J. Webster (ed.), Wiley Encyclopedia of Electrical and Electronics Engineering
Copyright © 1999 John Wiley & Sons, Inc.

POWER SYSTEM HARMONIC CONTROL

A main objective of modern industry is to achieve an acceptable quality in its manufacturing products. Electric-
ity nowadays has been considered as such a product. The distributor sells electric energy, which is expressed
in kilowatt hours, and is characterized by a sinusoidal voltage. However, electricity is a product that can-
not be fully controlled by the manufacturer because customers may affect the power and voltage qualities
as well. Therefore electricity is basically different from other manufactured products. Power quality issues
have always been a significant topic in power engineering. But recently, due to excessive use of susceptible
loads, especially high-performance electronic devices (e.g., computers, communication equipment), the quality
of delivered power and the voltage waveshape has drawn special attention to this matter. On the other hand,
the increasing use of power electronic equipment, generating harmonics, has aggravated this situation. This
article introduces the main sources of disturbance in electric networks such as static power converters, arc
furnaces, saturated magnetic devices, and effects of harmonics on power systems. Lowering efficiency in elec-
tromagnetic equipment, generating oscillatory torque in rotating machinery, decreasing power factor, derating
of power cables, and generating disturbances in communication systems are the most common effects caused
by these sources of disturbance. Solutions to improve the power quality will also be presented. These solutions
include passive and active methods and using higher-order pulse converters. Harmonics and power factor, two
important issues in power quality, will be introduced in the following two paragraphs.

Harmonics

The voltage waveform delivered by an ac generator is almost perfectly sinusoidal except for slot harmonics
caused by winding structure of machine. During its transport and distribution, this voltage wave is distorted
by a number of imperfections, some of which occur in customers’ installations connected to the supply system.
In recent years some electric distributors have been affected regarding the increase in harmonic pollution on
their systems. Since the beginning of the 1970s, electromechanical systems have been gradually replaced by
power electronics. At the same time, new generations of appliances, generating harmonics, were increasingly
produced. This was due to the application of power electronics in the domestic and service-industry areas
(TV sets, microcomputers and air-conditioning units) and purely industrial applications. So it was decided to
limit rapidly the emission levels of mass-produced appliances. This is why standards dealing with limits for
harmonic currents for household appliances were prepared and published (1,2,3,4).
The amounts of these harmonics are related to many factors as

Number of domestic customers
Time of day

Season

Cultural considerations
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Harmonics generated by household appliances usually follow a statistical distribution. These domestic
user disturbances are injected at the distribution voltage level while those generated by industrial loads
are generated at the subtransmission or distribution voltage levels. High voltage dc (HVDC) and static var
compensator (SVC) systems are the main sources of harmonics at transmission voltage level. High-power
rectifiers have the most significant role in producing harmonics of industrial nature. Current harmonics cause
higher temperature in the various conductors, as rotors of electrical drives. Local overvoltage is another effect
of current harmonics, which occur in presence of capacitors, when there is a resonance phenomenon. This
phenomenon will be discussed later. Current harmonics also cause malfunctions in electric equipment, for
example, unreliable operation of electronic equipment and incorrect switching.

Power Factor

Power factor is a measure of the match between the waveforms of voltage and current in an energy transmission
circuit. The definitions regarding power factor, which are given in the next paragraph, indicate that power
factor can be expressed as the ratio of active power to apparent power of an electric device. Active power is the
component of apparent power that can be usefully converted to other forms of energy, while reactive power is
a circulating power between source and load, with no contribution to energy conversion. In the ideal case of a
resistive load where the current and voltage are fully in phase and have proportional waveforms, the resulting
power factor will be maximum and equal to unity. Unity power factor implies that the reactive component
of power equals zero. Flow of reactive power in an electric network is due either to linear energy-storage
components such as unsaturated reactors and capacitors or to harmonics generated by nonlinear loads. Load
compensation has always dealt with power factor correction, which is the practice of generating reactive power
as close as possible to the load rather than supplying it from a remote source. Most industrial loads have
lagging power factor; that is to say, they absorb reactive power. The load current therefore tends to be larger
than the current, which is required to supply the real power. This situation can cause greater energy loss in
line and a waste in line capacity. Power factor correction can make the load resemble an ideal resistance as
seen from the network side.

Definitions

Harmonics, as explained, are produced when the voltage or current waveforms deviate from a pure sinusoidal
shape. To analyze these waveforms, engineers use the concept known as Fourier series, which allows any
periodic function s(¢) to be described as a series of sinusoidal functions with multiple frequencies as
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where
T = period of the wave
ap/2 = dc component
n = order of harmonic
a,, b, = Fourier coefficients
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The values of a,, and b,, can be calculated by integration as:

T
a, = ;[ﬂ s(t)cos (?) dt (2]

T
b, — %fn s(#)sin (2;—”) dt (3)

According to Eq. (1), harmonic components are introduced having frequencies that are multiples of the funda-
mental frequency f = 1/T. The amplitude of nth order harmonic can be defined as

Cn :vaﬁ+bﬁ (4]

The total harmonic distortion (THD) of a periodic wave is defined as the ratio of the root-mean-square (rms)
of the harmonic content to the value of the fundamental quantity and is usually expressed as a percent of the
fundamental:

1/2
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]

THD = - 100% (5]

Another important definition regarding harmonics is distortion factor:
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Distortion factor = (6]

In a general case, namely nonsinusoidal voltage and current, power factor and displacement factor are defined
in terms of average input power and values of voltage and current as follows:

Displacement factor

_ Average input power -
" (rms fundamental voltage)(rms fundamental current) :

Average input power
Power factor = 28 purp

l
(rms supply voltage)(rms supply current)

In the particular case of sinusoidal voltage and nonsinusoidal current, for example, in ac/dc converters, the
power factor and displacement factor can be written as:

Displacement factor = 1% = IU%ESQJ = cos p 9)
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where
P, = average power
V = input sinusoidal voltage (rms)
I; = fundamental harmonic current (rms)
I, = nth harmonic current (rms)
¢ = phase angle between fundamental line current and line voltage

In Eq. (10) the power factor is seen as a product of two terms. The first is related to harmonic content of
the current wave, and the second is the displacement factor. The poor power factor for different types of load
such as fractional horsepower induction motors, arc furnaces, and induction heaters (Pf < 0.8) implies that
power factor correction is needed (5). The technical performance and economic benefits of improving the power
factor will be discussed later in this article.

Standardization Policy

In previous sections the necessity to limit the generation of harmonic currents was explained. The first step
to implement such a limitation consists of setting the maximum threshold on the magnitudes of harmonic
currents and voltages at various frequencies and various power system short-circuit ratios. Thus international
and national standards have come into force to limit the level of harmonic injection into the system and to
maintain good power quality.

European standards concerning harmonics (IEC 1000-3-2) and those concerning voltage variations (IEC
1000-3-3) in low-voltage networks by domestic appliances were published in 1995 and 1994, respectively (1,2).
Standard 1000-3-2 is intended to be a specification concerning the emission of harmonics, complying with the
EEC directives concerning electromagnetic compatibility. There are also German standards VDE 0838, VDE
0160, and VDE 0712, for household appliances, converters, and fluorescent lamp ballast, respectively (4,6,7).

The revised IEEE Std 519-1992 is another standard, which describes distortion limits that apply to the
individual consumers of electrical energy as well as utilities. These limits for individual users consist of:

Depth of notches, total notch area, and distortion of bus voltage caused by commutation process
Individual and total voltage distortion

Individual and total current distortion

Voltage flicker

For utilities, this standard defines limits, which include:

Voltage distortion limits expressed as maximum THD

Limits of interference with communication circuits expressed as a factor called telephone influence factor
(TIF) which is defined as
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Fig. 1. Three-phase thyristor bridge fed from an infinite bus. Ty ... Ts are successively triggered every 60° to produce a
dc output voltage V.
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where
X, = Single frequency rms current or voltage at Ath-order harmonic
T, = single frequency TIF weighting factor
X = total rms current or voltage

Harmonic Sources

Nonlinear loads connected to the supply system produce most harmonics. The most common nonlinear loads in
the power system are static power converters, arc furnaces, saturated magnetic devices, static var compensators
and thyristor-controlled series compensators. These harmonic sources are presented in this section.

Static Power Converters. Static power converters form nowadays the largest nonlinear loads. These
converters are widely used in industry and household appliances for a verity of purposes such as adjustable
speed motor drives, uninterruptible power supplies (UPSSs), static var compensators, and HVDC systems.

Power Rectifiers. The problems caused by power rectifiers are well known:

e Low power factor in the network feeding thyristor bridges, particularly at low load
e Nonsinusoidal currents with a high harmonic content (<2 kHz)
e Switching pulses

In the following, these problems will be discussed in the case of three-phase and single-phase rectifiers.

Three-Phase Rectifiers. Three-phase ac/dc converters are extensively used in the case of industrial appli-
cations up to hundreds of kW level. Figure 1 shows the structure of a full-converter circuit with a high inductive
dc load. The thyristors are fired at intervals of 7/3 and T'; is fired at 7/6 + «. The six-pulse bridge configuration
shown in this figure can be assumed the most common source for harmonics and harmonic problems in power
systems. The input current waveform and the output dc voltage of the converter bridge are shown in Fig. 2.
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Fig. 2. Voltage and current waveforms of a 3-¢ rectifier with a high inductive dc load.

The current harmonics may be calculated as (8)

AT nwy
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where
1I; = output dc current
n=135,...

a = delay angle

Using Eq. (12), we can find the characteristic harmonics of the bridge. These harmonics are produced
by semiconductor converter equipment in the course of normal operation. Note that two rules can be derived,
regarding these harmonics: First is that the bridge can produce current harmonic orders, n = kq + 1, where n
is the order of harmonic and g is the number of converter pulses (in this caseq =6)and 2 =1, 2, 3,4 .. .. Thus,
this six-pulse rectifier exhibits harmonics 5, 7, 11, 13, . ... The second rule concerns the harmonic amplitudes,
I, = I1/n, where I is the current fundamental component.

The ac system impedance should be taken into consideration, especially in the case where it is significant,
either in the form of a low short-circuit level compared to the bridge rating or through a transformer with a
significant leakage reactance. This can cause a delay in the commutation of current from one phase to another.
This delay (also called overlap) can alter the waveforms of input current and voltage of the rectifier, which
are shown in (9) as Fig. 3. As can be seen, the ac current is slightly less blockshaped, which results in lower
harmonic contents of the current wave. The other effect of overlap is producing notches in the input voltage
wave. The depth of these notches is a function of relative size of the two reactances; ac system reactance
and the converter transformer reactance. The width of these notches is determined by the overlap angle. The
type of application in which overlap affects the lower-order harmonics considerably is restricted to very large
converters, for example, in HVDC. For most drive applications the overlap is usually a few degrees and plays
only a second-order role in harmonic levels.
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Fig. 3. Effects of overlap in input current and voltage of a 3-¢ rectifier. The ac current is slightly less block-shaped
compared to Fig. 2. There are also notches in the input voltage waveform.

The input power factor of three phase converters in continuous conduction mode is given as:

s

Power factor = g sin (
q

)msa (13
T

where
g = pulse number
a = delay angle

The power factor of phase-controlled converters depends on delay angle «, and it is generally low, especially
at low output voltage range. One way to improve this situation is using forced commutation techniques. These
techniques take advantage of modern switching devices like GTOs. These methods are listed in (8) as:

e Excitation Angle Control In this method, thyristors in the bridge are replaced by full control switches like
GTO, which can be turned on and turned off at any angle. The input current is shown in Fig. 4(a) for a
two-pulse converter.

e Symmetrical Angle Control In this control strategy the conduction angle (B) of the switches are controlled.
The turn on and turn off angles follow a symmetrical order. This is shown in the input current waveform
in Fig. 4(b) for a two-pulse converter. Current harmonic components and power factor are as follows.

= 47 ng
. d B .
i(t) = sin — sinnat (14
;gi nm 2

PF:(I—I)-DF: 2v2 . B (15)
IS A 2

where DF and PF are displacement and power factors, respectively.
e Pulse-Width Modulation (PWM) The converter switches are turned on and off several times during an
input voltage half-cycle. Voltage on the dc side and input current of the converter are controlled by width
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Fig. 4. Input current of three-phase rectifier using (a) excitation angle control, (b) symmetrical angle control, (¢c) PWM

control. These methods are used for harmonic mitigation of the converter input current.

of the pulses. In Fig. 4(c) the input current waveform and turn-on and turn-off angles oy, s, ..., ap are
shown. In this case the rms values of input current harmonics are calculated as:

/of . P
I, = d Z(—l]”’casam (16]
b

n m=1

As seen in Eq. (15), the harmonic amplitudes of different orders can be changed, depending on the angles
o1, a9, ..., dp. So we can select these angles to eliminate specific harmonics from the input current waveform.
This is usually done for lower-order harmonics, since these harmonics are the most difficult to filter. This
method is used to shift harmonics to higher orders, which can be filtered much easier. Another method is to
select the angles in a manner to minimize the total harmonic distortion of the input current wave.
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Fig. 5. (a) Single-phase full converter with a high inductive load. (b) Input current of the converter. « represents the firing
angle of the converter. It also defines the phase shift between the input voltage and current.

Another method to eliminate lower-order input current harmonics is to use current mode control. In this
method, after sensing and comparing the input current with a sinusoidal reference current, the error signal is
passed through a PWM modulator to shape the desired sinusoidal input current waveform. This method will
be further discussed later in the article.

Single-Phase Rectifiers. These rectifiers are used in applications such as low-power dc motor drives.
Figure 5 shows an ideal single-phase bridge and its current waveform, assuming a high inductive load.

Fourier analysis of this waveshape yields the series:

=, 47
i(t) = Z—‘i sin(naf — ne) (17
n=1""
where n is 1, 3, 5 .... It can be seen that the generated harmonics include all odds order (22 + 1) harmonics.

This was predictable because this rectifier has two pulses per cycle (¢ = 2). Like the three-phase case, the
overlap period decreases the harmonic amplitudes. Unlike three-phase rectifiers, single-phase rectifiers can
generate triple-order current harmonics in network connections. They can also cause unbalance in three-phase
systems. Single-phase rectifiers are also used in applications including power supplies for copiers, computers,
TV sets, ballasts for fluorescent lighting, office equipment, and household appliances. In these applications
single-phase rectifiers usually use a dc filter capacitor and draw impulsive current from the ac power supply.
Therefore, their harmonic content is worse than harmonic values given by Eq. (17). Thus, they are significant
sources of harmonics in an urban environment.
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Fig. 6. An ac voltage controller. The input current, i, contains harmonics, which are multiples of the main frequency, or
subharmonics causing flickers.

ac Voltage Controllers. A basic circuit of such a converter in a single-phase regime is shown in Fig. 6.
The thyristors T and Ty are switched to control the rms value of the load side voltage. This control may be
implemented as:

e Integral cycle control
e Phase angle control

In the first method the thyristors are turned on for integral cycles, while in the second type they are
turned on for a portion of the switching period time defined as duty cycle. The latter produces characteristic
harmonics, which are multiples of line frequency, while the former injects noncharacteristic harmonics, lower
than line frequency. These noncharacteristic harmonics can result in voltage flickers.

Cycloconverters. A cycloconverter is an ac/ac converter, which directly converts ac power at one fre-
quency to ac power at another frequency without an intermediate dc link. The output voltage of the cyclocon-
verter is made up of segments of input voltage and the average value of a segment depends on the delay angle
for that segment. These converters produce harmonics, which can be expressed as (3)

f, = fakqg£ 1) + 6nf; (18)

where
f1 = ac system frequency
fr = harmonic frequency imposed on the ac system
fo = output frequency of the cycloconverter
g = converter pulse number
k,n=1,23,...

The first term in Eq. (18) represents g-pulse converter components and the second term denotes the
converter’s sideband characteristic frequencies. The input power factor of this converter is also low. For com-
pensation of poor power factor and harmonic elimination, the delay angles of voltage segments are varied in
such a way that the average values of the segments correspond as closely as possible to the variations of desired
sinusoidal output voltage. Further details are given in (8).

Adjustable Speed Drives. The development of advanced power electronic switching devices has enabled
high-frequency switching operation and has improved the performance PWM inverters for driving ac motors.
Switching frequencies of 2 kHz to 20 kHz are common with insulated gate bipolar transistors (/GBT) technology
for power levels up to 200 kW. In many industrial applications the PWM inverter and motor must be at
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separate locations, thus requiring long motor leads. While the high-frequency switchings significantly improve
the performance of PWM inverters, the high rate of voltage rise (dv/d¢) has adverse effects on the motor turn
insulations and contributes to bearing currents (common-mode currents) (10). Traveling waves caused by long
cables connecting the inverter to the motor can also increase the transient overvoltage across motor windings
(11). Filtering techniques to reduce the adverse effects of long motor leads can be used for high-frequency PWM
inverter-fed ac motor drives (12).

Arc Furnaces. The harmonics produced by electric arc furnaces are of a random nature due to varia-
tions of arc in multiple cycles. These include both integer and noninteger order harmonics. It has been noticed
that integer lower order harmonics are the most significant and that the amplitude decreases with order.

Saturated Magnetic Devices. Power transformers generate small levels of harmonic currents in
steady state condition. This is due to the hysteresis characteristic and to the small degree of saturation, which
is present in all transformers. Balanced third-order harmonic current will normally be absorbed by the delta
windings of most transmission and distribution transformers. Higher-order line current harmonics such as fifth
and seventh will have a very low value, probably less than 0.1% of the transformer rated current. Transformers
can produce very large harmonic levels when they are initially energized. The inrush currents of transformers
include all harmonics including the dc component for few seconds after being energized. These transient-nature
harmonics may be up to 60% of the rated current and can cause damage if they excite parallel resonance with
capacitors used as power factor correction and harmonic filters (9). Another source of harmonics is the ballast
inductor in fluorescent lamps, which can cause significant levels of harmonics (especially of third order), for
example, in large buildings.

Static Var Compensators (SVCs). SVCs have been frequently used in power systems. They have
replaced the old mechanically switched capacitor banks used for reactive power compensation. The advantages
of SVC installations in power systems include:

Reactive power compensation of loads

Power factor correction

Asymmetry compensation

Voltage regulation

Line sectioning

Dynamic and transient stability improvement

Two types of SVC can be used for reactive power compensation: conventional SVC and advanced SVC.
Conventional SVC. The conventional type SVC uses one of the following three structures, to implement
the variable reactive power generation:

e Thyristor controlled reactor (TCR)
e Thyristor switched capacitors (T'SC)
e Saturable reactors

These structures all have a nonlinear nature and thus produce harmonics. The configuration of a TCR,
which is the most commonly used structure, is shown in Fig. 7.
This structure can produce harmonic currents which, their rms can be written as (13)

I = 4V |:sin|;n+ li¢g sinin— 1 sinna} 19)

"TxX | 2+ 1 TS TR
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Fig. 7. Thyristor-controlled reactor (T'CR) used for reactive power compensation. TCR generates characteristic harmonics
in a power system.
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Fig. 8. The structure and control of a voltage-source inverter (VSI) advanced SVC. ASVC generates high-order harmonic
currents which can be easily eliminated by a filter inductance.

where
n = harmonic order (3,5,7,...)
V = line-to-line fundamental voltage
X1, = reactance in each phase
a = firing angle of TCR

Advanced SVC (ASVC). This type of SVC, also called synchronous SVC, along with its appropriate
control is shown in Fig. 8. The converter in this figure is a voltage-source inverter (VSI). An alternative is to
use current-source inverters (CSI).

This implementation has advantages over conventional SVCs as:

e Large energy storage inductors or capacitors are not required to meet the var demand. Only a small
capacitor or inductor with minimum energy storage is sufficient to cover the full reactive power range. The
dc side voltage is controlled by the switching pattern of the inverter, which guarantees sufficient real power
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transfer from the ac system to compensate for losses and to maintain the desired dc voltage, determined
by reactive power demand.

e Instantaneous var control is achieved as the ac side voltage and current can be quickly controlled in
magnitude as well as in phase compared to the network voltage (leading or lagging).

The advanced SVC can be controlled in many ways, among which PWM has the advantage of harmonic
control in the ac side voltage. The output phase voltage harmonics produced by PWM controlled inverter, are
calculated in Eqgs. (20) and (21):

Vph:Zbﬂ sin not (20)

n=1

oV n
b, = —"d |9 (=181 -1 (21
o (Seartema) 1]

k=1

where
Von = output phase voltage of inverter
V4. = dc side voltage
ar = PWM switching angles

By selecting the angles «;, harmonic content of the PWM wave can be minimized.

Thyristor-Controlled Series Compensation (TCSC). Series compensation of transmission lines can
be implemented by using thyristor-controlled series capacitors. This controlled reactance placed in series with
the line, have the following advantages:

Increasing transmission line capacity

Mitigation of subsynchronous resonance (SSR) phenomena, often caused by fixed series capacitors
Transient and dynamic stability improvement

Adaptation to network changes

TCSC structure consists of a TCR in parallel with a fixed capacitor. This type of compensator produces
voltage harmonics in series with the line.

Harmonic Calculations and Measurements

The measurements regarding harmonics consist of three main issues: the choice of transducer to connect the
measurement system to the ac network, the type of measurement system used to store the data, and the
analytical techniques used to process the data.

The transducers used are usually voltage and current transformers, which give reasonable accuracy in
the range up to 2 kHz. This range covers the frequency range required for many harmonic measurement
studies. The measurement instruments that can be used cover a wide range of applications and costs. These
instruments usually consist of digital signal storage units with computer-based processing that sample the
input voltages and currents and calculate fast Fourier transform (FFT) of these signals. A verity of such systems
is mentioned in Refs. 3 and 14.
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Analysis and calculations of harmonics and effects of nonlinear loads on system parameters can be
carried out in two domains; frequency domain and time domain. In the frequency domain calculations, the
harmonic spectrum of load is established; then load is treated as a current source, which injects harmonic
currents into the network. In most of the time domain algorithms, computer packages are used to simulate the
differential equations of the system and to solve these equations. In this way it will become possible to build
up a system model for harmonic calculations which will avoid many of the approximations which are present
in the frequency domain.

Another approach to model the system is to use state-space technique. In this method the differential
equations that relate the voltages and currents to system parameters (R, L, and C) are found through basic
circuit analysis. These equations are then presented in the form of state equations as

x=Ax+Bu
y=Cx+Du

(22

where A is the state matrix of the system, x is the state vector, u is the input or control matrix, and y is the
output vector. These equations are sufficient to determine the behavior of the system when one knows:

e initial values of state variables
e input signals

The matrices A, B, C, and D are found from differential equations governing the system, as is extensively
discussed in Ref. 15. In this approach one can determine:

e Values of poles and zeros of the network and the potentially dangerous resonance frequencies
e Ways to eliminate or shift these resonance frequencies
e Capacitor switching strategies in case of SVC or switched capacitor usage

Harmonics Effects on Electrical Networks

The degree to which harmonics can be tolerated is determined by the susceptibility of electric devices. The least
susceptible type of equipment is that in which the main function is heating, as in an oven or furnace. In heating
devices, the harmonic energy is generally utilized and hence is quite tolerable. The most susceptible type of
equipment is that whose design or constitution assumes a nearly perfect sinusoidal input. This equipment
is frequently in the categories of communication or data processing equipment. A type of load that normally
falls between these two extremes of susceptibility is the motor load, which is relatively tolerant of harmonics.
However, generating oscillating torque in rotating machinery can cause audible noise and mechanical vibra-
tions, which can be harmful to the machine and its load. Even in the case of the least susceptible equipment,
harmonics can be harmful. In an oven, for example, they can cause dielectric thermal or voltage stress, which
causes premature aging of electrical insulation. Electromagnetic interference (EMI) is a major problem caused
by high-frequency harmonics. High-frequency switching converters are the main sources of EMI. Harmonics
effects on electric networks are briefly discussed in the following sections.

Effects of Network Impedance. All network components—conductors, transformers, loads, and
capacitors—are in series or parallel with the network, which represents complex impedance at harmonic
frequencies. Figure 9 is the equivalent circuit of such a network.

The feeding network is represented by its short-circuit inductance Xi,. The disturbance-generating load is
represented by a source of harmonic currents Iy connected across the network equivalent impedance Zy. This
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Fig. 9. Diagram of a primary substation feeding loads, including a rectifier, and the equivalent harmonic diagram.
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Fig. 10. Network impedance as a function of frequency with and without capacitors. One can see that with capacitors
the impedance has a peak at resonance frequency f,. The existence of a harmonic current at this frequency results in an
overvoltage.

impedance includes resonant points, basically due to the presence of capacitor banks or the capacitance of the
power supply cables. Connecting capacitors in parallel with the network equivalent inductance considerably
increases the network impedance at resonant frequency. This can result in the flow of harmonic currents
through the resonant circuit and thus generation of high harmonic voltages complying with Ohm’s law: Vg =
Zy-Ix. The resonant frequency is fr = f(Ssc/Qc)'/?, where f is line frequency, Ssc is the network short-circuit
power, and Q¢ is the capacitor reactive power. Currents flowing through the resonant circuit are amplified by
a factor F = (Ssc-Qc)Y?/P, where P is the network active power (16). Figure 10 shows the network impedance
with and without capacitors.
Harmonic Effects. Major effects of harmonics on electric equipment can be listed as (3):

e Lowered efficiency because of increased heating due to iron and copper losses at the harmonic frequencies in
electromagnetic equipment. The current harmonics cause increase in copper losses, and voltage harmonics
result in an increase in iron losses.
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e Oscillating torque generated in rotating machinery, either synchronous or induction: Harmonics such as the
fifth and seventh have the potential for creating mechanical oscillations in a turbine-generator combination
or in a motor-load system. These oscillations are caused by the interaction between the harmonic currents
and the fundamental frequency magnetic field.

e Audible noise generated in motors and transformers. One of the sources of noise in motors is the application
of PWM motor drives. This problem can be overcome by application of the random PWM inverters to spread
the concentrated noise energy of the PWM over a wide frequency range (17).

e Derated power cables. The increase in the resistance of cable is caused because of two phenomena: skin
effect and proximity effect. This can result in increased loss, which may cause insulation failure in cables.

e Increased heat and dielectric stress in capacitors. Capacitors provide a low-impedance path for harmonic
currents; thus all harmonic currents tend to pass through them, which causes heat loss and dielectric
stress.

e Shifted zero voltage crossing. This phenomenon causes malfunction in the power electronic equipment and
its control circuit whose operation depends on the zero voltage crossing of the voltage wave.

e Meter errors due to phase shifting resulted from higher-order harmonics. Induction disk devices, such as
watthour meters, normally see only fundamental current; however, phase imbalance caused by harmonic
distortion can cause erroneous operation of these devices.

e Harmonic currents can increase heating and losses in switchgear, thereby reducing steady-state current
carrying capability and shortening the life of some insulating components. Fuses suffer a derating because
of the heat generated by harmonics during normal operation. The operation of relays can also be affected
in the presence of harmonics.

e Harmonic currents and voltages in circuitry associated by power conversion apparatus can produce mag-
netic and electric fields that will impair the satisfactory performance of communication systems.

EMI Problems. Power electronic equipment usually generates disturbances in two ranges: low fre-
quency and high frequency. The low-frequency range disturbances (below 1250 Hz) are harmonic currents
and the voltages generated by non-linear loads discussed so far. These harmonics cause voltage distortion. By
compensation techniques, they can be shifted to higher frequencies, for example, by applying passive or active
filtering or active wave shaping. Using these techniques to eliminate low-frequency harmonics and to improve
power factor can cause high-frequency disturbances. These disturbances are mostly generated by switching
action of semiconductor devices (BJT's, MOSFETs, IGBTsS, etc.). Disturbances in high-frequency range may also
be generated by mechanical switches. These switches (relays, circuit breakers, etc.) cause wideband emission
in the form of damped oscillation in the 10 kHz to 1 GHz range.

Disturbances generated by switching devices are due to:

e High-frequency switching harmonics
e Very short rise times and fall times caused by commutation action of switches. These rise times and fall
times which are about 0.5 us cause significant energy levels at radio frequency range.

These high-frequency disturbances are referred to, as electromagnetic interference (EMI). EMI can be
transmitted in two ways: radiated and conducted. The radiated form is propagated in free space as electro-
magnetic waves, while the conducted form is transmitted through power lines, specially at distribution levels.
Conducted EMI is usually orders of magnitude higher than the radiated noise. There are two types of propaga-
tion for conducted EMI: differential mode (or symmetrical) and common mode (or asymmetrical). Differential
mode propagation takes place between two conductors that form a conventional return circuit, and common
mode propagation takes place between a group of conductors and ground or another group of conductors
(Fig. 11).
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Fig. 11. Differential mode and common mode conducted EMI (18). ipy and icy represent differential mode and common
mode currents, respectively. C}, is a parasitic capacitance between the device and the common ground.
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Fig. 12. Classification of electromagnetic disturbances by frequency (19).

The assorted high-frequency disturbances are illustrated in Fig. 12. The noise at frequencies around a
few kilohertz can interfere with audiovisual equipment and electronic clocks, and depending on the particular
customer, noise can cause audible effects. The ways to prevent such interferences from propagation is to apply:

e Shielding for radiated EMI
e Proper filtering for conducted EMI

There are various CISPR, IEC, VDE, FCC, and military standards that specify the maximum limit on the
conducted EMI. These limits may vary for equipment used in commercial, industrial, and office or residential
environments. To compare against these limits, the conducted noise is measured by means of a specified
impedance network called LISN (line impedance stabilization network). Standards for the radiated EMI are
also specified by various agencies. EMI problems and practical solutions and standardization status are fully
illustrated in Refs. 18,19,20,21.

Power Factor Control

In recent years the increasing use of nonlinear loads, specifically power electronic converters, has led to
problems such as harmonic pollution and low-power factor. Electric energy providers penalize the low power
factor of any type of load. The flow of reactive power due to low-power factor loads causes extra charge
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and occupies extra line capacity for power transmission. Therefore many economical reasons have forced the
manufacturers of electrical equipment to include power factor correction devices into their products.

Advantages of Power Factor Correction. A high-power factor is desirable in many points of view.
These advantages can be mentioned as:

e Utility Bill Reduction A number of utilities use kVA billing for their customers. Thus, by adding capacitors
on the load side of the billing meter, the apparent power and therefore billing charges are reduced. In other
words, reactive component of current is compensated by improving power factor. Thus the current rating of
the equipment used to deliver the electric energy to the load is reduced. This results in cheaper equipment
and reduced billing charges.

e Increasing Capacity for Existing Systems Power factor improvement reduces the line power rating; thus
it releases system capacity. Adding capacitors to an existing system is often the most economical means
of improving power factor to obtain more system capacity to serve additional loads. The necessary power
factor for a certain per-unit release of system kVA is given by

PFold
1—kVA,

equired

PFocw = (23)

where

PF,.w = corrected power factor

PF,q = uncorrected power factor

kVA = required kVA production (in p.u. of existing kVA)

e Loss Reduction Losses are proportional to current squared, so a reduction of current flow results in a much
greater reduction of power losses. The loss reduction is given by

2

PF . .
Loss reduction =1 — |: mgm]} (24

PF..

With most industrial power distribution systems, the joule losses vary from 2.5% to 7.5% of the load kilowatt
hours, depending on hours of full-load and no-load plant operation, conductor size, and length of the main
and branch feeder circuit (5).

e Voltage Improvement The following equation may be used to calculate the voltage drop in a line

E=IRcosy +IX sing (25)

where

E = voltage drop across the line

I = current passing through the line
R = equivalent line resistance

X = equivalent line inductance

Equation (25) for voltage drop may be written:

E = I wR) 4+ (I}, X) (26)
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Fig. 13. Effect of adding shunt capacitors on improving power factor. Apparent power (S) is defined as S = VIx = P + j@,
where P and @ are active and reactive power, respectively. Decreasing the reactive power from kvar; to kvary results in a
smaller displacement angle ¢.

where
Iw = active component of the line current
Iiyar = reactive component of line current

From this expression it can be seen that kvar current operates principally on reactance, and since capacitors
reduce kvar current, they reduce the voltage drop by an amount equal to the capacitor current times the
reactance.

Power Factor Correction Methods. Methods for improving power factor can be classified into two
categories: (1) power factor correction for utility power systems, and (2) power factor correction for power
electronic converters. As seen in Eq. (10), power factor can be improved by either decreasing the harmonic
contents of the current wave or improving displacement factor. The methods for decreasing harmonic contents
of current wave are discussed later in this article, while the methods for improving displacement factor for
utility power systems are discussed in the following section.

Power Factor Correction for Utility Power Systems. Conventional shunt capacitors and static var
compensators are the common methods for improving displacement factor and thus power factor in utility
power systems. Parallel and series resonance caused by using shunt capacitors are also discussed in this
section.

Shunt Capacitors. The most conventional and economical way of power factor correction through improv-
ing displacement factor is installation of shunt capacitor banks. These capacitors are often used to compensate
the lagging power factor of power system loads and delivery apparatus (e.g., lines and transformers) which
appear to be inductive in nature. Figure 13 illustrates the compensating role of shunt power capacitors in
increasing power factor by providing reactive power for inductive loads. This figure shows reduction of reac-
tive power after compensation (kvary) compared to the one before compensation (kvar;). This is achieved by
installing shunt capacitors that supply the system with reactive power equal to Ckvar. As seen in this figure,
by using such a method the displacement angle is shifted from ¢, to ¢s.

The problem in using shunt capacitors for power factor correction is that they can resonate with network
reactances at a harmonic frequency. Two types of resonance can occur: parallel resonance which is a high
impedance to the flow of harmonic current, and series resonance which is a low impedance to the flow of
harmonic current.
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Fig. 14. Parallel resonance condition. Presence of harmonic current i;, at resonance frequency causes overvoltage.

Fig. 15. Capacitor banks resulting in series resonance. A low impedance path for the harmonic current i}, at resonance
frequency results in high-voltage distortion levels.

Parallel Resonance. This kind of resonance occurs when the system inductive and capacitive reactances
are equal at same frequency in presence of a harmonic source as shown in Fig. 14. If the combination of
capacitor banks and the system inductance result in the parallel resonance, an amplified current is generated
that oscillates between the energy storage in the capacitance and the inductance. This current can cause
voltage distortion and telephone interference.

Series Resonance. This situation is the result of series combination of capacitor banks and line or trans-
former reactances. Series resonance provides a “trap” or low-impedance path for harmonic currents, which can
cause high-voltage distortion levels. An example is shown in Ref. 3 as a transformer with a capacitor connected
to its secondary (Fig. 15).

It must be mentioned that besides shunt capacitors, other types of capacitors can cause resonance problems
as well. For instance, the capacitive impedance of cables and long overhead lines cause resonance in the range
of 5 kHz to 15 kHz. Another example is the series compensation of power lines using series capacitors.

If resonance phenomena are discovered through analysis and experiment, possible solutions (22) include
the following:

(1) Ungrounding grounded-wye capacitors, which can limit the level of third-order harmonics in system

(2) Changing capacitor bank sizes and/or locations, which can avoid resonance situations by changing the
values of poles and zeros of the system

(3) Adding a reactor to tune the shunt capacitor bank to a harmonic frequency in order to trap a specific current
harmonic (as further illustrated later in the article)

(4) Adding a small reactor to an existing capacitor bank, which is used to detune the filter. This method is
used to avoid resonance in the tuned frequency by shifting the frequency at which resonance occurs. A
disadvantage of such a filter is that it does not provide the zero-impedance path for desired frequency
currents. Thus it can only damp such harmonics instead of eliminating them

(5) Controlling the capacitor-switching scheme to avoid resonance, which can be implemented using a conven-
tional SVC or a thyristor or mechanically switched capacitor (TSC) or (MSC)



POWER SYSTEM HARMONIC CONTROL 21

A A A —
— (O L#

| Dc load

QO &
Sl N

Fig. 16. Twelve-pulse converter using a delta—wye transformer for eliminating fifth and seventh harmonics.

Static var Compensators (SVC). As mentioned earlier, SVCs can be used for load compensation, which
include power factor correction. SVC can improve power factor by generating the reactive current that load
consumes. In this way the reactive current of the combination of SVC and load is minimized, which leads to
near unity power factor. The difference of SVC and a fixed shunt capacitor lies in SVC control circuit, which
allows momentary adaptation to load characteristics.

Power Factor Correction of Power Electronic Converters. Power electronics converters usually demon-
strate low power factor as well as generating harmonics. Active filtering is a method in which harmonics
generated by the power electronic converter are instantaneously compensated applying a harmonic generating
converter. This method will be discussed later in the section concerning active filters. Active wave shaping
is another method to improve displacement factor for ac/dc converters. In this method the phases of voltage
and current are instantaneously matched to minimize reactive power demand of nonlinear loads. This will be
discussed later in the section concerning active shaping of line current.

Harmonic Control

Nonlinear loads draw current in a nonuniform manner, and the voltage drop caused by these currents across
source impedances results in a distorted voltage waveform. In order to maintain harmonic disturbances at
reasonable levels, to comply with existing standards, we can go through various solutions applicable to supply
systems and to harmonics sources.

Using Higher-Order Pulse Converters. As derived in the section concerning static power converters,
harmonic orders generated by power rectifiers are given by n = kq + 1. This equation clearly shows that an
efficient way to reduce number of harmonics produced by such systems is using converters with higher-pulse
numbers. The most widely used example is that of the 12-pulse bridge configuration. The layout of such bridge
is shown in Fig. 16. In this bridge two 6-pulse converters are used, which produce fifth and seventh-order
harmonics each. A delta—wye transformer shifts the phase of one six-pulse converter by 30°. This causes the
fifth and seventh harmonic currents to cancel. Complex-wound transformers may be used to cancel out more
harmonics in expense of higher transformer cost (23).

Applying PWM Techniques. This control scheme is used to cancel low-order harmonics. This tech-
nique was discussed earlier.

Passive Filters. Shunt power capacitors that improve the power factor can also be used to attenuate
harmonic currents. However, as discussed earlier, shunt capacitors can cause resonance with power system
reactances. To avoid resonant conditions and limit harmonic currents, two passive solutions are (a) increasing
the source impedance by adding a line reactor and (b) providing a low-impedance path or sink for specific
injected harmonic currents.
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Fig.17. Shunt filters: (a) Single-tuned filter; (b) double-tuned filter; (c) high-pass filter. These filters are used to attenuate
harmonics and to improve power factor.

The first solution means applying a series L filter, so it is rarely used, since the full-load current passing
through reactor causes great loss. The second can be implemented by dividing shunt capacitors into several
banks and then tuning each bank to a different harmonic frequency by adding a series reactor to each bank.
Therefore, by providing a low-impedance path for each injected harmonic current, the resulting harmonics in
system is minimized.

Tuned Filters. The “tuned” filter is a highly selective shunt filter that offers low impedance at given
frequencies. The most common tuned filters are single-tuned, double-tuned, and high-pass filters. The filter
type usage depends on the nature of the harmonic problem. The general layout of shunt filters is shown in Fig.
17.

The equivalent circuit of a system using single-tuned filters to eliminate fifth-, seventh-, eleventh-, and
thirteenth-order harmonics is shown in Fig. 18. In this figure the source of harmonic current is modeled as
a constant current source. The transformer and the utility source inductance are modeled as L, and L,
respectively. The resulting impedance Zy,, as seen by the harmonic current source looks like the plot in Fig. 19.

As expected, the impedance has a minimum value at the tuned frequencies. But for each tuned filter there
is also a parallel resonance or maximum impedance below the filter frequency but above the next lowest-tuned
filter frequency. This is caused by the interaction between the tuned filter and the power system, which can be
described as follows: Above the tuned frequency, the filter appears inductive, and hence there is no resonance.
But below the tuned frequency, the filter appears capacitive and will resonate with the power system at some
frequency. This shows why it is not reasonable to apply filters tuned to higher-order harmonics without using
the lower-order ones.

Damped Filters. Damped filters generally consist of combinations of capacitors, inductors, and resistors
that have been selected in such a way as to present low impedance over a broad range of frequencies. This
kind of filter usually has a relatively low-quality factor and dissipates power, considering losses. The main
advantage of these filters is that they can prevent resonance.
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Fig. 18. Typical usage of passive filters. This filter contains four branches and attenuates fifth-, seventh-, eleventh-, and
thirteenth-order harmonics.
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Fig. 19. Impedance Zy, versus frequency for a four-filter system (24). The impedance has a minimum value at the tuned
frequencies, but for each tuned filter there is maximum impedance caused by the interaction between the filter and power
system.

Active Methods. Passive filters often provide a simple and efficient way to mitigate harmonics, spe-
cially if the harmonics are located inside a narrow-frequency range. The conventional systems used to limit
harmonics and compensate for poor-power factors are reactive power compensation capacitor banks and “tuned”
and “damped” passive filters, formerly explained. These systems can be installed when the industrial process
is designed or added later. However, in certain cases the main drawback is still their rigidity, namely an in-
ability to adapt to network changes and filter component variations (aging, temperature, burning of capacitor
elements, etc.). A passive filter is efficient if its impedance at a given frequency is very low compared to that
of the source. However, in certain cases compensation becomes difficult if the source impedance is low or if the
filter frequency characteristics are not accurately tuned to the harmonics generated by the load.

Another problem with tuned filters is that although some kinds of loads generate second- and third-order
harmonics, these filters are not feasible for these harmonics. Also the dc component which always accompanies
the second-order harmonic causes reactor saturation. This will result in excessive harmonics and fundamental
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Fig. 20. Principles of series active filter. The filter prevents harmonics generated in network 1 from flowing into line L;
to network 2.

current components, which lead to rapid thermal failure (25). The basic disadvantages of passive filters are
discussed in detail in Refs. 16, 24, and we briefly mention them as:

The source impedance strongly affects filtering characteristics.
As both the harmonic and the fundamental component flow into the filter, the capacity of the filter must be
rated by taking into account both currents.
When the harmonic current components increase, the filter can be overloaded.
Parallel resonance between the power system and the passive filter causes amplification of harmonic
currents on the source side at a specific frequency.

e The passive filter may fall into series resonance with the power system so that voltage distortion produces
excessive harmonic currents flowing into the passive filter.

e Insufficient ability for covering wide frequency range with high effectiveness leads to the installation of
several filters to mitigate harmonics of various orders.
The filters have limited flexibility for adapting to variations in the network.
Where shunt capacitors are not needed to improve the power factor, the passive filter’s size and cost can
become a considerable issue because of the capacitor banks used in filter structures. So complexity and
price of the passive filter must be taken into consideration.

Consequently both for the utility and/or the user, other compensation methods are required to decrease
harmonic levels and improve power factor and thus make optimum use of the energy drawn from the network.
New solutions offering better performance are under study, and some have already reached the industrial
stage. Two existing methods consist of active filtering and active wave shaping.

Active Filters. Active filters are controllable voltage or current sources connected between two networks.
These voltages or currents present waveforms, which counteract harmonics. According to the way they are
connected to the network, active filters are classified as series or parallel ones (26).

A series active filter is shown in Fig. 20. In this case the filter’s task is to prevent harmonics generated in
the network 1 from flowing into line L; to the network 2. This is achieved if the active filter injects a voltage
in series with the line to cancel out the harmonic component of the voltage Vy,. A shunt active filter can be
modeled as in Fig. 21. In this case the filter is controlled such that the harmonic component of the current of
network 1 passes through active filter rather than line L;. The combination of series and parallel topologies is
also possible (27).

Active filters can be implemented using powerful microprocessors and DSP-based controllers that can
handle sophisticated algorithms. These controls may employ time domain or frequency domain processing.
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Fig. 21. Principle of shunt active filter. The harmonic current I}, passes through the shunt filter rather than line L;.

These filters, in general, can eliminate or attenuate harmonics in a considerable frequency range. They can
also tolerate changes in the network characteristics, which permits efficient adaptation to variations in the
network. These adaptations can be easily achieved through software modifications. These filters can also be
used to avoid resonance situations caused by capacitors in the network and provide unity power factor if
desired.

On the other hand, active filters have some drawbacks, which can be listed as:

e They are difficult to construct, specially as large-rated current source with rapid current response.
e Initial costs and running costs are high.

These drawbacks may be overcome by combining active and passive solutions, which can reduce the size
and cost of active filters along with advantages of active filtering (28,29).

Parallel Active Filters. Three converter topologies can be used as parallel filters: (1) a single parallel
converter, (2) a series connection of a converter and passive filters, and (3) a connection of a coupling filter and
a converter.

Single Converter. As illustrated in Fig. 21 the active filter behaves as a harmonic current generator. One
frequent structure consists of a three-phase voltage-source (Fig. 22) or current-source (Fig. 23) inverter and
an output filter to attenuate the inverter switching effects (Fig. 24). The inverter control system is designed to
ensure that the inverter outputs a harmonic current equivalent, but of the opposite phase, to that generated
by the load. The source-side current is therefore sinusoidal, but the voltage at the connection point will only
be sinusoidal if the network voltage source does not generate any harmonics. Because the inverter switching
frequency is inevitably limited by the active filter capacity, it is better to compensate high-order harmonics by
a small high-pass passive filter.

Series Connection of an Active Filter and Passive Filters. Another topology is to connect the active filter
in series with the passive filter, both being parallel with the load as in Fig. 25. With suitable control of the active
filter, it is possible to avoid resonance phenomena, improve filter performance and simultaneously reduce the
size of the active filter converter. The active filter can be either voltage or current controlled. In current mode
control, the inverter is a voltage source to compensate for the current harmonics in order to prevent them from
entering the source side. The advantage of this method is that the converter is far smaller [approx. 5% of the
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Fig. 22. Voltage-source inverter active filter. The inverter control system ensures that the inverter output current cancels

the load harmonic currents.
1’1) |

Fig. 23. Current-source inverter active filter. The resultant output currents i¢y, irs, and irs compensate for load harmonics.
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Fig. 24. Parallel active filter (AF) with an output filter to attenuate the inverter switching effects.

load power (29)]. Moreover any short-circuit on the load side cause no problems. In voltage mode control, the

converter is a voltage-source inverter controlled to compensate for the voltage harmonics at the connection
point to the network (16).

Connection of a Coupling Filter and Converter. It is possible to connect active filter to a higher-voltage
network by using a coupling filter. This filter consists of two passive dipoles Z; and Z, as shown in Fig. 26.
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Fig. 25. Active filter (AF) along with parallel LC filter. This conjunction reduces the size and cost of the active filter as
well as avoiding resonance phenomena and providing an improved filter performance.
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Fig. 26. Parallel active filter (AF) with coupling filter consisting of two impedances Z; and Z; as a voltage divider to
reduce the voltage across the active filter.

Dipoles Z; and Z; act as a voltage divider, considerably reducing the voltage across the terminals of the active
filter.

Series Filters. The only series configuration of any interest involves connecting passive filters in parallel
with an active series filter (Fig. 27). In this case the passive filters absorb the current harmonics generated by
the load, while the series active filter helps isolate the passive filters from the source. It is therefore reasonable
to assume that the disadvantages of passive filters can be overcome. Thus the series filter must have:

Zero impedance at the fundamental frequency

Very high impedance to all harmonic currents on the load side

A high impedance compared to the source impedance to avoid interaction between the source and the
passive filter (antiresonance phenomenon)

This configuration compensates both for current harmonics on the load side and voltage harmonics
originating from the source.

Active Filter Control. Various control strategies may be applied for controlling active filters. All these
strategies share the same control principle shown in Fig. 28. In this control scheme a desired waveshape
is calculated for the network voltage or current; then the converter switches are controlled in a manner to
maintain the converter voltage or current close to the desired reference values.

Several methods can be applied to calculate the reference signal for proper harmonic elimination, power
factor correction and asymmetric compensation. These methods are fully illustrated in Refs. 30,31,32,33,34.
They either perform the calculations on input voltage/current signals or calculate the active and reactive
components of the input signals in order to obtain the desired waveform. The former is the signal method. The
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Fig. 27. Series filter and passive LC filter. The LC filters absorb the current harmonics and the active filter (AF) isolates
the passive filter from the source side.
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Fig. 28. General control block diagram of active filters. After comparing the calculated current reference with the actual
current, the converter switches are controlled in a manner to reduce the error signal.
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Fig. 29. The principal scheme of active power filter. The filter current ir(¢) compensates for harmonic contents of load
current ir,(¢).

later is based on power theory, which can be used in two ways: instantaneous reactive power compensation and
current-voltage matching.

Signal Method. The basic principles of the first control method can be explained using Fig. 29. In order
to eliminate harmonics from the source current ia(¢), the current iy,(¢) is sampled. These samples are passed
through passive filters, which take out the fundamental component of the load current iy,1(¢). Then the desired
In(t) = i, (t) — ip1(¢), which guarantees that ia(¢) is free of harmonics (34).

Instantaneous Reactive Power Compensation. The instantaneous power method calculates the desired
current such that the instantaneous active power and reactive power in a three-phase system are kept constant.
In other words, the active filter compensates for the variations in instantaneous power. The theory of this
method is developed by Akagi and is now widely applied in active filters and reactive power compensators
(29,30). This theory can be shortly explained as follows: By applying a linear transformation the phase voltages
ey, ey, ¢, and the load currents iy, ir,, iz, of a three-phase system are transformed into the a—p8 coordinate
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Two new definitions—instantaneous real power p and instantaneous imaginary power q on the load side—can

be defined as
|:pJ B |: . EE:| [I'E:| =
q _E)E [ .E-E

In Eq. (29) g does not have the dimension watt, volt-ampere, or var because e,.ig and ez.i, are defined by
the product of the instantaneous voltage in one phase and the instantaneous current in the other phase. This

equation can be rewritten as
. -1
Iy Co e ¢
i —es € q

This implies that the determinant with respect to e, and e in Eq. (30) is not zero. Now let pgc(qac) and pac(qac)
be the dc and ac components of p(q), respectively. The following equations exist:

P = Pg.+ Pac (31)

g = G0 + Jac (32]

where
pdc = dc component of instantaneous real power due to fundamental frequency
Pac = ac component of instantaneous real power due to harmonic frequencies
gdc = dc component of instantaneous imaginary power due to fundamental frequency
gac = ac component of instantaneous imaginary power due to harmonic frequencies

From the Eq. (30) the « and 8 phase load currents i, is can be written as

- T s e R

(33)
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where

e (-axis instantaneous active current:

Iap = o l’-’% pe! (34)
e (-axis instantaneous reactive current:
Iag = E‘E_-ii‘% q (35)
e p-axis instantaneous active current:
i = egifeﬁ P (36)
e p-axis instantaneous reactive current:
Ca (37)

Ig, =
fa eE-I—eﬁq

The physical meaning and reason for the naming of the instantaneous active and reactive currents are
fully illustrated in Ref. 35.

In the active filter control circuit, first the values of p and g are computed using Egs. (27)—(29). Then the
reference current signals are calculated using the equation

1 0
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Where p.y is the instantaneous real power corresponding to the loss of the active filter, and the reference power
components p* and g are given by the equations for proper harmonic filtering:

* —_—

pPf=—pac (39

" = —Gac (40)

This is due to the fact that the p,. and ¢.. are generated by higher-order harmonics other than the fundamental
components of voltages or currents. By canceling these power components, the corresponding harmonics will
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be eliminated. This can be realized by application of a high-pass filter to calculate the ac components of p and
g. In the case where reactive power compensation is also desired, the reference g* must be calculated as:

q" = —q3. — Gac i41)

Current-Voltage Matching. The basic principle of this method is that the current is forced to match
the fundamental component of voltage (31). In other words the desired current is calculated by multiplying
the sinusoidal voltage by a coefficient K, which is determined by load power. So both harmonic elimination
and power factor correction can be achieved. We can assume that the load current iy.q(¢) is composed of two
components:

i100g®) = Kv(t) + ig(t) (42)

where
Kvu(t) = active component of load current
iq(t) = nonactive component of the load current
v(t) = fundamental component of source voltage

K is a coefficient that is calculated in the control system. The nonactive component must be compensated
to have the maximum power factor and efficient harmonic rejection. So the desired instantaneous reference
current for the active filter is written as

Ig(t) = d1,qt) — Kv(t) (43)

Active Shaping of Line Current. By using power electronic converters with appropriate control systems,
the input current of these converters can be forced to follow a sinusoidal waveform in phase with voltage. This
implies that the input displacement factor of the converter is equal to 1, and the power factor is thus maximized.
Various solutions based on the use of reactive components have been proposed, but they are impractical in 50
Hz to 60 Hz single-phase lines due to size, weight, and cost problems.

An attractive solution is to use a diode bridge in conjunction with a single-switch chopper. In this method
the dc/dc converter is placed between the bridge rectifier and the dc load. A sample diagram of such a system,
employing a boost dc/dc converter, is shown in Fig. 30. This is an extremely simplified circuit, since it only has
one single fully controlled switch. Using this configuration allows one to:

e Change the dc output voltage or regulate it as input voltage changes
e Compensate for the poor power factor and high harmonic contents of the input current wave

In this method, low-frequency harmonics generated by nonlinear loads are shifted to higher frequencies
by switching frequency modulation.

It should be noted that these converters require passive filters on the ac side to attenuate the ripple caused
by switching. Smaller filters are possible if the switching frequency is increased. Nonetheless, depending on
the capacity of the power supply, the frequency is inevitably limited by switching losses. Based on these
considerations, various converter topologies can be used for active wave shaping, among which a diode bridge
along with a step-up (boost) dc/dc converter is the most common. A unity-power factor converter, which uses
boost pre-regulator, is shown in Fig. 30.

Control Strategies. As mentioned previously, all control strategies of the dc/dc converter must guarantee
that:
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Fig. 30. Sinusoidal input current rectifier using boost preregulator. The current mode operation of the boost converter
ensures that the rectifier draws a sinusoidal current in phase with the voltage from the ac source.

e The output voltage has the desired value.
e The input current has the same waveform and phase as the input voltage.

There are two ways to accomplish the above requirements, which are presented below.

Multiplier Control Approach. This method uses an input-current feedback loop which commands the
dc/dc converter to work as a current sink, programmed from the input voltage. This control is called the
multiplier control, based on the fact that an analog multiplier is used in the feedback loop. This feedback
control of the step-up converter is given as the block diagram in Fig. 31. In this figure the i*;, represents the
desired value of the input current, which must have the same waveform as |vg|. Its amplitude must be such
that the output voltage vq is maintained on a level determined by v*3 despite input voltage and load variations.
The switching pattern for the step-up converter is determined by comparing the desired input current and the
actual current. This comparison may be done in several ways (21):

Constant frequency control
Constant tolerance-band control
Variable tolerance-band control
Discontinuous current control

In the first method, the switching frequency [ is kept constant. When iy, reaches i*;,, the switch in the
step-up converter is turned off. The switch is turned on by a clock at a fixed frequency f. In the second way,
the current is controlled such that the peak-to-peak ripple I,i, in i1, remains constant. That means that using
a preselected value of I, i1, is forced to be within the tolerance band (hysteresis band), determined by (i*y,
+ Iip/2) and (*r, — I+ip/2) by controlling the switching status. The current-mode control block diagram and
waveforms of i*;, and i, are shown in Fig. 32.

In the variable tolerance-band control, the peak-to-peak ripple current iy, is increased in proportion to
instantaneous value of |vg|. In the last method, the switch is turned off when iy, reaches 2i*1,. The switch is kept
off until i, reaches zero, at which instant the switch is turned on.

During a switching-frequency time period, the following equations can be derived during the on and off
intervals of the switch in continuous mode conduction:

rip ¢
on — (44
Vel
L.I.
_drie (45)
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Fig. 31. Feedback control of unity-power factor converter (21). The sinusoidal reference of preregulator converter in
conjunction with the current-mode controller guarantees the unity power factor operation of the converter.
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Fig. 32. (a) Tolerance-band current-mode control block diagram; (b) i*, and i;, waveforms. Converter switching action is
performed such that the actual current resides in a band around a sinusoidal reference current.

And the switching frequency f is given as
_ 1 _ 'LVd — |vz|)|vg
ton +1 g L.V,

f= (46]

From Eq. (44), the maximum ripple current in a constant frequency control scheme is given as:

v
I =4 when |vz| = -4 47

rip,max 4]?:'9':& 2

where
V4 = constant output voltage of the step-up converter
I, = peak-to-peak ripple current during one time period of the switching frequency
lvs| = absolute value of input ac voltage
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Fig. 33. Voltage follower approach. In discontinuous conduction mode operation, the converter can be controlled in such
a way that no current feedback is needed.

Voltage Follower Approach. Some dc/dc converters like Buck-boost, Sepic, Cuk, and flyback have the
property that when they are working in discontinuous conduction mode, the average value of their input
current is proportional to the input voltage when the duty cycle and the switching frequency are kept constant.
Thus no input current control loop must be used to obtain unity power factor behavior. This control scheme is
shown as Fig. 33 (36).

In the figure the low-pass filter is included in the voltage feedback loop in order to keep the output of the
error amplifier constant each half-cycle. This type of control can be easily explained referring to the Buck-boost
converter in discontinuous conduction mode or a boost converter at the boundary between continuous and
discontinuous conduction modes, which are shown in Fig. 34.

In both cases the value of the input current in each switching cycle can be expressed by:

=dT
Igmax = v i7 (48]

The average value of the input current in switching period will be

2

e = US;:T (Buck-boost) (49
dT

.!:g.:“ = UT (Boost) =0

Where d is the duty cycle and T is the switching period.

Thus the average current is proportional to input voltage if dT or dT are kept constant. As seen in Fig. 33,
the input current loop is not necessary because the average input current follows the input current naturally.
The other advantage of this control is that it is applicable when the line frequency is higher than usual cases
(e.g., 400 Hz), and the disadvantages include:
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Fig. 34. (a) Buck-boost dc/dc converter in discontinuous conduction mode. (b) Main waveforms. (¢) Boost dc/dc converter
at the boundary between continuous and discontinuous conduction modes. (d) Main waveforms.

e Higher semiconductor stresses when working in discontinuous mode
e High-frequency ripples in the input current

It is important to note that beside conventional dc/dc converter topologies, several-switch topologies can
be used for the same purpose. A full discussion of these topologies is found in Refs. 21, 36.
Common Problems to All Classical Topologies. Two main limitations exist regarding these converters:

e The switching frequency is limited to 100 kHz to 200 kHz by the switching losses.
e The regulation of the output bus is poor because of the low-pass filter shown in Fig. 33, which is absolutely
necessary to obtain a true sinusoidal input current and thus used in all topologies.

In order to overcome these problems, other techniques are used including soft-switching topologies among
which zero-voltage transition (ZVT) converters can be mentioned. The main disadvantage of resonant convert-
ers is additional hardware used for auxiliary switches (37,38).

Comparison between Different Structures in Active Current Shaping. In Buck and Buck-boost topologies
due to the series connection of the switch, the input current is chopped. This causes high levels of conducted
and radiated electromagnetic interference (EMI), hence an increase in the size and cost of the input filter.
These converters can control the starting input current. So they can provide a short-circuit protection for the
load. The Buck-boost converter also has the advantage of full control range of output voltage, and if its parallel
inductance is replaced by a transformer, galvanic isolation between input and output stages of converter is
possible (flyback converter).
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Regarding boost converter, which is fully discussed in the beginning of this paragraph, the following
characteristics can be mentioned (21,39):

The input current is continuous due to series connection of reactor.
One terminal of the switch is grounded. Therefore the isolating transformer is not required, which simplifies
the switch driver.

e The output voltage across the capacitor ©4 contains a ripple at twice the line frequency. The feedback control
circuit, used to control the output voltage, cannot compensate this voltage ripple without distorting the
input line current.

e Output voltage must be kept higher than input ac voltage, which may cause problems for output stages
connected to this type of converter.

e The step-up converter topology is well suited for the input current shaping because, when the switch is off,
the input current directly feeds the output stage. In a constant-frequency current mode control the switch
duty ratio, d, depends on the input voltage |vs| and the output voltage as

25

Vi

d=1- (51)

It can be seen that d is smallest at the peak of inductor current. Thus large values of it, flow through the
switch only during a small fraction of the switching time period.

e There are no abrupt variations in the inductor current. Therefore a small input EMI filter is sufficient to
prevent the inductor current ripple from entering the utility system.
The dc output voltage can be stabilized to a nearly constant value for large variations in the line voltage.
No galvanic isolation is provided between ac and dc stages.
No short-circuit protection is supported.

Conclusions

In this article harmonics and power factor issues were discussed. Important definitions and existing standards
regarding these issues were presented. Nonlinear loads, especially power electronics equipment, substantially
contribute to the deterioration of power quality. After presenting the harmonic sources, their effects on the
power system were discussed. These effects include resonance phenomena, malfunction of delicate electronic
devices, power factor degrading, and overheating. Two types of solutions can be used to mitigate harmonic
problems: passive and active. Passive methods consist in using tuned and damped filters, and they have
widely been used in power systems. Because of some inconveniences and problems, passive solutions are being
replaced by the active methods. In these methods power electronic converters with appropriate control systems
are used to compensate for harmonics and to improve power factor. Mathematical formulations regarding the
active methods were given. Modulation techniques which are the base of active solutions do shift harmonics to
higher frequencies, and this can result in electromagnetic interference. EMI problems have also been shortly
discussed. Unity-power factor converters implemented by applying active wave-shaping technique is one of
the active methods used to improve the power factor against the conventional shunt capacitor banks. Various
implementations of this technique and a comparison between them was presented last.



POWER SYSTEM HARMONIC CONTROL 37

Acknowledgment

The authors would like to thank A. Agah, graduate student at Sharif University of Technology, Tehran, Iran,
for his valuable help in preparing this article.

BIBLIOGRAPHY

11.
12.

13.
14.
15.
16.
17.
18.

19.
20.

21.

22.
23.

24.
25.

26.
27.

. IEC 1000, Electromagnetic Compatibility—Part 3: Limits—Section 2: Limits for harmonic current emission (equipment

input current < 16 A per phase), International Electrical Commission, 1995.

. IEC 1000, Electromagnetic Compatibility—Part 3: Limits—Section 3: Limitation of voltage fluctuations and flicker in

low-voltage supply systems for equipment with rated current < 16 A, International Electrical Commission, 1994.

. IEEE Std 519-1992, IEEE Recommended Practices and Requirements for Harmonic Control in Electrical Power Systems.
. VDE Standard 0838, Disturbances in supply systems caused by household appliances and similar electrical equipment,

1988.

. F. S. Prabhakara R. L. Smith Industrial and Commercial Power Systems Handbook, New York: McGraw-Hill, 1995.
. VDE Standard 0160, Electronic equipment for use in electrical power installations and their assembly into electrical

power installations, 1990.

. VDE Standard 0712, Specifications for accessories to hot and cold-cathode fluorescent lamps with rated voltages up to

1000V, 1986.

. M. Rashid Power Electronics—Circuits, Devices, and Applications, Englewood Cliffs, NJ: Prentice-Hall, 1988.
. R. Yacamini Power system harmonics, Part 1: Harmonic sources, Power Eng. J. 8 (4): 193-198, 1994.
. J. M. Erdman et al. Effects of PWM inverters on ac motor bearing currents and shaft voltages, IEEE Trans. Ind. Appl.,

32: 250-259, 1996.

L. V. Bewley Traveling Waves on Transmission Systems, New York: Wiley, 1951.

A. von Jouanne et al. Filtering techniques to minimize the effect of long motor leads on PWM inverter-fed ac motor
drives systems, IEEE Trans. Ind. Appl., 32: 919-926, 1996.

T. J. E. Miller Reactive Power Control in Electrical Systems, New York: Wiley, 1982.

R. Yacamini Power system harmonics, Part 2: Measurements and calculations, Power Eng. J. 9(1): 51-56, 1995.
Collection de notes internes de la Direction des Etudes et Recherches, A State Variable Approach to Harmonic Distur-
bances in Distribution Networks, EDF, 96NR00091, 1996.

Collection de notes internes de la Direction des Etudes et Recherches, Disturbance Generated by Power Rectifiers:
Existing Solution and Prospects, EDF, 93NR00017, 1993.

T. G. Habetler D. M. Divan Acoustic noise reduction in sinusoidal PWM drives using a randomly modulated carrier,
IEEE Trans. Power Electron., 6: 356—363, 1991.

R. Redl Power electronics and electromagnetic compatibility, Record 27¢th Annu. Power Electronics Specialists Conf.,
Vol. 1, 1996, pp. 15-21.

L. Tihanyi Electromagnetic Compatibility in Power Electronics, Oxford, UK: Butterworth-Heinemann, 1995.

J. Mahdavi A. Shahintabe A. Farhadi Analysis of RF conducted emission due to PWM and resonant dc/dc converters,
Proc. Int. Conf. Power Electronics, Drives and Energy Systems for Industrial Growth, Vol. 2, 1995, pp. 813-818.

N. Mohan T. M. Undeland W. P. Robbins Power Electronics—Conuverters, Applications and Design, 2nd ed., New York:
Wiley, 1995.

IEEE Std 1036-1992, IEEE Guide for Application of Shunt Power Capacitors.

D. A. Paice Power Electronic Converter Harmonics, Multipulse Methods for Clean Power,Piscataway, NJ: IEEE Press,
1996.

M. Cameron Trends in power factor correction with harmonic filtering, IEEE Trans. Ind. Appl., 29: 60-65, 1993.

M. Z. Lowenstein Improving power factor in the presence of harmonics using low-voltage tuned filters, IEEE Trans.
Ind. Appl., 29: 528-535, 1993.

M. Pereira K. Sadek Application of power filters for mitigation of harmonics, Proc. IEEE SPT 1995, 1995, pp. 219-224.
M. Aredes J. Hafner K. Heumann A combined series and shunt active power filter, Proc. IEEE SPT 1995, 1995, pp.
237-242.



38

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

POWER SYSTEM HARMONIC CONTROL

F. Z. Peng H. Akagi A. Nabae Compensation characteristics of combined system of shunt passive and series active
filters, IEEE/IAS Annu. Meet. Conf. Record, 1989, pp. 959-966.

H. Fujita H. Akagi A practical approach to harmonic compensation in power systems, series connection of passive and
active filters, IEEE Trans. Ind. Appl., 27: 1020-1024, 1991.

H. Akagi A. Nabae S. Atoh Control strategy of active power filters using multiple voltage-source PWM converters,
IEEE Trans. Ind. Appl., 22: 460465, 1986.

A. Cavallini G. C. Montanarion Compensation strategies for shunt active filter control, IEEE Trans. Power Electron.,
9: 587-593, 1994.

N. Balbo et al. Hybrid active filter for parallel harmonic compensation, Power Electron. Applications, 5th European
Conf., 1993, pp. 133-138.

R. M. Duke S. D. Rond The steady-state performance of a controlled current active filter, IEEE Trans. Power Electron.,
8: 140-146, 1993.

U. Suhodolcan et al. Microprocessor controlled parallel active power filter, Proc. IEEE SPT 1995, 1995, pp. 262—266.
H. Akagi A. Nabae The p-q theory in three-phase systems under non-sinusoidal conditions, ETEP, 3 (1): 27-31, 1993.
dJ. Sebastian M. Jaureguizar J. Uceda An overview of power factor correction in single-phase off-line power supply
systems, Proc. IECON’94-20th Annu. Conf. of IEEE Industrial Electron., Vol. 3, 1994, pp. 1688-1693.

dJ. He N. Mohan Input-current shaping in line-rectification by resonant converters, IEEE Ind. Appl. Soc. Annu. Meet.,
1987, pp. 990-995.

L.BarbiS. A. O. Da Silva Sinusoidal line current rectification at unity power factor with boost quasi-resonant converters,
IEEE Appl. Power Electron. Conf., 1990, pp. 553-562.

Collection de notes internes de la Direction des Etudes et Recherches, Harmonics produced by devices connected to the
LV public networks: Limits proposed by the standards and feasible solutions, EDF, 93NR00046, 1993.

J. MAHDAVI

Sharif University of Technology
M. EHSANI

Texas A&M University



