the motor 
current can be sensed to provide current limiting as before. 

14.3.2.3 Braking 
In a purely mechanical method of braking the kinetic energy of a revolving 
motor may be dissipated as heat by friction brakes. Electrical methods 
often provide considerable advantages over mechanical methods and three 
such techniques are discussed in this section. 

Plugging 
In this method the direction of rotation of the motor is rapidly changed by 
reversing the supply voltage polarity, the kinetic energy of the motor being 
dissipated as heat in the motor itself. Figure 14.26 illustrates the principles of 
plugging using field reversal. When the motor field current is suddenly 
reversed while the machine is still revolving in the same direction, the d.c. 
source will oppose the motor rotation and try to turn it in the reverse 
direction. Since the motor back e.m.f. has reversed due to the reversal of field 
current, it will help the d.c. source in circulating a large current through the 
motor. This current exceeds the stalled motor current and gives rise to severe 
heat losses in the motor, bringing it to a rapid halt. If the supply is still 
maintained the motor will then commence to rotate in the reverse 
direction. 
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Figwe 14.26 Plugging in a d.c. motor: (a) motoring; (b) braking 

The dual converter system shown in Figure 14.24 can readily be 
extended to plugging. Suppose converter 1 was on and the motor was 
rotating in the forward direction, the motor back e.m.f. being as shown. To 
plug the machine converter 1 is switched off and converter 2 operated such 
that the converter voltage aids the motor back e.m.f. in circulating a large 
current through it. The converter firing angle delay should not exceed 90" 
since regeneration would then occur, as explained below. Controlled 
plugging is clearly possible by varying the delay angle, it being greatest at ci 
= 0". 

Dynamic braking 
In dynamic braking the kinetic energy of the motor is dissipated as heat in the 
motor itself, or in external resistors. Dynamic braking differs from plugging 
since the motor now acts as a generator and feeds current into an external 
resistor or circulates it around its own windings, such a system being shown 
in Figure 14.27. During motoring thyristor TH, is off and the three-phase 
bridge is used to control motor speed. To brake the motor the bridge 
converter is switched off but the motor field current is maintained. Since the 
motor is still revolving in the same direction its back e.m.f. is as shown. 
Thyristor TH, is now fired. The motor acts as a generator and feeds a current 
through R, the motor kinetic energy being dissipated as heat in this current 
path. 

Figure 14.27 D.C. motor speed-control system with provision for dynamic braking 
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A chopper-controlled d.c. motor drive is shown in Figure 14.28 in which 
battery VB supplies power to the load, which is a series motor. TH1 is the 
main thyristor controlling this motor whilst C, L, TH2 and TH3 are its 
associated commutation circuitry. The inductive energy of the motor is 
carried by free-wheeling diode D1. Across the armature is connected diode 
D2 and resistor RDB which constitute the dynamic braking circuit. RCL is a 
low-valued current-sensing resistor which is used primarily to feed back the 
value of the load current to current limiting circuitry. 

The field of the motor is connected between two reversing contactors. 
When both forward F and reverse R contactors are de-energised, contacts 
1 and 3 are closed and 2 and 4 are opened, as illustrated in Figure 14.28. No 
current can flow through the motor even if THI is triggered. 

If contactor F or R is energised the state of contacts 1 and 2 or 3 and 4 
will be changed so that current can flow through the motor. The current 
through the field is in the reverse direction when F or R is energised. It is 
therefore possible to run the motor in either direction. 

Assuming the motor is running in the forward direction, contactor F is 
energised and R de-energised so that contacts 3 and 2 are closed. The back 
e.m.f. of the motor opposes the current and diode D2 is reverse biased. If 
now the motor is thrown into reverse by de-energising contactor F and 
energising R, so as to reverse the field current, the back e.m.f. will reverse 
since the load inertia is still keeping the motor armature rotating in the 
forward direction. Diode D2 is forward biased and the kinetic energy of the 
load is dissipated as heat in the motor armature and the dynamic braking 
resistor. During braking thyristor THI can still be switched, as in normal 

14.28 Reversing and dynamic braking in a chopper-controlled d.c. motor drive 
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motoring operation, to control the field current. The greater this current, 
the larger the back e.m.f. of the motor and the more severe the braking. 
After the load has been brought to a standstill, if the power is still applied, 
the motor will move in the reverse direction in a normal motoring mode. 

Regeneration 
During regenerative braking the motor acts as a generator and the kinetic 
energy of the motor and its load is recovered and may be used again. 
Referring to Figure 14.24, suppose the motor is running in the forward 
direction, converter 1 being on. To generate, converter 1 is turned off and 
2 is turned on. If the delay angle of this converter exceeds 90" there is net 
regeneration, this being a maximum for a = 180". 

Figure 14.29 shows a regenerative system for a chopper controller. 
During motoring thyristor TH2 is off and TH1 operates in the usual on-off 
mode. Arrows on both thyristors indicate that they are forced commutated 
by circuitry which is not shown. Diode D1 is also reverse biased throughout 
the motoring period, back e.m.f. E being less than the supply voltage V,. 
Although regeneration could be obtained by switching off THI and 
strengthening the motor field to increase the value of E, such a system has 
a limited control range since soon the field would run into saturation. A 
better system is to maintain the field constant but to operate TH2 as a 
chopper during regeneration. Thyristor THI and diode D2 now no longer 
play a part in the system, which is essentially a step-up chopper, as 
described in Chapter 12. 

Although regeneration is the best system of braking, due to its high 
efficiency, it is much more complex and expensive to obtain. Dynamic 
braking is inefficient, but by the use of external resistors the motor losses 
are minimised. It is important to appreciate that since both these systems 
rely on a generated output from the motor they are not effective at low 
speeds, where the motor back e.m.f. is small. Field strengthening can now 
be used to reduce this problem but it will not overcome it altogether. In 

Figwe 14.29 Motoring and regenerative braking of a d.c. motor 
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plugging, on the other hand, the motor direction can be reversed if 
necessary so that it is effective right down to standstill. For quick-response 
systems it is therefore clearly the preferred method. A system such as that 
shown in Figure 14.24 is advantageous since regeneration can be used at 
higher motor speeds and then the firing angle advanced to below 90" in 
order to plug the motor to rest. 

14.3.2.4 Smart power control 
Much of the control circuitry used for motor control is available in the form 
of integrated circuits. For low power applications the power semiconductors 
may also be incorporated on the same silicon chip, or in the same package as 
the control circuit, to form smart power controllers (Emerald, 1996). 

An example of a commercially available device is shown in Figure 14.30. 
Power DMOS transistors TR, to l'R, form an H-bridge driver for the motor, 
which is connected to terminals A and B. These transistors are operated in 
pairs, TR, and TR2 forming one pair and TR3 and l'R, the other pair. Only 
one pair of transistors operate for any given direction of rotation and the 
speed of the motor is controlled by pulse width modulation, so as to vary the 
voltage on the motor. 

Figure 14.31 illustrates one method of operation of this circuit. To rotate 
the motor in a given direction, one of the transistors, TR, in Figure 14.30, is 
kept on so that point A is clamped to the supply voltage. Transistors TR, and 

+VCC 

+vcc 

ov m- 1 I I V E  
Motor 
current 

0 - _ - -  - - _ _ _ _  
(a) (b) 

Figure 14.31 Waveforms for the controller of figure 14.30: (a) high output (b) low output 
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T& are switched on and off, there being a short period in between to prevent 
both transistors being on simultaneously and causing a ‘shoot through’ of the 

Figure 14.31 shows a fixed frequency variable mark space mode of 
operation, although fixed mark and variable frequency can also be used. For 
a low mark to space ratio, as in Figure 14.31(b), the voltage across the motor 
(VA - V,) is low and the motor current is also low. To increase the output, 
and hence the motor speed and torque, the mark to space ratio is increased, 
as in Figure 14.31(a). 

The direction of rotation of the motor can be changed by keeping transistor 
TR3 on and switching TR, and TR2 on and off alternately, giving waveforms 
similar to those of Figure 14.31 but reversed in direction. For both directions 
of operation it is necessary to close one of the transistors in the H-bridge 
whilst operating the other in an on-off mode, so as to provide a return path 
for the inductive current in the motor. The power transistors used can carry 
current in either direction. 

Charge pump circuits are formed by P, and P2 which drive the gate of the 
DMOS transistors above the supply to turn them on. The circuit shown in 
Figure 14.30 also incorporates current and temperature sensing, with the 
ability to vary the mark to space ratio so as to limit the current. When the 
temperature reaches a preset value a warning is given via a flag and if no 
action is taken to reduce the load, and the temperature increases further, the 
control circuit steps in and turns the system off. 

supply. 

14.3.3 Electronic commutator d.c. motors 
The d.c. motor is by far the most popular variable-speed machine, due to 
its excellent speed-torque characteristics and variable-speed capability. Its 
one major drawback is its mechanical commutator which places design and 
environmental limitations on its operation. It is feasible to use an a.c. 
motor drive system when a mechanical commutator is undesirable but, as is 
shown later, a d.c. motor has many advantages over a.c. motors in some 
applications. It is in order to maintain these characteristics, whilst 
overcoming the limitations of a mechanical commutator, that electronic 
commutator, or brushless, motors are used. 

In this section the construction of electronic commutator d.c. motors is 
described in more detail. These motors are not commonly used in large 
sizes but have gained wide acceptance in high-performance small motor 
drive systems. Transistors are now the switching device most commonly 
used. 

14.3.3. I The electronic commutator 
In a d.c. motor torque is produced by the interaction of the stator and rotor 
fields. Usually the stator contains salient poles and interpoles, if provided, 
which are energised by a field coil, and the rotor carries armature current 
supplied by an external d.c source. To maintain unidirectional torque 
between the rotor and stator it is necessary to switch the rotor current 
periodically so as to keep the two fields as closely perpendicular to each 
other as possible. A conventional d.c. machine uses a mechanical 
commutator and brushes to achieve this. The commutator switches the 
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current, this occurring at the correct instant in the rotor position by virtue 
of the commutator location, and the greater the number of commutator 
segments, the smoother the torque produced. 

A two-segment motor would have a torque-position characteristic as 
shown in Figure 14.32(a), the peak torque occurring when rotor and stator 
fields are at WOE and falling to zero when this angle is reduced to zero. If 
four segments are provided, it is possible to switch rotor current four times 
per revolution so that the stator field is always maintained between 45"E 
and 135"E ahead of the rotor field, the torque curve being as in Figure 
14.32(b). The mean torque is now 90% of the peak value and gives a much 
smoother operation. 

It is possible to design a d.c. motor in which the rotor has permanent 
magnet poles and the stator current is switched. This would require the 
brushes to rotate at the same speed as the rotor to maintain unidirectional 
torque. Although such a system is undesirable in conventional machines it 
can be used with advantage in electronic commutator motors, since the 
stationary commutator makes it easier to operate the electronic devices. 
Figure 14.33 shows such an inverted machine which contains a 
multi-segment commutator. With rail A or rail B positive the polarity of 
the stator flux can be readily controlled by closing the appropriate 
switches. As with most electronic commutator machines, the rotor is 
salient pole in construction and the field contribution to the air gap flux 
predominates over the armature contribution, so that the effect of 
armature reaction becomes negligible. 

Although the circuit of Figure 14.33 has been used in electronic 
commutator motors, it uses a large number of switching devices and can be 

Figure 1432 Torque-position characteristic for a d.c. motor: (a) with two-segment 
commutator: (b) with four-segment commutator 
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Figure 14.33 Inverted d.c. motor with multi-segment commutator 

expensive. Figure 14.32(b) shows that, with a little sacrifice in torque 
smoothness, a four-segment commutator can be used which would be 
much more economical. Figures 14.34 and 14.35 illustrate two possible 
winding arrangements for such a machine, and also show the switch- 
operating periods. It is seen from these that although the open-winding 
arrangement uses only half as many switches as the closed-winding 
machine, its winding utilisation is only one quarter. Therefore it would 
generally be physically larger and less efficient. 

Figure 14.34 also shows that the switching action is very similar to that 
obtained by a two-phase inverter where S4, S7, S3 and S8 constitute one 
phase and Sz, S5, SI and S6 give the other. Thus essentially, as mentioned 
earlier, there are two functions required to be performed by the 
commutator in a d.c. machine. First, it must sense the relative position of 
the stator and rotor fields, and second, it must switch the stator field 
current at the appropriate instance. We will now examine these functions 
in detail and see how they are performed by an electronic commutator. 

Switch 
Position 

s, s, s, s, s, s, s, s, 

Figure 14.34 Closed-winding arrangement for a four-segment electronic commutator. The table 
gives the switching sequence 
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A 
B 
A' 
B '  

Position 

X 

X 

x 

x 

Figure 1435 Open-winding arrangement for a four-segment electronic commutator. The table 
gives the switching sequence 

14.3.3.2 Position sensors 
Rotor-position sensors are required to detect the instant at which the stator 
current is to be switched. There should therefore be as many position 
signals as there are commutator segments. A four-segment motor requires 
switching signals at VE, WE, 180"E and 270"E. Many different types of 
devices may be used, those most commonly employed in electronic motors 
being magnetic, optical or based on the Hall effect, so only these three are 
considered here. In all cases it is important that the detector gives a signal 
regarding the position of the rotor and not its speed or direction of 
rota tion. 

Figure 14.36 shows one form of rotor-position sensor which has been 
used. Attached to the main rotor is an auxiliary rotor which revolves in a 
four-pole stator yoke. On each of the poles, which correspond to the four 
switching points of a four-segment motor, is wound a sensing coil which 
feeds the respective stator winding switch. A high-frequency oscillator 
supplies two coils placed at diametrically opposite ends of the yoke and 
arranged to produce antiphase signals. Clearly, a voltage will be induced in 
only those coils which are under the rotor poles, so that the system 
produces rotor position signals. 

There are several possible modifications to this arrangement. One 
system uses four sense coils embedded in the main frame of the stator, the 
coils being supplied in parallel by a high-frequency oscillator. A 
series-resonant capacitor gives a sense voltage across the coils unless it is 
saturated by the close proximity of a rotor pole. The absence of a pick-up 
signal at any coil therefore indicates that the corresponding stator switch is 
to be operated. 

Magnetic sensing devices are very robust and are not affected by dirt or 
dust. They require minimal auxiliary components when the main rotor 
poles are utilised as part of the sense system, and the signal output can 
normally be used to operate the stator switches directly without further 
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structure 

Figure 14.36 Magnetic position sensor 

amplification. However, the induced signals in the coils build up gradually, 
this giving slower turn-on and greater dissipation in the switches, as well as 
possible uncertainty in the exact switching point. The presence of leakage 
flux also means that there is always some induced signal in the coils. Since 
all signals are a.c. they have usually to be rectified before being used to 
operate the switches. 

Optical sensors are generally less robust than magnetic systems but are 
also much smaller and lighter. They have therefore tended to be used in 
motors for special applications such as aerospace. Figure 14.37 shows a 
schematic of an optical system where a light shield with an aperture is 
connected to the rotor and revolves around a stationary light source. 
Photocells placed at the four switch points detect the commutation 
positions for the motor, as before. Generally, the output signals from the 
light detectors are weak and need further amplification before they can be 
used to operate the stator switches. However, the signals can be made to 
rise sharply and since they are generally d.c. no rectification is required. 

A sensor which has been extensively used in many small electronic 
commutator motors is the Hall effect device. It combines the robustness of 
magnetic sensors with the lightness of optical devices. The Hall effect is 
well known. A current I,  passed between the two faces of a thin conductor 
or a semiconductor placed in a transverse magnetic field B would result in a 
redistribution of charge carriers within the device and induce a voltage 
across it in a direction perpendicular to both the current flow and the 
magnetic field. This voltage, known as the Hall voltage, is proportional to 
Z, and B. 
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Hall generators placed at the commutator switching positions would 
therefore react with the rotor field to produce the required position signals. 
A further advantage of the Hall detector is that the voltage reverses with 
the direction of the magnetic field so that only two sensors at 90"E to each 
other need be used for a four-segment commutator. 

switches 

Photocell 

From three 
other 
photocells 

I i  
I t  
I 1  

Rotor 

Light source 

Light shield 

Figure 14.37 Block schematic of an optical position sensor 

In addition to the advantages of small physical size, ruggedness and 
direction sensitivity, the output from a Hall generator is d.c. and so does 
not need rectification. The disadvantage of the system is that an auxiliary 
source is required to provide 1, and that, like a magnetic sensor, the output 
voltage is always present due to leakage flux, and it builds up gradually. 

It is possible to use the Hall voltage to feed the stator coils directly, 
instead of via a switch, but now the generator needs to handle much higher 
power levels. The Hall generator is predominantly resistive, its efficiency 
being relatively low, so that motors built on this principle would also be 
very inefficient and uneconomic for all but the smallest machines. 

The choice between the various rotor position sensors is usually 
determined by the motor application. Large machines use magnetic 
sensors since efficiency and switching power requirements are important, 
although optical sensors may be used where robustness is not essential. For 
smaller motors Hall generators give a small and relatively cheap system. 
For higher efficiencies magnetic systems have been used and optical 
sensors are chosen where lightness is equally important. 

For low power drives, where small size, high reliability and low power 
consumption are important, sensorless motor control systems may be used 
(Mosley, 1992; Peters and Harth, 1993). These do not have any position 
sensors but depend on detecting the motor back emf to indicate when the 
current in the coils should be switched. Relatively complex control circuitry 
is also required to provide a start up pattern for the motor, since back emf 
only comes into effect once the motor is actually moving. Sensorless motor 
drive integrated circuits are available commercially from several vendors. 
Usually they are incorporated with the drive transistors in a smart power 
circuit arrangement, so further reducing size. 
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Figure 1438 Distribution of voltage across the 
electronic commutator switch and the motor 

14.3.3.3 Electronic switches 
The switches used to change the direction of stator current, at a signal from 
the rotor-position sensors, need to satisfy several requirements. First, they 
must be adequately rated to handle the full winding power, which can vary 
widely with the size of machine used. It is also important to establish 
whether the current through the switches will be unidirectional or 
bi-directional. A mechanical commutator can readily pass current in either 
direction whereas electronic switches are usually restricted in this aspect, 
therefore special provisions must be made if bi-directional operation is 
required. This often arises when the same machine is to act as a motor and 
a generator and also in some closed stator winding arrangements. 

A mechanical switch can only be off or on, but an electronic device can 
often have a controlled turn-on, as in a transistor. This means that, for 
instance, in Figure 14.38 instead of controlling the applied voltage (V,) to 
the motor to change its speed, the value of this voltage can be kept fixed 
but the voltage across the switch (V,) varied. Therefore an electronic 
switch can act in a switching mode, as for a mechanical commutator, or in 
an amplified mode, where the extent to which it is on or off is controlled, 
this mode having several advantages. 

For instance, Figure 14.39 shows a four-segment commutator operated 
from Hail effect sensors. The currents through the sensors are constant, 
but if the rotor flux is assumed to be sinusoidally distributed, then the Hall 
voltage, being proportional to this flux, would cause the transistor to 
operate in an amplification mode. The stator current distribution in the 
four windings would then be such as to maintain the stator flux constant, 
irrespective of rotor position. Since motor torque is proportional to the 
product of stator and rotor flux, and these are now constant, such a motor 
is capable of extremely smooth operation. The amplification mode has one 
obvious disadvantage; the dissipation across theaswitches is much greater 
than if they were always either off or saturated, so its use is limited to 
relatively small motors. 
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There are two devices which have been predominantly used as switches 
in electronic commutator motors, namely thyristors and transistors. Where 
the power to be handled is large, thyristors are the obvious choice. The 
thyristor is not capable of amplification-mode operation, but at the 
high-power levels the low efficiency of such a system would be 
unacceptable. Another characteristic of a thyristor is that it is unidirection- 
al in operation and for bi-directional switching two devices can be 
connected in a parallel back-to-back arrangement or a bi-directional device 
such as a triac can be used. 

Transistors are much more versatile since they can be operated in 
amplification or switching mode, Figure 14.40 showing several arrange- 
ments that may be used. Figure 14.40(a) is intended for unidirectional 
operation, whereas Figures 14.40(b) to 14.40(d) give bi-directional capa- 
bility. Since only one sensor is used in (c) and (d) these are generally the 
preferred arrangement. 

The motor winding shown in Figure 14.39 is inefficient due to poor 
winding utilisation. Figure 14.41 shows an alternative arrangement which 
overcomes this disadvantage and also illustrates another form of closed 
winding. The table shows that the switches have purposely been operated 
so as to produce a stepped output voltage waveform, which reduces the 
motor voltage waveform harmonic content and gives greater efficiency. 

14.3.3.4 Advantages of an electronic cornmumor 
As mentioned earlier, a d.c. motor has very desirable characteristics for a 
wide range of applications, its major disadvantage being its mechanical 
commutator, which leads to the following limitations: 
(i) The commutator and brushes are prone to sparking with a 

consequent production of radiated interference. This can be a serious 
hazard when operated in certain environments, such as in airborne 
equipment. 
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Figure 14.40 Electronic switching using transistors: (a) unidirectional operation; 
(b)-(d) bi-directional operation 
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Figure 14.41 Closed-winding four-segment commutator motor. The table gives the switching 
sequence 
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(ii) Sparking reduces the life of the commutator so that conventional d.c. 
machines need periodic servicing and brush replacement and cannot 
be mounted in inaccessible positions. 

(iii) Usually the commutator is mounted on the rotating member, since an 
inverted motor would require the brushes to rotate. This limits the 
maximum speed at which it can run and therefore the power output 
from a given frame size. 

(iv) The commutator also limits the machine design since it requires a 
large ratio of diameter to length of armature iron. 

(v) The commutator is made from good-quality copper which softens at 
high temperatures and limits the machine-operating temperature. 
Dirt and moisture also attack the commutator and the machine needs 
to be specially protected in hazardous atmospheres. 

(vi) Rubbing of the brushes on the commutator and clatter of the brushes 
in their holder give rise to a considerable amount of audible noise. 

An electronic commutator motor maintains all the advantages of a 
traditional d.c. machine, such as high starting torque and excellent 
efficiency at all speeds, whilst avoiding the disadvantages of a mechanical 
commutator. In addition it can also produce smoother torques in small 
motors, due to the fact that the number of commutator segments in a small 
conventional motor is usually limited by physical size to six or eight, giving 
a relatively poor torque-position characteristic. An electronic commutator 
using four segments, on the other hand, can produce a much smoother 
torque by using its switches in an amplification mode. 

The d.c. commutatorless motor gives a performance similar to that 
obtained from an induction motor driven by an inverter. From the 
hardware aspect both these systems are also very similar, the induction 
motor drive being slightly simpler due to the absence of the rotor-position 
sensors. There is, however, one important difference. The frequency at 
which the stator switches operate in an electronic commutator motor is 
determined by the rotor speed, as sensed by the position sensors, this 
speed being in turn fixed by the winding current. For an inverter drive, on 
the other hand, the switch frequency is fixed by an internal oscillator in the 
inverter. The motor merely follows this rotating field and speed control is 
achieved by controlling the inverter frequency and not the supply voltage. 
The following further differences can be noted between the two systems: 

(i) The inverter of an induction motor drive could be located at some 
distance from the motor. This would require only two wires 
connecting the driver to the motor. An electronic commutator motor 
would need the sensing leads to be brought out as well, these leads 
then being exposed to pick-up effects. 

(ii) Permanent magnet motors take a larger starting current than 
corresponding induction machines, which could be a serious problem 
since a current surge can cause demagnetisation of the permanent 
magnet. Smaller motors, with higher-impedance windings, are less 
prone to this effect. 

(iii) Since the inverter can operate independently of the motor in an 
inverter drive, several motors can be run in parallel off the same 
inverter. 
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In general, the electronic commutator motor is best suited to 
applications requiring high starting torque, good efficiency at low speeds 
and continuous speed variation from standstill to full speed. Due to their 
poor efficiency at low speeds, induction motors driven from inverters are 
more suited for use in applications where the output is a fixed high speed, 
and where, by using crystal-controlled oscillators in the inverter and a 
synchronous motor, the speed regulation can be made exceptionally good. 

14.3.4 A.C. motors 
As outlined in Figure 14.12, there are three basic types of a.c. motors 
popularly used with power semiconductor drives, induction, synchronous 
and commutator. There is yet another type of motor, the reluctance 
machine, which has not been mentioned so far since it can be considered as 
a special form of synchronous motor. 

Reluctance motors were not popular, since they suffered from several 
disadvantages, chiefly connected with the low power factor, but develop- 
ments in new materials has resulted in machines with greatly improved 
performance. All reluctance motors have a certain salience in their rotors. 
The stator produces a rotating field similar to an induction motor, which 
causes the motor to run up close to synchronism by induction motor 
principles. Thereafter the salient poles lock in onto the stator field and it 
runs at synchronous speed, as in a synchronous motor, even though the 
rotor poles are not externally excited. It is this synchronous-induction 
action of the reluctance motor that has resulted in its use in applications 
such as multi-motor converter drives in the textile, steel and plastics 
industries. When used to drive an alternator it can also provide highly 
stable computer supplies. 
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Figure 14.42 Conventional two-pole reluctance motor 
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To obtain a high power factor with good pull-in and pull-out torques it is 
essential to increase the ratio of the direct axis to the quadrature axis 
magnetising reactance of the motor. Figure 14.42 shows a conventional 
reluctance motor and indicates the paths of the direct and quadrature 
fluxes. To achieve a large value of direct axis reactance and a small value of 
quadrature axis reactance it is necessary to reduce the salient pole arc to as 
low a value as possible. Although this now increases the power factor it 
leads to greatly increased magnetising currents and reduces torques. A 
form of segmental motor which overcomes these disadvantages is shown in 
Figure 14.43 for a two-pole motor. Since all the torque is experienced by the 
salient poles and none by the central rotor cylinder, this has been eliminated 
to give a motor with reduced inertia. In Figure 14.43 only the quadrature axis 
flux crosses the relatively large interpolar space so that its reactance is 
greatly reduced. 

I Quadrature 

Figure 14.43 Segmental two-pole reluctance motor 

Figure 14.44 Flux barriers in reluctance motors 
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Instead of segmenting the rotor it is possible to attenuate the quadrature 
axis flux by using flux guides or barriers, as in Figure 14.44. Two forms are 
illustrated here, in both cases it being seen that the quadrature axis flux is 
decreased to a greater extent than the direct axis flux, due to the position 
of the guides. 

It has been seen by the above discussion that a reluctance motor is in 
effect a synchronous machine with unexcited rotor poles. Both machines, 
on the other hand, behave like an induction motor during run-up periods, 
and can be considered as special cases of the induction machine. The 
torque on the rotor of an induction motor is caused by induced currents 
produced by a rotating stator field. If Nl and N2 are the speeds of this field 
and of the rotor respectively, then the slip S is defined by equation (14.5). 

Nl - N2 
Nl 

S =  (14.5) 

The magnitude of the rotor torque is proportional to stator flux, 
rotor-induced current and the cosine of the angle between these two 
phases, being given by equation (14.6) where T is the torque on the rotor, S 
is the slip, El  is the stator applied voltage,f, is the stator frequency, R2 is the 
rotor resistance and X, is the rotor reactance. 

(14.6) 

Equation (14.6) gives the maximum torque T,,, which occurs at a slip S,, 
derived from equations (14.7) to (14.9). 

Tar (zy 
R2 s, a - 
fl 

x2 a r f l  

(14.7) 

(14.8) 

(14.9) 
Substituting these values in equation (14.6) gives the result as in equation 

q-r. 
(14.10). 

' 1 ,  

S m l S  + SIS, 
T =  (14.10) 

The input power, which crosses the air gap between stator and rotor, is 
primarily used in producing copper losses and torque output. These two 
are divided in the ratio of S/( 1 - S) so that motor efficiency is equal to that in 
equation (14.11). 

q m = l - S  (14.11) 
In a commutator motor, as with some types of induction motors when 

the motor winding is brought out to slip rings and brushes, a resistor 
connected in series with the rotor would result in power loss. This would 
mean that the output power of the machine is reduced and it must slow 
down to supply the same torque. A further advantane of mmmlltrrtnr 
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3-phase supply 

Stator 

Rotor 

Figure 14.45 Control of an a.c. commutator motor 

can therefore be a direct interchange of power between the a.c. lines and 
the rotor, as shown in Figure 14.45. If power is fed from the rotor to the 
a.c. supply the motor will slow down, and if power is supplied into the 
rotor its speed will increase. The a.c. commutator is similar to an induction 
machine with the addition of a frequency converter in the rotor to allow 
interchange of power between rotor and a.c. line. These machines are 
larger, costlier and more difficult to design than other a.c. drive systems. 
They have mainly been replaced by d.c. motor and power electronic 
controlled rectifier drivers, and an a.c. commutator machine with a power 
controller is very rarely used. 

14.3.4.1 Starting 
Induction motors, and other a.c. machines which run up as induction 
motors, draw a large starting current when connected directly to a mains 
supply. This is due to the fact that there is considerable slip between the 
stator field and the rotor speed, so that at full stator flux there is a large 
induced rotor current, which is reflected to the stator windings by 
transformer action. To decrease the starting current one must reduce 
either the stator flux, by lowering the stator voltage, or the stator 
frequency, by a reduction of the supply frequency. The stator voltage must 
now also be changed in order to keep the machine flux constant. When flux 
reduction is required the stator voltage can be decreased by a.c. line 
control methods, as described in Chapter 8. Frequency control is only 
possible when the motor is running from an inverter or cycloconverter, the 
supply frequency being increased gradually as the motor runs up so that the 
peak current is limited. It will be seen later that there is now no loss of 
starting tdrque, as occurs with voltage-control systems, since the motor 
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flux is kept constant by automatic adjustment of the supply voltage. When 
a variable-frequency supply is available for starting, synchronous and 
reluctance motors need not run up as induction machines since they can 
lock onto the stator field at low speeds, and then run up to full speed in 
synchronism. 

14.3.4.2 Control 
The most usual operating mode for synchronous and reluctance motors is 
when they are rotating at the synchronous speed of the stator field. 
Therefore the speed of these machines can only be varied by changing the 
frequency of the stator supply. The same considerations apply to an 
induction motor, but due to its construction there are four methods which 
may be used to control it, as follows. 

( I )  Excitation field strength control 
Figure 14.46 shows the plot of equation (14. lo), from which it can be noted 
that at synchronous speed, when S = 0, the torque is zero, and at standstill 
S = 1, the operating point being located at l/S,. 

Since S, is a function of rotor resistance and reactance, the amount by 
which the torque-slip curve extends along the X axis is determined by the 
rotor construction. If S, = 0.2 then at standstill S/S, = 5 and the starting 
torque is 0.385 times the maximum value. 

From equation (14.7), T,  is proportional to ElZ, other parameters being 
fixed. Therefore, if stator voltage is halved the maximum torque is reduced 
by a factor of four, although Figure 14.46 remains unchanged since it is 
normalised to T,. The starting torque will still be 0.385T, but since T,  is 
one quarter of its original value the torque is also reduced to a quarter. 

If the torque-slip (not normalised to maximum values) curve is plotted 
for variable voltage control, the characteristics, derived from Figure 14.46, 
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Figure 14.46 Normalized torque-slip curve 
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would be as in Figure 14.47. For operation with a constant load (torque 
line AB) variation of the stator voltage from V4 to V3 will reduce the speed 
from E to F. Further reduction in voltage will reduce the available motor 
torque to below load torque and it will stop. Therefore the range of speed 
control available is limited. Operation on points I and J is not possible 
since an increase in speed results in an increase in available motor torque 
so that the motor will rapidly run up to the positive slope part of the 
characteristic. 

A 
m 

b 

0 
Synchronous 
speed 

I Slip 
Standstill 

Flgure 14.47 Torque-slip curves for stator voltage variation 

A load having a characteristic such as DC (fan loads) is more suited to 
stator voltage control. On any part of the curve beyond the operating 
point, an increase in motor speed would increase the difference between 
the load torque and available motor torque and so cause the motor to slow 
down again. Therefore, the system is inherently stable and the speed can 
be controlled over a very wide range. 
The main disadvantage of this system of speed control is the large slip at 

low speeds. From equation (14.11) efficiency is equal to (1 -slip) so that for 
low speeds the efficiency is poor. At half speed the maximum efficiency is 
only 50%. Another consequence of this slip is that heat is generated in the 
motor, rotor loss being equal to S times the rotor input, so that at low 
speeds the heat can be excessive. Both these factors limit this method of 
speed control to small motors where efficiency is relatively unimportant 
and the heat easier to dissipate. 

Voltage applied to the induction motor can be controlled by some form 
of line impedance such as saturable reactors, although these are bulky and 
relatively slow in response. A better technique uses thyristors in a.c. line 
control systems, as described in Chapter 8. 
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(2) Excitation field speed control 
An alternative control method is to vary the speed of the stator field by 
controlling the supply frequency, but now the supply voltage must be 
changed in proportion to frequency in order to maintain motor flux 
constant at its most economical value. 

If supply voltage El is changed in proportion to the supply frequency fi 
then from equation (14.7) Tm is constant. However, from equation (14.8) 
Sm will vary inversely as fi so that as frequency is reduced the starting 
torque approaches the peak torque. 

I I 1 1 I I I I 1 1 1 

s/sm 
Figure 14.48 Effect of frequency change, or rotor resistance variation, on the normalised 
curve 

Fipre 14.49 Stator frequency control 
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Equation (14.10) is used to calculate the torque for supply frequencies f 
=fi, f,/2 andf,llO wheref, is the frequency used in Figure 14.46 and the 
results are given in Figure 14.48. From this it is evident that the available 
motor torque can be readily controlled to match the load and so give any 
desired operating speed. Furthermore, since the stator field speed need 
only be slightly greater than rotor speed, the resultant rotor current being 
just sufficient to overcome load torque, slip over the whole range can be 
very small giving high efficiency. In Figure 14.48 slip is plotted along the 
horizontal axis so that all the curves originate from the same point, but if 
torque is plotted against speed, as in Figure 14.49, the graphs terminate at 
their respective synchronous speeds. 

(ii) 

(b) 

Figure 14.50 Motor waveforms for a bridge inverter using quasi-square wave voltage control: 
(a) motor stalled; (b) motor on no-load; (i) voltage; (ii) current 
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Due to the high efficiency at all speeds, variable-frequency control is 
suitable for motors of all sizes requiring infinite speed variation coupled 
with high performance. Frequency control can be accomplished statically 
by inverters or cycloconverters, as described in Chapters 10 and 13. 

In Chapter 13 various forms of inverter voltage-control systems were 
discussed, and Figure 14.50 shows the motor voltage and current for 
quasi-square wave control. The stalled current corresponds to that 
discussed in Chapter 13, but when the motor is running, the back e.m.f. 
distorts this current waveform so that it is now difficult to determine 
equations for the ratings of the inverter design. 

Figure 14.51 shows the output voltage and current waveforms for a 
pulse-width modulated inverter output voltage-control system, in which 
the current is seen to be relatively sinusoidal. Since the motor inductance is 
low a higher chopping frequency should be used to reduce further the 
high-frequency component in the current. This is evident from Figure 
14.52, which also shows the current distortion caused by motor back e.m.f. 

Figure 14.51 Motor-stalled waveforms for a bridge inverter using pulse-width modulation with 
a sine wave. fT = 555 Hz, fs = 20 Hz; (i) voltage; (ii) current 

(3) Induced current control 
In the previous sections the value of S,,, was controlled by varyingfi. From 
equation (14.8) it is seen that the same effect can be accomplished by 
changing the rotor resistance R2. Note, however, that S, varies directly as 
R2 but inversely as fi so that Figure 14.48 also represents the characteristics 
for variable rotor resistance control. There is one important difference 
between this method of speed control and that using variable frequency, 
since in this instance the stator field speed is constant so that at low speeds 
the slip energy is dissipated in the rotor resistance and the efficiency is low. 

It is necessary to consider again the principle involved in the transfer of 
energy between stator and rotor. If the rotating field gives power P to the 



400 Power semiconductor circuit applications 

Figure 14.52 Motor waveforms for a bridge inverter using pulse-width modulation with a sine 
wave. fT = 555Hz, fs = 100Hz; (a) motor stalled; (b) motor on no-load; (i) voltage; (ii) 
current 

rotor, then the quantity (1-S)P is converted into mechanical energy at the 
shaft, the remainder (SP) being in the form of electrical energy in the 
rotor. If the rotor is closed on itself, or closed through a resistance, this 
energy is dissipated as heat, although if it is possible to extract the energy 
from the rotor, then the effect on the speed will be the same as if this 
energy were dissipated. The extracted energy can now be fed back to the 
supply to give a high overall efficiency. It is also possible to feed energy 
from an external source into the rotor, the slip now being made negative 
(rotor speed exceeding that of the stator field) and energy will flow from 
rotor to stator across the gap. 
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1 I-s-4 

Figure 1453 Slip recovery 

A simple sliprecovery scheme is shown in Figure 14.53. Rotor voltage is 
rectified by diodes D1 to D4 and smoothed, although capacitor C, is not 
normally necessary. Thyristor inverter THI to TH, can be used to feed a 
controlled amount of the rotor energy back to the supply. As described in 
Chapter 9, unlike inverters used in frequency changers, this inverter 
connects to an ax .  reference line AB which determines its operating 
frequency and also provides the energy required to turn off the thyristors. 
For example, suppose TH1 and TH, are fired at time to. The thyristors turn 
on and remain conducting even though the supply AB reverses at t l ,  
energy being fed from VB to the a.c. lines over this negative voltage period. 
When TH2 and TH3 are fired at t2 the voltage across the previous pair 
reverses and turns them off. The longer the firing delay, the greater the 
energy fed back from the rotor and the lower its speed. 

(4) External clutch control 
In this method of control the induction motor itself runs at a fixed speed, 
but it is coupled to the load via a clutch which acts as the variable-speed 
system. 

Eddy current clutches are frequently used, in which an electromagnet is 
connected to the shaft of the induction motor and is rotated at the fixed 
speed. This produces a rotating field whose strength can be controlled by 
adjusting the coil current of the electromagnet. A disc is connected to the 
load shaft and is placed in the rotating field. Due to normal induction 
motor action the disc will rotate, the slip being adjusted by varying the 
magnetic field strength. 

In effect there are now two induction motors in series. The first runs at a 
fixed (low slip) speed, whereas the second runs at adjustable slip. Clearly, 
the efficiency (l-slip) Will be poor at low speeds and will be less than that 
of a single motor with slip control. 

The advantage of using a clutch is that, since it dissipates most of the slip 
energy, it can be specially constructed to lose this heat more easily than if it 
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were a motor although, because of the low efficiencies involved, this 
method of control is again limited to small motors. 

Summarising the above, it can be seen that basically there are only two 
systems of speed control, (1) where the stator field speed is fixed, the slip 
being variable, and (2) where the stator speed is variable, the slip being 
small and relatively constant. The first method is inefficient. Voltage- 
control schemes are used in small systems with fan-type loads, or to 
provide constant torque over a limited range. To reduce dissipation in 
larger motors external eddy current clutches may be used. The efficiency of 
variable-slip systems may be increased by incorporating a form of slip- 
recovery scheme, but this necessitates the use of a wound rotor induction 
motor with associated slip rings and brushgear, which can make it 
unsuitable for certain applications, for example operation in hazardous 
atmospheres. 

The most promising control system for a.c. motors is a variable- 
frequency drive. A cage rotor can now be used and efficiency over the 
whole speed range is also high. Such systems are normally the most 
expensive, but if a drive is required to provide a constant torque output for 
wide speed variations and the motor is located in an inaccessible position, 
variable-frequency control of a cage rotor machine is often the only 
practicable system. 

14.3.4.3 Synchronous motor excitation and control 
As stated earlier, the speed of a synchronous motor can only be controlled 
by means of frequency variation. Changing the rotor field does not affect 
the motor speed but does change the power factor that it presents to the 
supply. Since the field of the motor is mounted on the rotor, it is necessary 
to provided sliprings and brushes if the field excitation is to be supplied 
externally. This can be avoided by using a.c. exciters and rotating field 
diodes, as in brushless synchronous motors, one arrangement being shown 
in Figure 14.54. The armature of an a.c. exciter rotates with the 
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Figure 14.54 Brushless synchronous motor arrangement 
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synchronous motor field winding, the a.c. output from the exciter being 
rectified by rotating diodes D1 to D6 before being fed to the motor field. 
During run-up switch Sw is open and the field windings are shorted 
through resistor R, the a.c. exciter field being open circuit. When the 
machine nears synchronism centrifuge switch Sw closes, the exciter field 
now becoming energised so that d.c. is applied to the synchronous motor 
field and it locks onto the rotating stator field. 

Synchronous 
motor field 

Exciter field 

Figure 14.55 A more efficient brushless synchronous motor than that in Figure 14.52 

The above system suffers from two disadvantages: (1) it is not fully solid 
state since switch Sw is used; (2) resistor R is connected in circuit 
throughout run-up and synchronous operation, so that the motor efficiency 
is reduced. Figure 14.55 shows a better arrangement. During run-up the 
ax .  exciter is de-energised as before. An alternating voltage is now 
induced in the synchronous motor field windings due to induction action, 
and it can be very large and destroy the field diodes unless these are 
protected. Assuming end B to be positive to A, current will flow through 
R1 and D1 to D6. TH3 is off since its gate is at a negative potential, equal to 
two diode drops, with respect to its cathode. In the next half cycle, when 
end A is positive to B, TH3 is reverse biased and still held off. The voltage 
induced in the synchronous motor coil now rapidly builds up and when it 
reaches the zener voltage of diode D7 thyristor TH2 is turned on followed 
closely by the breakover of diode D8 and the firing of TH1. The motor field 
is now short-circuited through THl, T H 2  and R1, which prevents damage 
occumng to the diode bridge. At speeds close to synchronism the a.c. 
exciter is energised and current flows into the motor field and TH1 and 
TH2 turn off when D1 and D4 first conduct. TH3 is forward biased and 
turns on so that R1 is short-circuited and no longer plays any part in the 
exciter operation. Zener diodes D7 and D8 are chosen to ensure that their 
voltage is greater than the peak a.c. exciter voltage, so that TH1 and TH2 
are held off. 

With the above scheme the starting and synchronous performance of the 
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machine is identical to a conventional motor with slip rings, although since 
the efficiency of the rectifier is higher the overall motor efficiency is also 
greater. However, there is now random synchronism so that pull-in 
characteristics are inferior to those obtained with slip ring motors and slip 
frequency relay synchronisation. In the majority of applications this loss of 
pull-in torque is not critical, and this scheme finds use in systems such as 
reciprocating motor drives, cement mill motors which start unclutched, 
and synchronous condensers. 

14.3.4.4 Braking 
As with d.c. motors, there are three methods for electrically braking a.c. 
machines: plugging, dynamic braking and regeneration. During plugging 
the direction of rotation of the motor is reversed, which is done by 
reversing the direction of the rotating field by interchanging two of the 
stator winding connections. An induction and reluctance motor can be 
plugged in this manner, but a synchronous motor can only be plugged if it 
is fitted with induction windings so that during plugging it behaves as an 
induction motor. Since the rotor and stator fields are moving in opposite 
directions, large currents are induced in the motor, resulting in heat loss. 
The rate of plugging can be varied by controlling the supply voltage or 
frequency, so as to change its torque, which can be done by using thyristor 
phase-controlled circuits or frequency changers. 

In dynamic braking the motor must act as a generator. For an induction 
motor to behave as a generator it must be driven above the speed of the 
stator field, which is not possible during braking if the normal a.c. supply is 
maintained to the stator. If the stator is supplied with d.c. the excitation 
necessary to induce currents in the rotor is present and at the same time the 
rotor exceeds the stator field speed. The operation is as in Figure 14.16, 
where since the stator poles are now stationary the rotor flux is also 
stationary. The system no longer behaves as a transformer and load current 
is not present in the stator. Therefore all the mechanical input is used in 
generating heat in the rotor, no power being fed back to the d.c. supply. 
Dynamic braking in a synchronous motor is similar to that used for d.c. 
machines. Since the rotor field is independent of the stator, all that is 
required is for the stator supply to be disconnected and braking resistors to 
be connected across the motor terminals, the rotor field still being 
maintained . 
To regenerate in a synchronous motor the frequency of the supply must 

be reduced gradually so that the motor, now acting as a generator, is 
continually in step, the loss in rotor kinetic energy being fed back to the 
supply. The motor can also be disconnected from the source and its 
generated output, which will be a.c. whose frequency changes with the 
motor speed, can be rectified and fed into a d.c. source. An induction 
motor will generate so long as the rotor speed exceeds that of the stator 
field, provided this is not d.c. The motor inertia is converted partly into 
heat in the rotor and is partly fed back to the supply. The larger the 
difference in rotor and stator field speeds, the smaller the ratio of 
generated output to input power, and the greater the heat loss in the rotor. 
Clearly, regeneration into an a.c. source for all types of a.c. motors 
requires a controlled-frequency source. 
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Regula tor 

14.3.5 A.C. generators 
The principal objective in generator control is regulation of its output 
voltage. Referring to the elementary machine of Figure 14.11, the voltage 
induced in coil a-b is directly proportional to the rate with which it cuts the 
stator flux, Le. to the relative speed between rotor and stator field and to 
stator field strength. In d.c. and synchronous generators, changing the 
rotor to stator field speed involves control of the mechanical drive, which is 
inconvenient. In a synchronous machine a change in speed also produces a 
change in output frequency, therefore field control is normally used, the 
power electronic drive system operating in d.c. line control or controlled 
rectification modes, depending on whether the supply to the controller is 
d.c. or a.c. 

Since the excitation field in an induction generator is rotating, the speed 
of this field can be controlled by the use of thyristor frequency changers, so 
as to vary the generated output. It must be remembered that, due to the 
complex nature of the transformer action involved, only part of the 
induced rotor current is supplied to the stator output, the rest being 
converted into rotor heat. There is an optimum relative speed at which the 
output is a maximum. Excitation control may be used to control the 
magnitude of the output, although it is normally kept proportional to 
frequency, to maintain constant flux. 

Synchronous generators, called alternators, are popularly used for 
power generation and these are treated here in further detail. Figure 14.56 

Rectifier 3@+zp 0 
- Rectifier 
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shows several arrangements for alternator excitation, in all cases the 
regulator converting the input supply, if it is a.c., into d.c., and regulating 
the amount of the field excitation so as to maintain the output voltage 
constant, at a predetermined value, irrespective of the load on the 
machine. Figure 14.56(a) illustrates the simplest arrangement, which is 
used for smaller machines, the input to the regulator being derived from 
the ax.  output of the generator itself, these lines therefore performing the 
dual role of power supply and sensing for feedback voltage control. The 
regulator is normally a half-controlled single-phase thyristor bridge 
although half-wave circuits, using a single thyristor and a free-wheeling 
diode across the field, may be used. For larger machines the arrangement 
of Figure 14.56(b) is preferred, the regulator now controlling the field of an 
auxiliary exciter, its armature being mounted on the rotor and supplying 
the generator field through a rotating rectifier bridge. Both the above 
systems can be operated from an external supply if it is available, Figure 
14.56(c) showing such a system for a large turbo-generator. The feedback 
line from the generator output is now required only for voltage-sensing 
purposes and carries no power. 

The action of a thyristor regulator, when used in an alternator excitation 
system, is very similar to usual phase-control systems employed in 
controlled rectification. The greater the delay angle (Y in the firing of the 
thyristors during a half cycle, the lower its d.c. output and therefore there 
is a fall in alternator voltage, and vice versa. There are several other 
considerations which modify the simple control loop shown in Figure 
14.56. For instance, it is often desirable to introduce a droop in the output 
voltage characteristic such that the terminal voltage falls with load, to 
enable better load sharing between parallel-connected machines. Similar- 
ly, alternators must be designed so as to give a large output current under 
fault conditions, which is necessary to operate various circuit trip systems. 
With a separately excited system this occurs naturally, as in Figure 14.57(a) 
where the short-circuit current is only limited by the alternator reactance. 
For self-excitation a fall in terminal voltage results in a reduction of the 
excitation current and a further fall in the generator output. The 
characteristic therefore folds back as in Figure 14.57(b) and sufficient 
current is not available to operate trip circuits. This can be overcome by 
feeding the alternator field in parallel with the regulator output, with 
current derived from the alternator lines through a current transformer. 
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Figure 14.57 Generator characteristics up to short-circuit conditions: (a) separate excitation; 
(b) self-excitation; (c) self-excitation with current boost 
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An overload condition will now feed back field excitation and will be 
self-sustaining, the characteristics of the alternator being modified as 
shown in Figure 14.57(c). The similarity of Figure 14.57 to Figure 14.2 
should be noted. 

Another problem encountered with self-excited machines, which does 
not occur with separate excitation, is that of starting. When the alternator 
first runs up to speed, its output voltage is very low, being caused primarily 
by residual field flux, and it will be too small to operate the thyristor gate 
drive system, so that the thyristors will be held off and the machine will not 
be excited. To overcome this it is usual to apply continuous gate drive to 
the thyristors during the period that the alternator output is below a certain 
critical value. The easiest way of doing this is by a small normally closed 
relay connected between the anode and gate of the thyristors. 
Alternatively, a static control system may be used, one type being shown in 
Figure 14.58. When the a.c. line voltage from the alternator output is low, 

A.C. line 

k 

I I  
To thyristor 
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Figure 1458 Static start-up circuit for an alternator excitation system 

the voltage induced in L3 is small so that TH1 is held off. This means that 
current flows via D1, the top of L1, L4 and the bottom of b. Current in L4 
induces a voltage in L5 which fires the regulator thyristors at the start of the 
phase-control cycle, supplying field current. Above a certain line voltage 
the induced voltage in L3 is sufficiently large to overcome the zener voltage 
of D4 and fire TH1. The currents in L1 and b are now balanced so that no 
voltage is induced in L5. The gate pulse from the start-up circuit is 
therefore no longer applied to the regulator thyristors which now operate 
under normal phase control. 
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Electronic excitation circuits are small, robust and have fast response 
due to the low system lag. If there is a fall in the output voltage of an 
alternator, say due to the loss across the machine sub-transient reactance 
when an induction motor is switched on, it is necessary to increase the field 
current rapidly and therefore raise the output voltage again. This calls for a 
field current above the normal excitation level. Power electronic control 
circuits are well suited to provide this field-forcing action and the ratio of 
maximum to full-load excitation field voltage, called the forcing margin, is 
usually three. 

14.4 Heating and lighting 

Heating and lighting applications are frequently considered together since 
they both involve predominantly resistive loads. Several power electronic 
circuits can be used, Figure 8.1 already having introduced three variants of 
single-phase thyristor controllers, with waveforms for phase angle control. 
If the a.c. input supply has an r.m.s. value of V,, and a peak of vpk then 
the power PL supplied to the load for a delay angle of a is given by equation 
(14.12). 

V2 
= 2 (n +  sin 2a - a) (14.12) 

Phase angle control results in a lagging power factor and harmonic 
generation, so for high current loads its use is usually not allowed by supply 
authorities. If the thermal time constant of the load is relatively high 
compared to the input a.c. period, then integral half cycle control can be 
used to vary the power to the load, as illustrated in Figure 8.18, although 
this technique cannot be used with incandescent lamps due their low 
inertia. In this method, if the control switch is on for n half cycles in a total 
period of m half cycles, then the power supplied to the load is given by 
equation (14.13). 

p L = - . -  v:k n 
2R m (14.13) 

Figure 14.59(a) shows a simple circuit which can be used for phase angle 
control of a heating load. The capacitor begins to charge through the 
variable resistor once the input supply passes through its zero voltage point 
during each half cycle, and when this voltage exceeds the breakover 
voltage of diac D1 it conducts and triggers triac TH1. The delay is 
controlled by the charging of C and therefore by the value of resistor R. 

An alternative circuit for a resistive single-phase load is shown in Figure 
14.59(b) where a single thyristor is used within a bridge rectifier. The 
capacitor charges through resistor R as before, but since the voltage across 
it is d.c. only a silicon unilateral switch D1 is required, the thyristor turning 
on when this breaks over. The range of control obtained with both the circuits 
given in Figure 14.59 is limited, since the supply voltage has to rise to a 
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1 I 
(b) Load 

Figure 14.59 Simple phase-control circuits for resistive loads: (a) triac arrangement; 
(b) single-thyristor and diode bridge arrangement 

sufficiently high value before the trigger diodes break over. Zener diodes can 
be used in place of the trigger devices but then the magnitude of the trigger 
pulse is reduced, once the diodes start conducting, and the range of control 
is also less. Power loss in the controlling potentiometers of both these circuits 
is low, since once the power device turns on the voltage across the 
potentiometer falls to a very low value, the loss being minimum at full load, 
the delay angle being small. 
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Three-phase resistive loads can be controlled by using three-phase 
bridge circuits, fully controlled and half-controlled systems being shown in 
Figure 8.6. The power into the load will vary with the firing angle delay, 
and as this delay changes the number of phases to which power is 
simultaneously supplied also varies between two and three. For a 
star-connected load and a fully controlled bridge, the power is given by 
equations (14.14) to (14.16) for various delay angles, vpk being the peak 
line voltage, as before. 

for 0 < a < 60" 

4 1 PL - sin 2or + - cos 2a 

for 60" < a < 90" 

1 1 
4 + -sin2a - a 

(14.14) 

(14.15) 

(14.16) 

for 90" < a < 150" 

Similar equations can be derived for a half-controlled bridge, controlling 
a star-connected load, and these are given by equations (14.17) to (14.19), 
the delay angles at which the various equations applying now being 
different. 

for 0 < a < 90" 

for 90" < a < 120" 

(14.17) 

(14.18) 

(14.19) 

for 120" < a < 210" 

Induction heaters are usually operated at a high frequency, in the region 
of l-lOkHz, and they present a predominantly inductive load. They are 
usually driven from d.c. link inverters, of the type described in Chapter 13. 
Because of their high inductance a capacitor can be chosen which, when 
connected in series with the heater load, will cause resonance at the 
inverter frequency, as shown in Figure 13.18. Not only does this ensure 
that the inverter thyristors are commutated by series capacitor techniques, 
but a sine wave is also applied to the load. 
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Operating the induction heater from a d.c. link inverter requires that the 
a.c. input supply is first rectified and smoothed, to give the d.c. link 
voltage. Alternatively, cycloinverter arrangements can be used to provide 
the high-frequency output without the need for a d.c. link, as described in 
Section 10.6 and shown in Figure 10.20, a centre-tapped heating coil being 
used. Generally, d.c. link inverters provide a more efficient and cheaper 
drive system and are more frequently used than cycloinverters. 

14.5 Automobile control 

Electronics is widely used to perform a variety of functions within a modem 
automobile, a few of these being shown in Figure 14.60 (Chowanietz, 1995; 
Sax, 1995). Although these functions were initially only available in the 
more expensive luxury cars, they are now migrating down to smaller and 
lower cost models, thanks largely to the use of technology such as smart 
power. 

One of the areas where automobile electronics has helped to reduce cost, 
weight and space is in the wiring harness. Whereas traditionally wiring 
harnesses run individual cables between each element being controlled and 
its control switches, a modern multiplex wiring system uses very few 
wires. 

k r  blowers 
Window Im 

Central locking 

Digital gauges 
Digital clock 

Alarms 
Fuel consumption 

Ignition 
Voltage regulation 
Emission control 

Diagnostics 
Multiex wiring 

1 powE2ering 1 
Air bags 

Figure 14.60 Some areas using electronics within an automobile 
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Window 
Iifl motor 
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motor 

Hazard 
l i M S  

Automobile bus 

Figure 14.61 An automobile multiple wiring system 

There are several standards in use, one of which uses only three wires, one 
for the battery, one for ground and one for the control signal. Figure 14.61 
illustrates the principle involved. Each element being controlled, such as the 
window lift motor, the door lock motor or the hazard lights, is controlled by 
its own local smart power controller. This includes its own decoder and logic 
circuitry, and it connects on to a common bus which runs through the car. The 
decoder and logic can recognise their own unique address and pick up 
commands addressed to them as these travel dong the common bus. By 
using schemes such as this, the complexity of wiring has been reduced by a 
factor of ten to one. 

The introduction of strict emission standards has resulted in the 
widespread use of electronic ignition systems, as illustrated in Figure 14.62. 
The system delivers a high energy discharge to the spark plugs at the correct 
instance in the piston cycle, so as to ignite the petrol-air mixture, giving 
maximum power whilst minimising emissions. The spark, which is of the 
order of 20kV, is obtained by first storing energy in the primary of the 
ignition coil TI, using a controlled current, and then interrupting this current 
so as to transfer a high voltage spark to the secondary. Complex control 
circuitry is used in order to optimise the ignition timing for all conditions of 
engine speed, operating temperature, etc. 



Automobile control 4 13 

I 

Engine 
S P d  

Engine 
load 

Maniford 
pressure 

Engine 
temperature 

CI c 

Ambient 
temperature 

Distributor 
sensor 

---.I 

I 

I I T1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 

I 

I 
_ - _ _ _ _ _ _ _ - _ - I  

Figure 14.62 An electronic ignition system 

Protection circuitry is usually incorporated into the system. For example if 
the spark plug is disconnected for any reason then the energy stored in the 
ignition coil is transferred back to the power drive circuit, and could damage 
it unless these are protected. 

Some other areas in which electronics are used within automobiles are 
antilocking braking systems (ABS) and electrical power assisted steering 
(EPAS). In a braking system when the brakes are applied the wheels slow to 
a speed slightly below that of the vehicle, so that some slip occurs between 
the tyres and ground, resulting in friction. The ratio between the difference 
in wheel and vehicle speed, relative to the vehicle speed, is the friction 
coefficient for the interface between the tyre and road, and this should be 
maintained at about 0.15 and 0.30. Smaller ratios, caused as a result of heavy 
braking, could result in the wheels locking and the vehicle going out of 
control. 

An ABS system continuously monitors the speed of each wheel and, when 
in the braking mode, it calculates the rate of deceleration. If this exceeds the 
limit which would result in the wheels locking it takes control and either 
maintains the rate of braking or reduces it. When safe to do so control is 
returned to the driver, but the wheel deceleration is still monitored and 
control can again be assumed, if needed. 

EPAS is fitted to automobiles in order to provide easier steering action so 
reduce driver fatigue. It is therefore a driver convenience and a safety 
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Figure 14.63 An electrically power assisted steering system 

feature. Traditionally power assisted steering systems used hydraulic servo 
systems, which can be quite large and unsuitable for use in smaller vehicles. 
Electrical power assisted steering, on the other hand, uses an electric motor, 
rather than a hydraulic ram, to turn the wheels, so it can be made to fit into 
a relatively small area. Figure 14.63 shows the principle behind an EPAS 
system. The torque sensor measures the force applied by the driver on the 
steering wheel, and feeds this into the central control system. The speed of 
the vehicle on the road is also sensed and fed into the same control system, 
which then calculates the level of drive, and its direction, which need to be 
applied to the drive motor. 

It is important to note that this is a power assisted steering system and that 
the mechanical link between the steering wheel and the wheels still exists. So 
if the EPAS system were to fail the driver still has control of the vehicle, 
which is a safety requirement. 

14.6 Electrochemical 

There are many electrochemical applications for power semiconductors 
although only electroplating, electrolysis and electrochemical forming are 
considered here. In electroplating a layer of metal is deposited from a 
metal anode onto the target, both of these being immersed in a bath of a 
suitable electrolyte. The current densities required for the process are low, 
the amount of metal deposited being directly proportional to the 
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magnitude of this current and the time for which it flows. The supply must 
be d.c. although ripples in the current are acceptable, so a three-phase 
rectified source can be used. Generally, the magnitude of the voltage is 
also low, varying from 5 V to 100 V, and this is usually provided by the use 
of a thyristor bridge. 

Electrolysis consists of extracting metals such as aluminium from a 
solution. Usually a low d.c. voltage is required, in the region of 5 V, but as 
the process proceeds this needs to rise to about 50V. Several such 
electrolysis baths can be connected in series, so that the overall voltage 
requirements can reach in the order of 1 kV. High currents are necessary, 
often between 50 kA and 100 kA, and these are obtained by three-phase 
12-pulse or 24-pulse rectifier systems, using parallel-connected thyristors. 
Current feedback is used to control the voltage and current supplied to the 
load, by adjusting the power thyristor conduction periods. 

Some electrolysis processes require periodic reversal of the current flow, 
for a few seconds every few minutes, to prevent film formation at the 
electrodes, and this can be done by a reversing bridge arrangement. 

Electrochemical forming is the reverse process to electroplating, where 
material is selectively removed from areas of the target. Low voltages are 
again required, in the region of 1OV to 30V, and the current drawn by the 
load is high, in the region of several kilo-amperes. Therefore the drive 
circuits for these loads are similar to the d.c. power supplies used for 
electrolysis. 
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Appendix 1 

List of symbols 

a 
A 
AI 

c 
C 
c d  
Cin 
Cth 

d 
D 
Dn 

3 
dildt 
dvldt 

f 
fmax 
f r  
fs 
FC 

hFE 

Hf 
Hs 
H" 

H 

cross-sectional area 
amperes 
absorption loss 

lux density 
multiple-reflection loss factor 

specific heat 
capacitance 
depletion capacitance 
input capacitance 
thermal capacity 

thickness or depth 
diameter 
electron diffusion constant 
hole diffusion constant 
incremental temperature difference 
rate of change of current 
rate of change of voltage 

electric field or motor back e.m.f. 
shielded electric field 
unshielded electric field 
stored energy 

frequency 
maximum frequency 
ripple frequency 
supply frequency 
commutation factor 

transistor common emitter gain 
magnetic field 
harmonic factor 
shielded magnetic field 
unshielded magnetic field 

417 
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current 
motor armature current 
transistor base current 
transistor reverse base current 
transistor collector current 
peak collector current 
collector base current with no emitter current 
collector emitter current with no base bias 
transistor leakage current 
drain current of FET 
average diode current 
r.m.s. diode current 
forward-blocking current 
forward-blocking transient current 
motor field current 
forward current 
gate current 
gate non-trigger current 
gate turn-off current gain 
gate trigger current 
holding current 
leakage current 
leakage current (diffusion of minority carriers) 
leakage current (charge generation) 
load current or latching current 
mean load current 
minimum load current 
peak load current 
r.m.s. load current 
magnetising current 
peak point current of UJT 
peak line current 
r.m.s. line current 
reverse current 
reverse-blocking current 
reverse-blocking transient current 
supply current 
mean supply current 
minimum supply current 
peak supply current 
conducting average current 
conducting r.m.s. current 
average thyristor current 
peak thyristor current 
r.m.s. thyristor current 
maximum forward-conducting current 
surge current 
valley point current of UJT 
zener current 
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k 
K 
Kf 
K" 
Kt 

1 
L 

m 

P 
P 

4 
QM 

constant 
constant 
flux constant 
speed constant 
torque constant 

length 
inductance 
critical inductance 
effective inductance 
primary inductance 
secondary inductance 

mass 

intrinsic electron concentration 
concentration of minority carriers in n region 
concentration of minority carriers in p region 
number of cycles or machine speed 

number of pulses per cycle 
power 
power (heat) loss due to conduction 
power (heat) loss due to forced cooling, laminar 
power (heat) loss due to forced cooling, turbuler 
power (heat) loss due to natural convection 
power (heat) loss due to radiation 
power loss per commutation 
average gate power 
peak gate power 
average reverse gate power 
peak reverse gate power 

charge on an electron 
maximum heat transport 

emitter-base 1 resistance 
emitter-base 2 resistance 
interbase resistance 
drain-source on resistance 
resistance 
motor armature resistance 
bulk resistance 
channel resistance 
external resistance 
motor field resistance 
reflection loss 
peak resistor value 
thermal resistance 
collector emitter resistance of a transistor 
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shielding effectiveness (electrical) 
shielding effectiveness (magnetic) 
thermal resistance 
thermal resistance case to sink 
thermal resistance junction to ambient 
thermal resistance junction to case 

shielding effectiveness or motor slip 
slip at maximum motor torque 

time 
switch closed time 
delay time 
fall time 
gate recovery time 
reactor negative saturation time 
switch-open time 
reactor positive saturation time 
reverse bias time 
rise time 
forward turn-on time 
reverse recovery time 
storage time 
total turn-off time 
total turn-on time 
temperature, or periodic time, or motor torque 
case temperature 
operating junction temperature 
maximum motor torque 
storage temperature 
ambient temperature 

air velocity 
carrier velocity 
voltage 
average or d.c. voltage 
average or d.c. voltage with a phase delay 
capacitor voltage 
field plate voltage 
forbidden energy layer potential 
voltage across junction 
nth harmonic voltage 
peak point voltage of a UJT 
peak voltage 
r.m.s. voltage 
r.m.s. voltage of the nth harmonic 
total r.m.s. voltage 
valley point voltage of a UJT 
junction breakover voltage, or battery voltage 
base-emitter saturation voltage 
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V(BO) 

VCE(sat) 
VGD 

VDRM 

VDSM 

VGQM 

vDS 

vDS(P) 

vGS 

breakover voltage 
gate non-trigger voltage 
collector-emitter saturation voltage 
repetitive forward blocking voltage 
gate-drain voltage of a FET 
non-repetitive peak on-state voltage 
pinch-off drain-source voltage 
gate turn-off voltage 
gate-source voltage of a FET 
load voltage 
r.m.s. load voltage 
transformer primary voltage 
repetitive peak reverse voltage 
non-repetitive peak reverse voltage 
supply voltage 
threshold voltage 
average forward voltage drop 
forward voltage drop 
zener voltage 

width 
width of depletion layer at breakdown 
width of channel 
width of depletion layer 
width of n region 
width of p region 
width of i region 

reactance 

impedance 
conductor impedance 
capacitor impedance 
dynamic impedance 
inductor impedance 
impedance of electromagnetic wave 
transfer impedance 
transient thermal impedance 
transient thermal impedance junction to case 
transient thermal impedance junction to ambient 

common base gain, or delay angle 
average ionisation coefficient 
ionisation coefficient for electrons 
minimum delay angle 
delay angle (negative group) 
ionisation coefficient for holes, or delay angle (positive group) 

gain 
gate turn-off gain 



422 List of symbols 

A skin depth of conductor 

E emissivity 

rl 

0 angle 

A wavelength 

P 

Y conductivity 

t filter attenuation factor 

=s space charge generation lifetime 

4) 
0 angular frequency (hj) 

efficiency, or intrinsic stand-off ratio of a UJT 

permeability, or waveform overlap angle 

power factor angle, or flux 
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Glossary of terms 

hti-pudlel: The connection of two unidirectional power devices in 
parallel, such that they conduct in opposite half cycles. This is also known 
as an inverse parallel or a back-to-back connection. 
ABS: Antilocking braking system. Electronic control system used on cars to 
prevent skidding and loss of control on braking. 
ASCR: Asymmetrical silicon controlled rectifier. A thyristor in which its 
forward voltage rating is greater than its reverse voltage rating. 
Av.IPncbc breakdown: The conduction mechanism within a semiconductor 
when minority camers attain sufficient energy to cause a chain reaction, 
resulting in very rapid build-up of current. 

BGA: Ball grid array. An integrated circuit package using solder balls 
instead of leads for connection onto the board or substrate. 

Bi-nal device: A power semiconductor capable of conducting in 
both directions. 
Blocking voltage: A measure of the voltage which a power semiconductor 
can withstand, in the forward or reverse direction, without breaking down. 
Breakdown voltage: The voltage at which a power semiconductor loses its 
voltage-blocking capability. 
Bridge converter: An arrangement of power rectification devices which 
provides a d.c. output from an a.c. input, without requiring a 
centre-tapped load. (See also @-pull converter.) 
Borst firing: See Integral cyde control. 
Bypass: A component or a circuit used to carry the load current, so 
bypassing the main switching power device. 
Chopper: A term commonly used for a circuit which regulates the amount 
of power flowing from a d.c. source to a d.c. load. 
Commutation angle: The angle of overlap between phases of the a.c. 
supply, caused by the reactance in the supply, when conduction is changing 
over between the phases. This is also known as the overlap angle. 
Commutation diode: See Free-wheeling diode. 

423 
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Commutation process: The process of transferring current from one 
element to another, for example from one coil to another in a d.c. 
machine. Usually refers to the process used to turn off a power 
semiconductor by transferring the load current to a commutation diode. 
Controlled rectification: The process of regulating the amount of power 
which flows from an a.c. supply to a d.c. load, this usually being achieved 
by bridge or push-pull connected converters. 

Crowbar circuit: A circuit used to protect the load from overvoltages 
resulting from a d.c. supply by shorting the output of the supply when 
overvoltages are detected. 

CU JT Complementary unijunction transistor. Trigger device used to control 
power semiconductors. 

Current-fed inverter: A d.c. to a.c. converter which uses a high-valued 
reactor in the supply line, such that the current from the d.c. supply is 
substantially constant. 
Cycloconverter: A frequency changer which converts a.c. at one frequency 
to a second, lower, frequency, without first going through a rectification 
stage. This is also referred to as a direct a.c. frequency converter. 
Cycloinverter: A frequency changer which converts a.c. at one frequency 
to a second, higher, frequency, without first going through a rectification 
stage. 
D.C. link frequency changer: See Inverter. 
DCA: Direct chip attach. Process for connecting a semiconductor dice onto 
the substrate without first packaging it. Used in hybrid circuits and multichip 
modules. 
Delay angle: The delay between the start in conduction of a power 
semiconductor and the instance when the supply voltage across it begins to 
go positive. This is also referred to a phase-control angle or firing angle. 
Depletion layer: The layer between a p-type and n-type region in a 
semiconductor which has very few free charge carriers. 
Wdf: The rate of change of current through a power semiconductor which, 
if it exceeds a certain maximum value, could destroy the device. 
Doping: The process of adding impurities to a semiconductor to produce a 
p-type or n-type material. 
dv/dt: The rate of rise of voltage across a power semiconductor which, if 
exceeded, could cause it to turn-on. 
EMC: Electromagnetic compatibility. Used to refer to the process of 
controlling the effects of radio frequency interference. 
EPAS: Electrical power assisted steering. Control system used on cars to 
reduce the effort needed in steering. 
ESD: Electrostatic discharge. The discharge of static electricity, which often 
destroys semiconductors. 
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Feedback: The process of sampling the load voltage or current and feeding 
this back to the control device to enable exact regulation. Also the process 
of feeding back energy from the load to the supply. 

FET: Field effect transistor. Terminology applied to unipolar transistors. See 
also JFET and MOSFET. 
Firing angle: See Delay angle. 
Firing circuit: The circuit which provides current and voltage to turn on a 
power semiconductor, usually a thyristor or a triac. This is also called a 
gating circuit or trigger circuit. 

Flip chip: Semiconductor chip which has bumps on its surface so that it can 
be put face down and connected onto the substrate tracks or package 
leads. 
Forced commutation: The use of external circuitry, such as a charged 
capacitor, to turn off a power semiconductor switch. This is primarily used 
in thyristor choppers and inverters. (See also Natural commutation.) 
Free-wheeling diode: The diode which is placed across the load to carry the 
load current, when the power semiconductor switch turns off. This is also 
referred to as a commutation diode since it assists in commutation, or 
turn-off, of the power switch. 
Full wave: An a.c. to d.c. converter in which the a.c. input current flows in 
both directions. 
Fully controlled: An a x .  to d.c. converter in which the power can flow in 
either direction, this usually being achieved by the use of controllable 
devices, such as thyristors, in all the converter arms. 
Gating circuit: See Firing circuit. 
GTO: Gate turn off switch. A four layer semiconductor which can be turned 
on and off by a gate signal. 

Hdfeoatrdled: An a.c. to d.c. converter in which the power can only flow 
from the a.c. supply to the d.c. load. This is usually caused by converters in 
which only half the components are controllable (thyristors), or where a 
free-wheeling diode is placed across the load. 
Half wave: An a.c. to d.c. converter in which the current in the a.c. line 
flows in one direction only. 
Holding current: The value of the current flowing through a semiconductor 
switch below which it will return to its off state. 

IGBT: Insulated gate bipolar transistor. A hybrid power semiconductor 
device which combines the low saturation voltage of a bipolar transistor with 
the low input current requirements of a unipolar transistor. 
Integral cycle control: A method for regulating the a.c. power to the load 
by controlling the number of whole or half cycles of the supply. This is also 
known as burst firing, and uses zero crossing control techniques. 
Inverse parallel: See Anti-parallel. 
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Inverter: A converter which changes d.c. input to a.c. output. The d.c. 
may be derived from a battery, in which case forced commutation 
components are required for the power switches if they are thyristors, or it 
may be the d.c. energy from the load being fed back into an a.c. supply, as 
when a.c. to d.c. converters are operating in an inversion mode. The 
operating mode is now natural commutation. 
ISM: Industrial, scientific and medical. Usually refers to a type of instrument 
or an industrial application. 
JFER Junction field effect transistor. A form of unipolar transistor capable 
of operation in depletion mode only. 
KGD: Known good die. A bare silicon die having the same level of quality 
and reliability as a packaged device. 
LASCR: Light activated silicon controlled rectifier. A thyristor which is 
triggered by light instead of a gate current. 
Latching current: The value of current needed to ensure that a thyristor 
remains on once its gate drive has been removed. 
Leakage current: The current which flows through a power semiconductor 
when it is in the off state. This can flow either in the forward or reverse 
direction, depending on the polarity of the voltage across the device. 
Line commutation: See Natural commutation. 
Mark-to-space control: Control of the amount of power delivered from a 
d.c. source to a d.c. load by varying the ratio of the power switch open to 
closed time in any cycle. 
MCM: Multichip module. Assembly of several semiconductor chips 
packaged as one unit. 
MOSFER Metal oxide semiconductor field effect transistor. A form of 
unipolar transistor capable of operation in enhancement or depletion 
mode. 
Natural commutation: The use of the energy available from the a.c. supply 
to turn off the power semiconductors, usually in an a.c. to d.c. thyristor 
converter operating in an inversion mode, or in a cycloconverter. This is 
also known as line commutation. 
Overlap angle: See Commutation angle. 
Peak inverse voltage: The maximum value of the reverse voltage which can 
be applied across a power semiconductor. 
Phrrse control: A method for controlling the amount of power delivered to 
the load by varying the delay angle. (See Way =$e.) 

PLCC: Plastic leaded chip carrier. A surface mount integrated circuit 
package. 
Pulse number: The ratio of the number of output cycles to the input supply 
frequency for an a.c. to d.c. converter. 
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pnlse-width modnlption: A method for varying the mark-to-space ratio of 
the output voltage waveform during a cycle so as to minimise the 
magnitude of the harmonics in the output. 

Push-pull converter: An arrangement for a power converter which uses a 
centre-tapped load. (See also Bridge converter.) 

PUR Programmable unijunction transistor. Unijunction transistor whose 
trigger point can be controlled by external components. 

Regenerative gate: A thyristor structure which enables it to handle high 
rates of current rise. 
Reverse recovery time: The time needed for a forward-conducting device to 
regain its blocking capability after it has been reverse biased. During this 
period its impedance is low and it can pass a large amount of reverse 
recovery current. 

RF'I: Radio frequency interference. The unwanted interference caused by 
equipment which radiates electromagnetic waves. 

Ripple current: The a.c. component of current present on a d.c. supply, 
which has not been removed by filtering. 
Safe operating area: The current and voltage area of a power transistor 
characteristic in which it must remain if it is to avoid thermal runaway. (See 
Thermal runaway.) 

SCR: Silicon controlled rectifier. Original term used for a thyristor. 
Shorted emitter: A thyristor construction technique which enables it to 
withstand rapid rate of rise of voltage across it. 
SMR Surface mount technology. Usually refers to components which are 
soldered onto a board without the use of leads which go through the 
board. 
Snubber circuit: A resistor-capacitor circuit connected so as to prevent the 
voltage from rising too rapidly across the power semiconductor. 
SOA: Safe operating area. The area, defined by current and voltage, in which 
a power semiconductor can operate. 

SOIC: Small outline integrated circuit. A style of surface mount integrated 
circuit package. 
Staggered phase carrier cancellation: A method of voltage control for an 
inverter in which the a.c. harmonics in the output are reduced. 
Surge suppressor: A device which limits the value of the maximum voltage 
across a power semiconductor. 

SUS: Silicon unilateral switch. Power semiconductor control device. 
TAB: Tape automated bonding. Use of a flexible carrier tape to connect the 
silicon chip to the package or substrate. 
Thermal resistance: A measure of the increase in temperature of the 
semiconductor junction as the power dissipation within it increases. 
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Thermal runaway: A mechanism within a semiconductor in which the 
power increase results in a build-up of temperature which further increases 
the power, so that the device is rapidly destroyed. 
Trigger circuit: See Firing circuit. 
UJT: Unijunction transistor. Trigger device used to control power 
semiconductors. 
Voltage multiplier: A circuit which produces an output voltage which has a 
magnitude several times that of the input. 
Waveform synthesis: A method for controlling the output voltage from an 
inverter, to approximate it to a sine wave and so reduce the amount of 
harmonics. 
Zero crossing control: A technique for detecting the occurrence of the zero 
voltage points in the input a.c. voltage and of turning on the power 
switches at these instances, so as to minimise the peak voltage at which the 
devices switch and therefore reduce the generated radio frequency 
interference. 
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ABS, 413 
A.C. chopper, 157, 168 
A.C. commutator machine, 368 
A.C. commutator motor, 394 
A.C. contactors, 148 
A.C. exciter, 402 
A.C. gain, 26 
A.C. generator, 405 
A.C. line control, 137, 157, 355 
A.C. motor, 391 

braking, 404 
control, 395 
starting, 394 

Absolute temperature, 14 
Absorption, 106 

coil, 185 
loss, 106 

Acceptor, 12 
Active layer, 5 1 
After-saturation inductance, 253 
Air burst, 102 
Air cooled, 69 
Air-cored inductor, 133 
Aircraft supply, 361 
Alloyed junction, 54 
Alternator, 405 

excitation, 406 
Amplification mode, 387 
Amplifier stage, 175 
Amplifying gate, 47 
Anechoic chamber, I 1  7 
Antenna, 117 
Anti-parallel, 137, 423 
Arcing, 99 

time, 129 
voltage. 132 

Armature, 368 

ASCR. 49.423 
Aymmetrical 

resistance, 370 

cycloconverter, 230 
peak current, 132 
thyristor, 49 

Asynchronous envelope cycloconverter, 233 
Atmospheric noise, 100 
Atom, 12 
Attenuation factor, 359 
Auto-transformer, 85. 123, 185. 244 

coupling, 259 
voltage boosting, 273 

control, 41 I 
wiring harness, 411 
electronic ignition, 4 12 
antilocking braking system, 413 

commutation circuit, 244, 247 
exciter, 406 
supply, 291 
thyristor, 17. 282. 309 
transformer, 307 

breakdown, 16, 43.423 
conduction, 18 
diode, 126 
effect, 54 

Automobile 

Auxiliary 

Avalanche 

Average gate power, 63 

Back e.m.f., 369 
Back-to-back. 149 
Backswing, 86 
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Bandwidth, 100 
Band gap, 82 
Band stop filter, 171 
Beam scanner, 11 
Bell jar, 11 
Bidirectional 

converter, 179 
device, 80, 423 
operation, 125 
switching, 324 

Bias, 14 
Bipolar transistor, 23 
Black body radiator, 67 
Bleederload, 187 
Blocking 

mode, 121 
oscillator, 291 
voltage, 43,423 

Boltzmann's constant, 14 
Bond fracture, 61 
Bonding wires, 24 
Boundary reflections, 108 
Braking, 375,404 
Breakdown voltage, 15.24. 36 
Bridge 

circuit, 123 
converter, 178, 423 
cycloconverter, 229 
efficiency, 183 
inverter. 284, 288, 297, 349 
rectifier, 21, 371 
voltage doubler, 219 

Broadband, 100 
Brush clatter, 390 
Brushes, 365 
Brushless synchronous motor, 402 
BSI, 113 
Bulk semiconductor, 35 
Burst firing, 173.423 
Bum out, 43 
Bypass, 423 

capacitive coupling, 128 
Capacitor input filter, 359 
capacitor reset path, 268 
capillary action, 72 
Carrier. 25 

lifetime, 27, 46 
wave, 323 

Centre-tapped 
load, 284 
supply, 299 

Characteristic impedance, 108 

Charge carriers, I2 
Charge decay, 27 
Chemical vapour deposition, 12 
Choke input filter, 359 
Chopper, 21, 141, 261, 423 

arrangements, 263 
circuit design, 275 
control, 171 
control circuit, 282 
commutation methods, 264 
enhancements, 267 
equivalent circuit, 275 
higher-frequency operation, 267 
peak current, 277 
regulation, 356 
regulator, 159, 168 
ripple current, 279 
shunt motor control, 373 
voltage control, 274 

Circuit breaker, 133 
Circulating current, 2 4  

suppression, 237 
CISPR. 114 
Clamping action, 260 
Clearance time, 132 
Closed-loop control, 373 
closed-wiring four-segment motor, 389 
Cochft-Walton circuit, 220 
Coherent frequency, 100 
Common 

base, 24 
collector, 24 
earth return. 103 
emitter, 24 
mode, 100,105 
terminal voltage doubler, 2 19 

Commutating rectifier. 23 
Commutation, 46. 100. 125 

angle, 423 
capacitor, 245 
choke, 270 
circuits, 295 
cycle, 246. 256 
diode, 423 
efficiency, 247 
factor, 342 
failure, 202,255 
forced, 227, 425 
interval, 265 
loss, 247, 343 
loss reduction, 267, 269, 307 
process, 424 
voltage boosting, 267, 27 I 

Commutator, 99. 365 
Complementary UJT. 78 
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Complex thermal circuit, 63 
Compression bonding, 59 
Compton current, 102 
Conducted 

EMI. 112 
RFI, 114 

Conduction, 66 
cycle, 61 
loss, 61 
mode, 79 

Constant current operation, 358 
Contact impedance, 110 
Contactor 

full-wave, 148 
single-phase, 152 
static, 147, 149 

a.c. motor, 395 
d.c. motor, 370 
circuit. 152, 164, 217 
circuit, chopper, 282 
circuit, cycloconverter, 240 
circuit, inverter, 350 
components, 74 
layer, 47 
requirements, 74 

Controlled 
inversion, 139, 178 
plugging, 376 
rectification, 139.178.424 

Control 

Convection, 67 
Converter 

negative group, 223 
positive group, 223 

Corona, 85 
Cosine law, 237 
Cosmic noise, 101 
Coupid-pulse commutation, 244, 
Covalent bonds, 12 
Crest working voltage, 217 
Critical inductance, 200 
Cross-over point, 174 
crosstalk, 119 
Crowbar, 133 

Crystal 
circuit, 126, 357. 424 

lattice, 7 
preparation, 5 
structure, 14 

CUIT. 78,424 
Current-fed inverter, 345, 424 
Current-sharing reactors, 57 
Current 

boost, 406 
distortion factor, 2 10 

feedback, 283, 351 
limit, 282, 350 
overload, 121 
rating, 149 
transfer, 207 
transfer ratio, 82 
transformer, 406 

Cycle syncopation, 173 
Cycloconvelter, 140, 221, 362. 374,424 

circuits, 226 
circulating current, 235, 240 
control circuits, 240 
principles, 222 
single-phase, 223 

Cycloinverter, 238, 411, 424 
Czochralski growth, 6 

D.C. contactor, 150 
D.C. gain, 26 
D.C. generator, 367,405 
D.C. line control, 141 
D.C. link frequency converter, 140, 145.22 

D.C. machine, 365 
D.C. motor, 368 

braking, 375 
control, 370 
reversible dnve, 374 

D.C. to d.c. converter, 261 
circuits, 263 

D.C. voltage ratio, 210 
Darlington, 40 
Data sheets, 18 
De-ionised, 71 
Decoupling. 105 

DEF, 113 
Delay angle, 180, 424 
Delay time, 20, 46 
Depletion 

284 

258, 301 component, 293 

barrier, 14 
capacitance. 27 
layer, 14, 43, 424 
mode, 33 
region, 13 

Detector saturation, 83 
Device characteristics, 4 
difdt, 43, 123. 163. 243, 424 
Diac, 80 
Dielectric 

characteristics, 106 
failure, 85 
strength, 85 



432 Index 

Differential 
amplifier, 105 
mode, 100, 105 
signal, 105 

Diffusion, 5, 9 
constant, 14 

Diode 
curve, I8 
free-wheeling, 21, 425 
pump, 217 
rotating field, 402 
starting, 294 

Dipole current, 102 
Direct a s .  frequency converter, 140, 

Direct flux, 392 
Discontinuous current, 123.178, 166 
Displacement factor, 210, 238 
Distortion factor, 238 
DMOS, 37, 380 
Domestic applications, 80 
Donor, 12 
Dopant, I 1  
Doping, 9, 424 
Double bevel, 15 
Double-bridge controller, 363 
Double-diffused, 21. 37 
Double-star transformer, 228 
Drain voltage, 33 
Drifting breakdown, 16 
Drive circuitry, 46 
Droop, 86,406 
Dual-in-line, 86, 93 
Duty cycle, 30 
dvldt, 44, 126, 163, 243. 424 
Dwell period, 337 
Dynamic 

22 1 

braking, 367, 404 
characteristics, 20 
impedance, 55 
operation, 56 

Earthing strategy, 103 
Eddy current clutch, 401 
Edge bevelling, 15 
Effective 

inductance, 257 
loss resistance, 343 
power factor, 340 

braking, 263 
machine, elements, 364 
machine control, 363 

Electrical 

Electrochemical, 414 
forming, 414 

Electrolysis, 414 
Electrolyte, 414 
Electromagnet. 367, 401 
Electromagnetic 

compatibility, 99 
interference, 99 
shielding, 85, 105 
waves, 99 

Electromechanical contactors. 128, 374 
Electron 

bonds, 13 
diffusion constant, 15 

commutator, advantages, 384 
commutator d.c. motor, 381 
ignition, 412 
switch, 387 

Electrons, 12, 13 
Electroplating, 414 
Electrostatic shielding. 85 
EMC 

Electronic 

measurement, 117 
standards, 113 

generation, 101 
shield design, 110 
shielding concepts, 106 
shielding techniques, 105 
soutces. 100 
susceptibility, 105 

Emergency lighting, 361 
Emissivity, 67 
Emitter lip resistance, 47 
Enhancement mode, 32 
Envelope cycloconverter, 222. 232 
EPAS, 413 
Epi-base, 31 
Epitaxial 

diode, 23 
growth, 7 
layer, 5 ,  54 

Equivalent circuit 
of chopper, 275 
of heatsink, 63 
of IGBT, 37 

Error function, 10 
Excitation field 

EMI. 99 

speed control, 397 
strength control, 395 

firing pulse, 2 I7 
pulse, 75 

Extended 

External clutch control, 401 
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Fabrication process, 5 
Failure causes, 121 
Fall time, 86 
Fast recovery, 50 

diode, 263 
Fault current, 123, 245 
Fan loads, 396 
FCC, 116 
Feedback 

diode, 297 
speed control, 37 1 

ET, 32 
Field 

coils, 368 
effect transistor, 32 
forcing, 407 
plate, 16 

Figure of merit, 36 
Film carrier bonding, 97 
Filter, 359 

attenuation factors, 261 
low-pass, 112 

Firing 
angle delay, 159, 190 
circuit, 425 
point symmetry, 165 
point oscillation, 224 

First breakdown, 29 
Five-layer device, 5 1, 80 
Fixed-frequency inverter, 3 1 1 
Flashover, 85 
Flip chip, 91 
Floating zone-refining, 6 
Flux barrier, 393 
Focusing system, 11 
Foldback protection, 357 
Forced 
air flow, 67 
commutation, 67, 122, 143 
commutation classification. 234. 171,425 
commutation techniques, 242 

Forcing margin, 407 
Forward/reverse control, 154 
Forward conduction loss, 61 
Forward power dissipation, 20 
Forward volt drop, 20 
Form factor, 43 
Four-layer device, 41 
Four-stage sequential inverter, 306 
Fourier 

analysis, 159, 311 
series, 176 

Free-wheeling diode, 21, 139. 188, 425 
Frequency changer, 290 
Frequency converter, 140, 22 1, 368 

Full wave, 425 
bridge, 288 
phase-control, 80 

Fully controlled, 425 
Fuse, 126 

arc, 129 
fault current, 130 
HRC, 129 
mismatch, 133 
semiconductor. I33 

Gain, 24.42 
Gamma radiation, 102 
Gate 

array, 241 
characteristics, 46 
current, 43 
recovery time, 46 
turn-off, 74 
turn-off switch, 49 

Gate-firing circuit, 2 17 
Gating circuit, 425 
Gaussian diffusion. 10 
Generator, 365 

Hall, 386 
a.c., 405 

Gold doping, 50 
Goodness factor, 284 
Ground 

plane, 105 
rem. 105 

Groupblocking mode, 237 
GTO. 49, 242 

turn-off process, 51 

Half controlled, 425 
Half-wave, 190. 425 

bridge, 288 
converter, 179, 189 
delta, 163 
series motor, 371 

Hall effect, 385 
Harmonic, 102, 159, 176, 180, 202, 213, 310 

bi-directional switching, 326 
content, 168, 285 
elimination, 326 
factor, 215 
quasi-square wave, 312 
reduction, 233 
unidirectional wave, 313 

Hard solder, 58 
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Heating, 407 
Heatsink, 66 

compound, 69 
construction, 68 
equivalent circuit, 63 

Heat pipe, 72 
Heat transfer, 63 
Heat transport, 73 
Hermetic seal, 60 
H.F. pulse width modulation. 296 
High frequency 

invetter, 303 
pulse-width modulation, 35 1 
transistor, 60 

High-rupturing capacity fuse, 129 
High-voltage d.c. transmission, 362 
High-voltage transient, 123 
Historical development, 3 
Hockey puck, 59. 68 
Holding current. 43 
Hole diffusion constant, 14 
Hole-electron pair, 15. 52 
Holes, 13 
Hornetaxial, 30 
Hot carrier, 15 
Hot spots, 29. 163 
HRC, 129 
Hunting, 174 
HVDC, 362 
Hybrid circuits, 89 

i% trating, 129, 133 
IEC, 114 
IGBT, 37 
Impurity, 10 

concentration, 34 
Incandescent lamp, 408 
Incident field, 108 
Incoherent frequency, 100 
Induced current control, 399 
Induction 

generator, 405 
heater, 410 
heating, 348 
motor, 367 

Inductive coupling. 128 
Input capacitance, 36 
Input power factor, 210 
Inrush current, 101, 123, 154 
Insulated gate bipolar transistor, 37 
Integrated circuits, 81, 101, 175. 241. 380 
Integral 

cycle control, 425 
half-cycle control, 172, 408 

Inter-winding capacitance, 86 
Interbase 

resistance, 77 
voltage, 78 

gate, 47 
Interdigitated. 31 

Interphase transformer, 185, 228 
Intrinsic 

carrier, 14 
conduction, 12 
stand-off ratio. 76 

Inverse parallel, 425 
Inversion, 178 

controlled, 139 
layer, 34 

bridge, 288 
circuit design, 335 
circuits, 285 
commutahon cinuits, 295 
commutation loss reduction, 307 
contigurations, 286 
control circuit, 350 
current-fed, 345 
current ratings, 338 
enhancements, 303 
fixed-frequency. 31 1 
high frequency, 303 
lower harmonic elimination, 315 
McMurray-Bedford. 307 

sequencing, 304 
starting circuit, 294 
transistor, 290 
unidirectional switching, 31 1 
voltage boosting, 308 
voltage control, 310 
waveform synthesis, 332 

Inverter, 140, 145, 284,426 

push-pttll, 286, 2% 

Inverting bridge, 290 
Ion 
beam lithography, 9 
implantation. 5,  10, 23 

Ionisation coefficients, 16 
Isolating 

component, 8 1 
transformer, 85 

Isolation, 82 

JFET, 32 
Junction capacitance, 27 
Junction field effect transistor, 32 
Junction temperature, 20.64 
Junction voltage, 13 
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current rating, 20 
reverse voltage, 20 

MCM. 92 
McMurray-Bedford inverter, 307, 341 
Mean 

gate power, 46 
power loss, 62 
rating, 149 

Mwhnical commutator, 381 
Melting time, 129 
Mercury arc rectifier, 359 
Mesa, 30 
Metal 

can, 58 
contact, 16 
formation, 5,  11 

Microprocessor, 241 
Microstrip line, 60 
W S T D .  113 
Minority 

carrier, 12 
carrier injection, 76 
current, 14.20 

Mobile radio, 101 
Mode-one operation, 207 
Mode-three operation, 208 
Mode-two operation, 207 
Monostable. 282 
MOSFEX, 32,38 
Motor, 365 

a.c. commutator, 394 
back e.m.f., 197, 275 
control, 290 
drive, 222 
load, 149 
starting, 369 
two-segment. 382 
variable frequency drive, 315 

Multichip modules. 92 
Multi-power pulses, 66 
Multi-section filter, 359 
Multiple reflections, 106 
Multipoint grounds, 105 
Mutual conductance, 35 

Laminar flow, 67 
LASCR, 51 
Latching current, 43, 57, 154. 426 
Lattice, 14 
Leading edge, 86 
Leakage 

current, 14, 27, 426 
current, amplification, 41 
flux. 385 
loss, 61 

LED, 82 
Lifetime, 15 

control, 50 
killers, 39 

Light-activated SCR. 5 I 
Light-triggered thyristor, 5 1 
Lighting, 408 
Lightning, 101 

arrestor, 123 
Light-emitting diode, 82 
Line 

commutation, 426 
impedance, 201 
regulation, 356 
regulator. 157 

applications, 26 
inductor, 254 
mode, 4 
regulator, 261, 356 
transformer, 293 

Liquid cooling, 7 1 
Load 

distortion, 374 
regulation, 357 

Localised heating, 78 

Low-impedance failure path, 250 
Low-pass filters, 112. 171 
Lower harmonic 

elimination, 3 15 
reduction, 323 

Linear 

Loop gain, 294 

LTT, 51 

Magnetic 
position sensor. 384 
shield, 86 

Magnetising current, 123, 183, 293, 366 
Majority carrier, 23 
Man-made EMI, 101 
Mark-to-space control, 142, 3 10, 426 
Mask, 9 
Maximum 

continuous current, 24 

Narrowband, 100 
Natural 

commutation, 122. 143, 426 
EMI, 100 

bevel, 15 
delay angle. 240 
resistance, 77 
saturation, 253 
temperature cwfticient, 54 

Negative 
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NEMP, 102 
Net inversion, 185 
Net rectification. 182 
Neutral line, 183 
Neutralpoint voltage, 164 
Noise, 86 
Non-repetitive peak voltage, 43 
Normalised toque-slip curve, 395 
Nuclear 

electromagnetic pulse, 102 
explosion, 102 

Nucleus, 12 

Ohmic contact, 16, 76 
Woff control, 173 
Once-ford failure, 250 
One-step diffusion, 10 
open 

delta, 163 
field site, 117 
winding mangement, 384 

Operating voltage, 18 
Optical 

coupler, 82, 152 
detector, 82 
position sensor, 385 

Oscillator, 76, 154 
Output characteristic, 24 
Output voltage control, 310 
Overcurrent protection, 128, 358 
Overlap 

angle, 202, 238, 426 
period, 202 

Overlay, 3 1 
Overload capacity, 363 
Overshoot, 86, 174 
Overvoltage, 12 I 

Oxidation, 7 
Oxide growth, 5, 7 

protection, 124, 357 

p n  junction, 13 
Packaging, 58, 93 
Parallel 

capacitor commutation, 243, 245, 296 
capacitor-inductor commutation, 243, 250, 

299 
inverter, 296 
operation, 57 

capacitance. 37. 83. 123 
diode, 37 

Passivation, 30 
Peak 

Parasitir 

current, 24, 30 
gate power, 63 
inverse voltage, 426 
let-through current, 132 
non-repetitive current, I8 
non-repetitive voltage, 18 
point, 76 
power dissipation, 20 
prospective current, 129 
repetitive current, 18 
repetitive voltage, 18 
working current, 18 

pulling, 6 
reference, 350 
voltage, 167 

power supply, 356 

Pedestal 

Performance factors, 161, 178, 210 

Permanent magnet motor, 390 
Permeability, 106 
Phase 

control, 157,426 
equaliser, 185 

Phase-controlled 
cycloconverter, 222, 234 
inversion, 178 

Phasor diagram, 167 
Photo Darlington, 83 
Photocell, 385 
Photolithography, 5 ,  9 
Photoresist, 9 
Photothyristor, 5 1, 83 
Phototriac, 83 
Pick-up signal, 384 
Pinch-off voltage, 33 
Planar epitaxial, 30 
Plane wave, 108 
Plastic package, 58. 60 
PLCC.93 
Plugging, 375, 404 
Polysilicon gate, 36 
Position sensor, 384 
Positive bevel, 15 
Positive delay angle, 240 
Potential barrier, 13 
Power 

factor, 238 
factor angle, 159 
gain, 24 
losses, 61 
pulse. 65 
rectifier. 12 
supply, 355 
supply, unintermptable, 359 
switch, 137 
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Priming current, 247 
Printed circuit board, 103 
Programmable UJT, 78 
Propagation path, 99 
Proportional 

band, 174 
control, 173 

Prospective fault current, 132 
Protection, 121 

circuit, 152 
fuses, 20 
overcument, 128 

Pull-in toque, 392 
Pull-out torque, 392 
Pulse 

duration, 75, 86 
firing. 58, 63 
number, 178,426 
train, 66.75 
transformer, 85 
triggering, 137 
width modulation, 296, 3 17, 399, 427 

Pumping action, 219 
Pu~h-p~ll  

converter, 178. 180, 427 
cycloconverter. 228 
cycloinverter, 239 
inverter, 284.286.296, 334, 347 

PUT, 78,427 

Q-factor. 196 
Quadrac, 80 
Quadrature 

flux, 392 
phase current, 188 

Quasi-square waveform, 310, 324, 399 

R-C suppressor, 125 
Radiated RFI, I16 
Radiation, 67 
Radio frequency interference, 99, 154, 170, 

263, 350 
R a p  and pedestal control, 167, 283 
Ratings, 24 
Re-entrant protection, 357 
Receptor bandwidth, 100 
Recombination, 12, 21, 27, 42, 77 
Recovery time, 86 
Rectification. 12, 178 

controlled, 139, 424 
Rectifier, 12 

characteristics, 20 
ratings, 18 

Reflection, 106 
loss, 106 

Regeneration, 138, 180, 290, 337, 378. 404 
Regenerative 

action, 17 
braking, 378 
chopper, 263 
gate, 47, 427 
source, 48 

Regulation, 85, 219, 405 
Relaxation oscillator, 78, 292 
Reluctance motor, 391 
Repetitive peak voltage, 43 
Reset choke, 268 
Resistor-starting circuit, 294 
Resonance, 247. 410 

Return backswing. 86 
Reverse 

losses. 265 

bias, 20.61 
bias time, 246 
gate power, 63 
junction, 14 
leakage current, 20 
power dissipation, 20 
recovery, 127 
recovery current, 42. 245 
recovery time, 21.46, 427 

Reversible drive, 374 
Reversing 

chopper. 263 
contactors, 377 

RF, 99, 263, 350.427 
Rhombic simulator, 11 8 
Ring type eyeloconverter, 23 I 
Ripple, 357 

current, 427 
frequency, 2 I8 

Rise time, 46, 86 
Rotating 

converter, 222 
field diode, 402 
stator field, 366 

poles, 366 
Rotor, 364 

safe operating area, 30. 427 
Safety angle, 202 
Salient pole. 391 
Saturable 

reactor, 133,163. 252 
transformer, 293 

region, 26, 78 
resistance, 26 
time, 253 
voltage, 26, 41 

Saturation 
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SBS, 81 
Schade, O.H., 359 
SCR.41 
Screened 

cable. 111 
room, 119 

Second breakdown, 29 
Secondary generator, 366 
Segmental reluctance motor, 392 
Selected harmonic reduction, 323, 325, 350 
Selenium suppressor, 125 
Self-excitation, 407 
Semiconductor fuse, 133 
Sense coil, 384 
separate earth return, 103 
Separate excitation, 369,407 
Sequencing. 350 
Sequential 

inverter, 304 
chopper, 269 

capacitor commutation, 243, 255. 300 
connected cycloconverter, 230 
excited, 369 
operation, 55 

Series 

Sharing resistors, 55 
Shield, 106 
Shielding effectiveness, 106 
Shockley, 3 
Short channel, 37 
Shorted emitter, 47,427 
Shunt motor, 369 
Signal 

ground, 105 
loOp,lO5 

Silica, 7 
Silicon, 12 

bilateral switch, 81 
controlled rectiler, 41 
unilateral switch, 81, 408 

Sine-modulated waveform, 320, 331 
Single-crystal silicon. 7 
Single-ended 

circuit. 105 
inverter. 291 

bridge, 201,406 
circuit, 157 
contactor, 152 
cycloconverter, 223 
inverter, 297 
unidirectional wave, 312 

Single-phase 

Single stage filter, 359 
Sine wave, 311 

inverter, 260, 334 

Six-pulse 
convefler, 185 
cycloconverter, 229 
ripple, 185 

Skin effect, 106 
Slip, 393 
Sliprecovery system, 401 
Slipring, 368, 402 
slope resistance, 125 
Slow start, 154 
smart power, 87, 156, 380 
SMT, 93 
Snubber circuit, 123, 126, 427 
SOA, 30 
soft 

recovery, 21 
solder, 58 
supply, 128 

SOIC, 93 
Solar radiation, 101 
Source 

reactance. 201, 237 
saturation, 83 

Space charge, 54 
Sparking, 390 
Span ratio, 86 
Spectral 

lines, 100 
response, 82 

Spectrum analyser, 117 
speed 

error, 370 
feedback, 370 

spurious turn-on, 75, 126 
Sputtering, 11 
square-modulated waveform, 317, 328 
Stabistor, 54 
Staggered phase carrier cancellation. 332, 352, 

427 
Standby power supply, 361 

Starting, 394 
circuit, 294 
resistor, 294 
toque, 390 

characteristics, 20.43 
contactor, 149 
start-up, 407 
switch, 147, 157 

Stator, 364 
flux, 365 
voltage control, 396 
yoke, 384 

Steady state power, 64 

SkPCOMeCted load, 410 

static 
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Stepdown 
chopper, 142, 263 
cycloconverter, 238 

chopper, 143, 263, 280 
cycloconverter, 239 
transformer, 281 

Step-up 

Stepless frequency variation. 

Stepped waveform, 334 
Stiff supply, 128, 201 
Storage time, 27, 35 
Stray capacitance, 60 
Strip line, 60 
Stud-mounted, 58.60 
Sub-transient reactance, 407 
Suppression 

222 

capacitor, 128 
components, I25 
filters, 112, 173 

selenium, 125 
surge, 125 

burst, 102 
contamination, 14 
creepage. 85 
impedance, 110 
mount technology, 93 

arrestor, 120 
current, 21 
rating, 24 
suppression, 53 
suppressor, 125, 427 

SUS, 81 
Sustaining voltage, 26 
Switch utilisation, 349 
Switching 

Suppressor 

Surface 

Surge 

applications, 26 
characteristics. 46 
loss, 27, 61, 74, 276 
mode, 4, 387 
regulator, 356 

cycloconverter, 230 
voltage doubler, 21 8 

generator, 405 
induction, 391 
machine, 367 
motor, excitation, 402 
speed, 395 
tap changer, 175 

System gain, 174 

Symmetrical 

Synchronous 

Tab, 95 
Tachogenerator, 370 
Tape automated bonding, 95 
Temperature regulation, 357 
Test circuit, 27 
Thermal 

capacitance, 64 
capacity, 66 
characteristics, 63 
cycle, 58 
design, 61 
drift velocity. 15 
energy, 66 
equations, 66 
overload trip, 128 
resistance, 20, 63. 67, 427 
runaway. 29, 35,428 
time constant, 408 

Thick film circuits, 90 
Thin film circuits, 89 
Three-layer, 80 
Three-phase 

bridge, 410 
circuit, 163 
converter, 183 
inverter, 297 

converter, 183, 194 
cycloconverter. 228 
cycloinverter, 239 

Three-stage sequentid inverter, 304 
Threshold voltage, 34 
Thyristor, 4 1 

characteristics. 43 
construction, 47 
regulator, 406 
utilisation. 230 

Time constant, 363 
Torque 

constants, 370 
position characteristic. 387 
slip curve, 395 

Trailing edge, 86 
Transconductance, 35 
Transfer 

characteristic, 27 
impedance, 110 
ratio, 24 

Transformer 
centre-tapped, 284 
coupled pulse, 154 
current, 406 
double star, 228 
efficiency, 85 
feedback winding, 307 

Three-pulse 
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Transformer - continued 
interphase, 185, 228 
isolating, 85 
linear, 293 
loss, 85 
neutral point, 229 
pulse. 85 
tapped primary. 334 
taps, 177 
utilisation, 178, 185, 349 

thermal resistance, 64 
voltage, 86, 101 
voltage distribution, 56 

construction, 30 
inverter, 290 
unijunction, 76 

load, 186 
time, 27 

Transient 

Transistor 

Transit 

Transmission-line loss, 362 
Transmitter power, I I8 
Trapping centres, 13 
Triac, 51 
Trigger 

circuit, 428 
current, 52 
devices, 75, 80 
diode, 408 
frequency, 300 
point, 81 
point voltage, 167 
threshold, 167 

Trip circuit, 406 
Triple-diffused, 30 
Triple frequency current, 187 
Triplen harmonics, 327 
Turbulent flow, 67 
Turn-off 

gain, 49 
loss, 62 
pulse, 75 
time, 27, 243 

pulse, 75 
time, 27, 46 

'belve-pulse 
converter, 187 
cycloconverter, 229 

Turn-on 

Two-layer device, 53 
'bo-pulse 

converter, 182, 191, 203 
cycloconverter, 228 
unidirectional wave, 313 

'bo-segment motor, 282 
Two-step 

diffusion, 10 
waveform, 87 

UHF, 60 
Ultrasonic bonding, 59 
Underdamped resonance, 255 
Unidirectional 

converter, 178, 188 
operation, 125 
switching, 31 1 
toque, 381 

Unijunction transistor, 76 
Unintemptable power supply, 359 
Unipolar transistor, 3 1 
Universal voltage multiplier. 220 
Utilisation factor. 187 

V-groove. 37 
V-notch, 129 
Valance bands, 15 
Valley point. 77 
Variable 

frequency control, 142, 399 
frequency drive, 315, 402 
frequency mode, 244 
mark-space mode, 244 
slip coupling, 361 
speed constant-frequency, 238, 361 

VDE, 113 
Vertical 

dipole, 102 
structure, 36 

VHF, 60 
VMOS, 37 
Voltage 

boosting, 143, 308 
clamping device, 125 
clearing, 132 
control, 142, 274. 399 
dependent resistor, 126 
distortion, 176 
doubler, 217 
fed inverter, 345 
feedback, 283, 351 
Hall, 385 
multiplication circuits, 217 
multiplication factor, 220 
multiplier, 428 
quadrupler circuit, 220 
reference diode, 53 
regulation, 355 
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ripple, 178, 183 
sensing, 282 

VSCF, 238, 361 

Wafer preparation, 5 
Ward-Leonard system, 363 
Watless current, 178 
Watts loss per commutation, 270, 342 
Wave impedance, 108 
Waveform synthesis, 332, 428 
Winding utilisation. 388 
Working fluid, 72 

Zener, 81 
breakdown, 53 
diode, 53. 125. 403, 408 
effect, 53 

crossing control, 428 
crossing detector, 85 
crossing point, 154 
voltage period, 198 
voltage switching, 172 
level switching, 147 

Zigzag connection, 183 
Zone-levelling, 5 
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