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FOREWORD

Reactive power has been recognized as a significant factor in the design
and operation of alternating current electric power systems for a long
time. In a very general and greatly oversimplified way, it has been ob-
served that, since the impedances of the network components are
predominantly reactive, the transmission of active power requires a
difference in angular phase between the voltages at the sending and re-
ceiving points (which is feasible within rather wide limits), whereas the
transmission of reactive power requires a difference in magnitude of these
same voltages (which is feasible only within very narrow limits).

But why should we want to transmit reactive power anyway? Is it not
just a troublesome concept, invented by the theoreticians, that is best
disregarded? The answer is that reactive power is consumed not only by
most of the network elements, but aso by most of the consumer toads,
so it must be supplied somewhere. If we can't transmit it very easily,
then it ought to be generated where it is needed.

Of course, the same might be said about active power, but the con-
straints on its transmission are much less severe and the penalties on
inappropriate generator siting (and sizing) much more severe. Still, the
differences are only quantitative.

It is important to recognize that, when we speak of transmission of
electricity, we must speak of electrical distances. For example, the reac-
tance of a transformer may be as great as that of 50 miles of transmission
line. Thus, when we consider that the average transmission distance in
the United States is only of the order of 100 miles, it is evident that we
do not really avoid transmission entirely unless the generation of reactive
power is at the same voltage level as is the consumption to be supplied.
This partialy explains the superficialy strange fact that we can often ob-
serve in the same network, shunt compensation in the form of capacitors
in the distribution system and shunt inductors in the transmission system.

There is a fundamental and important interrelation between active and
reactive power transmission. We have said that the transmission of active
power requires a phase displacement of voltages. But the magnitudes of
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X Foreword

these voltages are equally important. Not only are they necessary for
power transmission, but also they must be high enough to support the
loads and low enough to avoid equipment breakdown. Thus, we have to
control, and, if necessary, to support; or constrain, the voltages at dl the
key points of the network. This control may be accomplished in large
part by the supply or consumption of reactive power at these points.
Although these aspects of reactive power have long been recognized,
they have recently acquired increased importance for at least two reasons:
first, the increasing pressures to utilize transmission capacity as much as
possible; and second, the development of newer static types of control-
lable reactive-power compensators. Many years ago, whén the growing
extent of electric power networks began to justify it, synchronous con-
densers were used for voltage support and power transfer capability im-
provement. At the same time, shunt capacitors began to be installed in
distribution circuits to improve voltage profiles and reduce line loading
and losses by power-factor improvement. The rapid development and rel-
ative economy of these shunt capacitors led to their amost displacing
synchronous condensers in the transmission system aso. It was found
that practically as much could be gained by switched capacitors as by syn-
chronous condensers, and at a much lower cost. Now there are signs that
the tide may have turned again, and controlled reactive-power supplies
are beginning to return in the form of static devices. However, from an
economic point of view, it is still the-job of the system engineer to deter-
mine how much can be accomplished by fixed capacitors (and inductors),
how much needs to be switched, and finally how much needs to be rapid-
ly and continuously controlled, as, for example, during disturbances. Of
course, there also remains the question of how much, if any, reactive
power should be obtained from the synchronous generators themselves.
We have so far discussed reactive power as being supplied to, or from,
the network. However, at the beginning of this Foreword it was pointed
out that some of the consumption of reactive power is in the network
series elements themselves, for example, in transmission lines and
transformer leakage reactances. Thus, a direct way of increasing power
transfer capacity in transmission systems, and of reducing voltage drop in
distribution systems, is to compensate part of the series inductive reac-
tance by series capacitors. Ordinarily, this is looked at from the stand-
point of reducing the net inductive reactance, rather than in terms of
reactive-power supply. Operating problems have. been encountered, and
applications to distribution systems have become rare, but the series ca-
pacitor remains the best way to increase transmission capacity in many
cases. It has also been used to balance line loadings among network
branches. As a corollary to this, in a meshed network the application of
series capacitors must be coordinated in order to preserve, or obtain, a
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proper distribution of line loadings, while a shunt capacitor (or other
means of voltage support) can often be applied with benefit at a single
point.

Finaly, it may be well to define what we mean by reactive power. For
purely sinusoidal, single-frequency voltages and currents, the concept is
simple, reactive current is the component out-of-phase with the voltage,
and there is a simple right-triangle relation between active, reactive, and
apparent power. But we don't have purely sinusoidal wave forms, espe-
cidly when we compensate reactive power, since in compensating the
fundamental we may be left only with harmonics, sometimes larger than
the original values. Also, the static controlled reactive-power sources al-
most always produce harmonics. If we then hold to the simple concept of
reactive power being the product of voltage and the out-of-phase com-
ponent of current, we can have cases where the reactive power by any
direct measurement is practicaly zero, but the power factor is still less
than unity. In the design of static compensators, harmonics are con-
sidered individualy, and whether one calls them reactive power is imma-
terial. Moreover, in the direct measurement of reactive power, we may
shift, for example, the phase of the voltage by 90 degrees, with a capaci-
tor or an inductor, with different effects on the magnitudes of the har-
monics; or somehow shift the whole voltage bodily, with a result that
may be more esthetically satisfying but still does not relate reactive power
to apparent power, or to power factor. (The root of the difficulty = that
apparent power is rms voltage times rms current.) We do not wish to be-
labor these academic considerations, but merely to caution the reader to
think precisely about his/her observations and terms.

We have to keep in mind that there are redly two reasons for the ap-
parent power being larger than the active power: reactive power and har-
monics. If we take the definition of reactive current as the part that does
no work, we are undone by the simple case of a purely sinusoidal voltage
applied across a non-linear resistor. We can easily calculate the active
power either by multiplying the voltage by the fundamental component of
the current (in which case it might appear that the harmonic components
are reactive), or by multiplying instantaneous values of voltage and
current and integrating over a cycle (in which case it might appear that
the entire current is useful). And no matter how we shift the voltage,
there is no direct way we can find any reactive power. In any case the
subjects of reactive power and harmonics are essentially related, and the
present book includes a treatment of harmonics.

Another aspect of the definition of reactive power is whether we speak
of it as a single entity (as we have done in this Foreword) that is con-
sumed by an inductor and generated by a capacitor, or whether we speak
of it as being either positive or negative. Both practices have their ap-
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propriate places. Also, in a network the concepts of leading and lagging
currents must be used with due consideration of the assumed reference
direction of current flow.

Anyway, regardiess of what we think reactive power is, it is important,
and becoming more so. Thus the present book, with its emphasis on
compensation and control (and harmonics), is particularly appropriate at
this time. The authors are al practising power-system engineers who
have had a total of many decades of experience in the technologies relat-
ed to reactive power.

CHARLES CONCORDLA

Venice, Florida
October 1982
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PREFACE

About thirty percent of al primary energy resources worldwide are used
to generate electrical energy, and almost al of this is transmitted and dis-
tributed by alternating current at 50 or 60 Hz. It is now more important
than ever to design and operate power systems with not only the highest
practicable efficiency but also the highest degree of security and reliability.
These requirements are motivating a wide range of advances in the tech-
nology of ac power transmission and the purpose of this book is to

+ describe some of the more important theoretical and practical develop-

ments.

Because of the fundamental importance of reactive power control, and
because of the wide range of subjects treated, as well as the method of
treatment, this book should appea to a broad cross section of electrical,
electronics, and control engineers. Practising engineers in the utility in-
dustry and in industrial plants will find both the theory and the descrip-
tion of reactive power control equipment invaluable in solving problems
in power-factor correction, voltage control and stabilization, phase baanc-
ing and the handling of harmonics. In universities the book should form
an idea basis for a postgraduate or even an undergraduate course in
power systems, and several sections of it have already been used for this
purpose at the University of Wisconsin and in the General Electric Power
Systems Engineering Course.

Reactive power control, which is the theme of the book, has grown in
importance for a number of reasons which are briefly as follows. First,
the requirement for more efficient operation of power systems has in-
creased with the price of fuels. For a given distribution of power, the
losses in the system can be reduced by minimizing the total flow of reac-
tive power. This principle is applied throughout the system, from the
simple power-factor correction capacitor used with a single inductive load,
to the sophisticated algorithms described in Chapter 11 which may be
used in large interconnected networks controlled by computers. Second,
the extension of transmission networks has been curtailed in genera by
high interest rates, and in particular cases by the difficulty of acquiring
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xiv Preface

right-of-way. In many cases the power transmitted through older circuits
has been increased, requiring the application of reactive power control
measures to restore stability margins. Third, the exploitation of hydro-
power resources has proceeded spectacularly to the point where remote,
hostile generation sites have been developed, such as those around Hud-
son Bay and in mountainous regions of Africa and South America. In
spite of the paralel development of dc transmission technology, ac
transmission has been preferred in many of these schemes. The prob-
lems of stability and voltage control are identifiable as problems in reac-
tive power control, and a wide range of different solutions has been
developed, ranging from the use of fixed shunt reactors and capacitors, to
series capacitors, synchronous condensers, and the modern static compen-
sator. Fourth, the requirement for a high quality of supply has increased
because of the increasing use of electronic equipment (especially comput-
ers and color television receivers), and because of the growth in
continuous-process industries.

Voltage or frequency depressions are particularly undesirable with such
loads, and interruptions of supply can be very harmful and expensive.
Reactive power control is an essential tool in maintaining the quality of
supply, especiadly in preventing voltage disturbances, which are the com-
monest type of disturbance. Certain types of industrial load, including
eectric furnaces, rolling mills, mine hoists, and dragline excavators, im-
pose on the supply large and rapid variations in their demand for power
and reactive power, and it is often necessary to compensate for them with
voltage stabilizing equipment in the form of static reactive power com-
pensators. Fifth, the development and application of dc transmission
schemes has created a requirement for reactive power control on the ac
side of the converters, to stabilize the voltage and to assist the commuta-
tion of the converter.

All these aspects of ac power engineering are discussed, from both a
theoretical and a practical point of view. Chapters 1 through 3 deal with
the theory of ac power transmission, starting with the simplest case of
power-factor correction and moving on to the detailed principles on which
the extremely rapid-response static compensator is designed and applied.
In Chapter 2 the principles of transmitting power at high voltages and
over longer distances are treated, and Chapter 3 deals with the important
aspects of the dynamics of ac power systems and the effect of reactive
power control. The unified approach to the " compensation' problem is
particularly emphasized in Chapter 2, where the three fundamental tech-
niques of compensation by sectioning, surge-impedance compensation,
and line-length compensation are defined and compared. Chapter 1 is
also unified in its approach to the compensation or reactive power control
of loads; the compensating network is successively described in terms of
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its power-factor correction attributes, its voltage-stabilizing attributes, and
finally its properties as a set of sequence networks capable of voltage sta-
bilization, power-factor correction, and phase balancing, both in terms of
phasors and instantaneous voltages and currents.

Chapter 4 introduces and describes in detail the principles of modern
static reactive power compensators, including the thyristor-controlled
reactor, the thyristor-switched capacitor, and the saturated reactor. Partic-
ular attention is given to control aspects, and a detailed treatment of
switching phenomena in the thyristor-switched capacitor is included.

The modern static compensator receives further detailed treatment in
Chapters 5 and 6. Chapter 5 describes the high-power ac thyristor con-
troller and associated systems, while Chapter 6 gives a complete descrip-
tion of a modern compensator installation including details of the control
system and performance testing.

In Chapter 7 the series capacitor is described. The solution of the sub-
synchronous resonance (SSR) problem, together with the introduction of
virtually instantaneous reinsertion using metal-oxide varistors. have
helped restore the series capacitor to its place as an economic and very
effective means for increasing the power transmission capability and sta-
bility of long lines. Both the varistor and the means for controlling SSR
are described in this chapter.

Chapter 8 on synchronous condensers has been included because of
the continuing importance of this class of compensation equipment. Asa
rotating machine the synchronous condenser has a natural and important
place in the theory of reactive power control, and several of the most re-
cent installations have been very large and technically advanced. Rapid
response excitation systems and new control strategies have steadily
enhanced the performance of the condenser.

In Chapter 9 there is a detailed treatment of reactive power control in
connection with electric arc furnaces, which present one of the most chal-
lenging load compensation problems, requiring large compensator ratings
and extremely rapid response to minimize **flicker."" Chapter 9 will be of
interest to the general reader for its exploration of the limits of the speed
of response of different methods of reactive power control. It aso shows
clearly the advantages of compensation on the steel-producing process,
which exemplifies the principle that the performance of the load is often
significantly improved by voltage and reactive power control, even when
these are required for other reasons (such as the reduction of flicker?.

The subject of reactive power control is closely connected with the sub-
ject of harmonics, because reactive power compensation and control is
often required in connection with loads which are aso sources of har-
monics. A separate reason for the importance of harmonics in a book on
reactive power control is that reactive compensation amost aways
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influences the resonant frequencies of the power system, at least localy,
and it is important that capacitors, reactors, and compensators be de-
ployed in such a way as to avoid problems with harmonic resonances.
Chapter 10 deals with these matters, and includes a treatment of filters
with practical examples.

The fina chapter, Chapter 11, deals with the relatively new subject of
reactive power coordination, and describes a number of systematic ap-
proaches to the coordinated control of reactive power in a large intercon-
nected network. Minimization of system losses is one of severa possible
optimal conditions which can be determined and maintained by computer
analysis and control. This promising new subject is given the last word in
leaving the reader to the future.

Many people have contributed to the writing and production of this
book, and the editor would like to record his warmest thanks for al con-
tributions great and small. Specia thanks are due to Dr. Eike Richter of
the General Electric Research and Development Center for his generosity
and sustained support of the project, and aso to Dr. F. J. Ellert, D. N.
Ewart, D. Swann, Dr. P. Chadwick, R.J. Moran, D. Lamont, and Dr.
E. P. Cornell.

Specia thanks are also due to Mrs. Barbara West for her tremendous
assistance in the preparation (and often the repair) of the manuscript.
Mrs. Christine Quaresimo, Miss Kathy Kinch, and Holly Powers aso
helped substantially with the manuscript, and Dean Klimek with the
figures. Composition was by the Word Processing Unit of General
Electric's Corporate Research and Development Center, and thanks are
due to A. E. Starbird and his staff. Acknowledgment is aso due to the
staff of John Wiley and Sons for their expert guidance throughout the
writing and production of the book.

Dr. John A. Mallick made several helpful suggestions in connection
with Chapters 1 and 2. We are also especialy grateful to Dr. Laszio Gyu-
gyi of Westinghouse Electric for permission to use some of his ideas in
Section 9 of Chapter 1. Also to S. A. Miske, Jr. for his comments on the
whole work and on Chapters 2 and 7 in particular, and to him and R. J.
Piwko and Dr. F. Nozari (al of the GE Electric Utility Systems Engineer-
ing Department) for contributions to Chapter 3. Acknowledgment is aso
due to the U.S. Department of Energy and to Dr. H. Boenig of Los
Alamos Laboratory in connection with studies which formed the basis of
some sections in Chapter 3. Philadelphia Electric Co. is acknowledged for
the photograph of the synchronous condenser station in Chapter 8. Oth-
ers who helped at various stages include D. J. Young, S. R. Folger, D.
Demarest, R. A. Hughes, H. H. Happ, L. Kirchmayer, W. H. Steinberg,
Dr. W. Berninger and Dr. James Lommel. United States Steel is ac-
knowledged for the Frontispiece arc furnace photograph, and the Institute
of Electrical and Electronics Engineers for the use of several figures and
material throughout the book. The Institution of Electrica Engineers is
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acknowledged for the use of material and figures in Section 3 of
Chapter 4 which are taken from |IEE Conference Publication CP205,
“Thyristor and Variable Static Equipment for AC and DC Transmission."

No book is the sole work of its named authors, and acknowledgment is
made to the many unnamed contributors to the technology and applica-
tion of reactive power control. This book does not attempt to set out
hard-and-fast rules for the application of any particular type of equip-
ment, and in particular the authors accept no responsibility for any ad-
verse consequences arising out of the interpretation of material in the
book. The chapters are al written from the individual points of view of
the authors, and do not represent the position of any manufacturing com-
pany or other institution.

T.J. E. MILLER

Schenectady, New York
October 1982
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Chapter 1

THE THEORY OF
LOAD COMPENSATION

T.J.E. MILLER

PRINCIPAL SYMBOLE

Note: Lower case symbols for voltage, current, etc., denote instantane-
ous values.

Boldface symbols denote complex numbers {i.e., impedances, admit-
tances, and phasor voltages and currents). The asterisk denotes complex
conjugation. Plain italic type denotes the magnitude of a phasor voltage or
current.

Symbols
) Susceptance, S
E Source voltage, V
L Conductance, S
h Complex operator 2=
I Current, A
j J=1
I Slope of voltage/current characteristic, Ohm
r Power. W
2 Reactive power, VAr (inductive positive)
K Resistance, Ohm

Apparent power, VA
¥ Voltage, V
X Reactance, Ohm
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Y Admittance, S

A Impedance, Ohm
Greek Symbols
o) Power-factor angle, ° or radian
A A small change in...
w Radian frequency, radian/sec
Subscripts
a,b.c  The three phases of the power system
k Knee-point
! Load
mp Maximum permitted
R Real or resistive component
g Supply system
5 Short circuit
X Imaginary or reactive component
Greek subscript
Y Compensator

1.1. INTRODUCTION: THE REQUIREMENT
FOR COMPENSATION

In an ideal ac power system, the voltage and frequency at every supply
point would be constant and free from harmonics, and the power factor
would be unity. In particular these parameters would be independent of
the size and characteristics of consumers' loads. In an ideal system, each
load could be designed for optimum performance at the given supply
voltage, rather than for merely adequate performance over an unpredict-
able range of voltage. Moreover, there could be no interference between
different loads as a result of variations in the current taken by each one.
We can form a notion of the quality of supply in terms of how nearly
constant are the voltage and frequency at the supply point, and how near
to unity is the power factor. In three-phase systems, the degree to which
the phase currents and voltages are balanced must also be included in the
notion of quality of supply. A definition of ""quaity of supply' in
numerical terms involves the specification of such quantities as the max-
imum fluctuation in rms supply voltage averaged over a stated period of
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time. Specifications of this kind can be made more precise through the
use of statistical concepts, and these are especialy helpful in problems
where voltage fluctuations can take place very rapidly (for example, at the
supply to arc furnaces).

In this chapter we identify some of the characteristics of power systems
and their loads which can deteriorate the quality of supply, concentrating
on those which can be corrected by compensation, that is, by the supply
or absorption of an appropriately variable quantity of reactive power. A
study of how the quality of supply can be degraded by such loads will lead
to the definition of the ""ideal" compensator. Section 1.4 discusses the
types of load which require compensation and outlines the effects of
modern trends in the eectrical characteristics of industrial' plant design.
In later sections the theory of compensation is developed for steady-state
and dowly varying conditions.

1.2. OBJECTIVES IN LOAD COMPENSATION

Load conzpensation is the management of reactive power to improve the
quality of supply in ac power systems. The term load compensation is used
where the reactive power management is effected for a single load (or
group of loads), the compensating equipment usually being installed on
the consumer's own premises near to the load. The techniques used, and
indeed some of the objectives, differ considerably from those met in the
compensation of bulk supply networks (transmission compensation).
In load compensation there are three main objectives:

1. Power-factor correction.
2. Improvement of voltage regulation.
3. Load balancing.

We shall take the view that power-factor correction and load balancing are
desirable even when the supply voltage is very " stiff" (i.e., virtually con-
stant and independent of the load).

Power-factor correction usually means the practice of generating reactive
power as close as possible to the load which requires it, rather than sup-
plying it from a remote power station. Most industrial loads have lagging
power-factors; that is, they absorb reactive power. The load current
therefore tends to be larger than is required to supply the real power
aone. Only the rea power is ultimately useful in energy conversion and
the excess load current represents a waste to the consumer, who has to
pay not only for the excess cable capacity to carry it but aso for the
excess Joule loss produced in the supply cables. The supply utilities also
have good reasons for not transmitting unnecessary reactive power from
generators to loads: their generators and distribution networks cannot be
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used at full efficiency, and the control of voltage in the supply system can
become more difficult. Supply tariffs to industrial customers almost
always penalize low power-factor loads, and have done so for many years;
the result has been the extensive development of power-factor correction
systems for industrial plants.

Voltage regulation becomes an important and sometimes critical issue in
the presence of loads which vary their demand for reactive power. All
loads vary their demand for reactive power, although they differ widely in
their range and rate of variation. In all cases, the variation in demand for
reactive power causes variation (or regulation) in the voltage at the supply
point, which can interfere with the efficient operation of all plants con-
nected to that point, giving rise to the possibility of interference between
loads belonging to different consumers. To protect against this, the sup-
ply utility is usually bound by statute to maintain supply voltages within
defined limits. These limits may vary from typicaly =+ 5% averaged over
a period of a few minutes or hours, to the much more stringent con-
straints imposed where large, rapidly varying loads could produce voltage
dips hazardous to the operation of protective equipment, or flicker annoy-
ing to the eye.t Compensating devices have a vita role to play in main-
taining supply voltages within the intended limits.

The most obvious way to improve voltage regulation would be to
"strengthen’™ the power system by increasing the size and number of
generating units and by making the network more densely interconnected.
This approach would in general be uneconomic and would introduce
problems associated with high fault levels and switchgear ratings. It is
much more practical and economic to size the power system according to
the maximum demand for real power, and to manage the reactive power
by means of compensators and other equipment which can be deployed
more flexibly than generating units and which make no contribution to
fault levels.

The third main concern in load compensation is load balancing. Most
ac power systems are three-phase, and are designed for balanced opera-
tion. Unbalanced operation gives rise to components of current in the
wrong phase-sequence (i.e., negative- and zero-sequence components),
Such components can have undesirable effects, including additional losses
in motors and generating units, oscillating torque in ac machines, in-
creased ripple in rectifiers, malfunction of several types of equipment,
saturation of transformers, and excessive neutral currents. Certain types
of equipment (including several types of compensators) depend on bal-
anced operation for suppression of triplen harmonics. Under unbalanced
conditions, these would appear in the power system.

¥ The supply authority is usualy also bound by statute to maintain frequency within defined
limits. Frequency variations are not considered in this chapter.
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The harmonic content in the voltage supply waveform is an important
parameter in the quality of supply, but it is a problem specialized by the
fact that the spectrum of fluctuations is entirely above the fundamental
power frequency. Harmonics are usually eliminated by filters, whose
design principles differ from those of compensators as developed in this
chapier.”™  Nevertheless, harmonic problems often arise together with
compensation problems and frequent reference will be made to harmonics
and their filtration. Moreover, many types of compensator inherently
generate harmonics which must be either suppressed internaly or filtered
externally.

13. THE IDEAL COMPENSATOR

Having outlined the main objectives in load compensation, it is now pos-
sible to form a concept of the ideal compensator. This is a device which
can be connected at a supply point (i.e., in paralel with the load) and
which will perform the following three main functions: (1) correct the
power factor to unity, (2) eliminate (or reduce to an acceptable level) the
voltage regulation, and (3) baance the load currents or phase voltages.
The ideal compensator will not be expected to eliminate harmonic distor-
tion existing in the load current or the supply voltage (this function being
assigned to an appropriate harmonic filter); but the idea compensator
would not itself generate any extra harmonics. A further property of the
ideal compensator is the ability to respond instantaneously in performing
its three main functions. Strictly, the concept of instantaneous response
requires the definition of instantaneous power-factor and instantaneous
phase-unbalance. The ideal compensator would also consume zero aver-
age power; that is, it would be lossless.

The three main functions of the ideal compensator are interdependent.
In particular, the power-factor correction and phase-balancing themselves
tend to improve voltage regulation. Indeed, in some instances, especially
those where load fluctuations are dow or infrequent, a compensator
designed for power-factor correction or phase-balancing is not required to
perform any specific voltage regulating function.

The ideal compensator can be specified more precisely by stating that it
must

1. Provide a controllable and variable amount of reactive power pre-
cisely according to the requirements of the load, and without
delay.

Present a constant-voltage characteristic at its terminals.
Be capable of operating independently in the three phases.
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The burden of responsibility for providing compensation divides between
supplier and consumer according to several factors including the size and
nature of the load and any future extensions projected for it; the national
standards in force; loca practice;, and the degree to which other consum-
ers may be affected. It is often the case that the consumer assumes
responsibility for power-factor correction and for balancing the load
currents; indeed, most supply tariffs require consumers to do this. Volt-

age regulation, on the other hand, is more usually the concern of the sup-
plier.

1.4. PRACTICAL CONSIDERATIONS

1.4.1. Loads Requiring Compensation

Whether a given load should have power-factor correction in the steady
state is an economic question whose answer depends on several factors
including the supply tariff, the size of the load, and its uncompensated
power-factor. It is typicd that for sizeable industrial loads, power-factor
correction is economicaly advantageous if the uncompensated power-
factor is less than 0.8.

Loads which cause fluctuations in the supply voltage may have to be
compensated not only for power factor but for voltage regulation also.
The degree of voltage variation is assessed at the ** gauge point™ or " point
of common coupling' (PCC), which is usualy the point in the network
where the customer's and the supplier's areas of responsibility meet; for
example, the high-voltage side of the distribution transformer supplying a
particular factory.

Typical of loads requiring compensation are arc furnaces, induction
furnaces, arc welders, induction welders, steel rolling mills, mine
winders, very large motors (particularly those which start and stop fre-
guently), opencast excavators, wood chip mills, and high-energy physics
experiments (e.g., synchrotrons) which require pulsed high-power sup-
plies. These loads can be classified into those which are inherently non-
linear in operation and those which cause disturbance by being switched
on and off. The nonlinear loads usually generate harmonics as well as
fundamental-frequency voltage variations. Arc furnace compensators, for
example, virtualy aways include harmonic filters, usualy for harmonic
orders 3, 5, 7 and often for orders 2, 4, 11, and 13 as well.?

Both power-factor and voltage regulation can be improved if some of
the drives in a plant are synchronous motors instead of induction motors,
because the synchronous motor can be controlled to supply (or absorb)
an adjustable amount of reactive power. By virtue of its rotating mass it
also stores kinetic energy which tends to support the supply system
against suddenly applied loads.

1.4. Practical Considerations 7

motor starts are avoided by having '"soft starts'; that is, the motor is
started through an adjustable transformer or by an electronic drive with
facilities for a gradua start.

The modern trend with large dc drives which are used in an ** on-off"
mode is to use thyristor controls, which themselves exacerbate the com-
pensation problem because they generate harmonics, require reactive
power for commutation, and have no rotational inertia. Figure 1 shows
the typical form of variation in the reactive power requirement of a steel
rolling mill. Not only are the reactive power variations large (about
50 MV A1), but they are also sudden, so the compensator must be able to
respond rapidly.

A first idea of the compensation requirement can be formed by charac-
terizing the load according to the following headings:

1. Type of drive (dc or ac; thyristor-fed or transformer-fed).

2. Duty-cycle in terms of the real and reactive power reguirements
(e.g., Figure 1).

3. Rate of change of rea and reactive power (or the time taken for
the real or reactive power to swing from maximum to minimum).

4. Generation of harmonics.

5. Concurrence of maximum reai and reactive power requirements in
multiple-load plants.

In many cases, voltage dips caused by

50—
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FIGURE 1. Typica variation in the reactive power requirements of a steel rolling mill
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1.4.2. Acceptance Standards for the Quality of Supply

The first objectionable effect of supply voltage variations in a distribution
system is the disturbance to the lighting level produced by tungsten
filament lamps. The degree to which variations are objectionable depends
not only on the magnitude of the light variation but also on its frequency
or rate of change, because of the sensitivity characteristics of the human
eye. Very dow variations of up to 3% may be tolerable, while the rapid
variations caused by arc furnaces or welding plant can coincide with the
maximum visual sensitivity (between 1 and 25 Hz) and must be limited
in magnitude to 0.25% or less.

Several other types of loads are sensitive to supply voltage variations,
especially computers, certain types of relays employed in control and pro-
tective schemes, induction motors, and lamps of the discharge and
fluorescent types.

Very often the variation in supply voltage is detrimental to the perfor-
mance of the load which is causing the variation. Compensation may
therefore be applied to improve this performance as wel as to benefit
other consumers.

Table 1 is representative of the type of standards which might be
prescribed for the performance of a system with a disturbing load. In the
case of the welding plant, the permitted voltage variation is inversely
related to the sensitivity of the human eye to light fluctuations as a func-
tion of frequency.

TABLE 1
Typical Voltage Fluctuation Standards'

Limits Permitted in Voltage Fluctuation

Type of Load

Large motor starts 1-3% depending on frequency
Mine hoists, excavators,
steel rolling mills,

large thyristor-fed dc drives

1-3% at distribution voltages
2-1%% at transmission voltages

Welding plant %-2% depending on frequency

Induction furnaces Up to 1% depending on time
between steps of ' soft start"

Arc furnaces See Chapter 9

8 See Reference 3.

ma—— (R S T
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1.4.3. Specification of a Load Compensator

The parameters and factors which need to be considered when specifying
a load compensator are summarized in the following list. The list is not
intended to be complete, but only to give an idea of the kind of practical
considerations which are important.

1. Maximum continuous reactive power requirement, both absorb-
ing and generating.
1. Overload rating and duration (if any).

3. Rated voltage and limits of voltage between which the reactive
power ratings must not be exceeded.

4. Frequency and its variation.

5. Accuracy of voltage regulation required.

. Response time of the compensator for a specified disturbance.
7. Special control requirements.

&. Protection arrangements for the compensator and coordination
with other protection systems, including reactive power limits if
necessary.

4,  Maximum harmonic distortion with compensator in service.

1.  Energization procedure and precautions.
11. Maintenance; spare parts; provision for future expansion or rear-
rangement of plant.

i1. Environmental factors: noise level; indoor/outdoor instalation;
temperature, humidity, pollution, wind and seismic factors; leak-
age from transformers, capacitors, cooling systems.

13. Performance with unbalanced supply voltages and/or with unbal-
anced load.

14. Cabling requirements and layout; access, enclosure, grounding.

15. Reliability and redundancy of components.

In the case of arc furnace compensation, the "improvement ratio' or
"flicker reduction ratio™ may be specified as one principal measure of the
compensator's performance.

1.5, FUNDAMENTAL THEORY OF COMPENSATION:
POWER-FACTOR CORRECTION AND VOLTAGE
REGULATION IN SINGLE-PRASE SYSTEMS

The first purpose of a theory of compensation must be to explain the re-
lationships between the supply system, the load, and the compensator. in
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Section 1.5.1 we begin with the principle of power-factor correction,
which, in its smplest form, can be studied without reference to the sup-
ply system. In later sections, we examine voltage regulation and phase
unbalance, and build up a quantitative concept of the ideal compensator.
The supply system, the load, and the compensator can be character-
ized, or modeled, in various ways. Thus the supply system can be
modeled as a Thévenin equivalent circuit with an open-circuit voltage and
either a series impedance, its current, or its power and reactive power (or
power-factor) requirements. The compensator can be modeled as a vari-
able impedance; or as a variable source (or sink) of reactive current; or as
a variable source (or sink) of reactive power. The choice of model used
for each element can be varied according to requirements, and in the fol-
lowing sections the models will be combined in different ways as ap-
propriate to give the greatest physical insight, as well as to develop equa-
tions of practicd utility. The different models for each element are, of
course, essentially equivalent, and can be transformed into one another.
The theory is developed first for stationary or nearly stationary condi-
tions, implying that loads and system characteristics are understood to be
either constant or changing slowly enough so that phasors can be used.
This simplifies the analysis considerably. In most practica instances, the
phasor or quasi-stationary equations are adequate for determining the rat-
ing and external characteristics of the compensator. For loads whose
power and reactive power vary rapidly (such as electric arc furnaces), the

phasor equations are not entirely valid; special analysis methods have
been developed for these.

15.1. Power Factor and Its Correction
Figure 2a shows a single-phase load of admittance Y, = G, + jBy sup-
plied from a voltage V. The load current isT and

Lp=WiG + 80 = VG, T VB, =1g + jlx . ey
Both V and I, are phasors, and Equation 1 is represented in the phasor
diagram (Figure 2b) in which V is the reference phasor. The load
current has a ""resistive™ component, 7z, in phase with V, and a *'reac-
tive™ component, /x = VB,, which isin phase quadrature with V; in the
example shown, Iy is negative; Iy is lagging, and the load is inductive
(this is the commonest case). The angle between V and I, is¢. The ap-
parent power supplied to the loads is §

= ¥y — VB (2)
=Py +3Q[

7 Note that S!2 S FE) ,and Qp are not phasor quantities.

B
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I = WG = b &0B dy
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1 b VB = Ty
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fal [&l

Py 5
"'d-r"_l d
- 1ﬂ|'
S
(cj Ix = +VE
(d)
FIGURE 2. [l through (4). Power-factor correction

The apparent power thus has a real component Fy (i.e., the power which
is usefully converted into heat, mechanical work, light, or other forms of
energy); and a reactive component @, (the reactive power, which cannot
be converted into useful forms of energy but whose existence is
nevertheless an inherent requirement of the load). For example, in an
induction motor, Q, represents the magnetizing reactive power, The
relationship between Sy, Fy, and Q, isshown in Figure 2¢. For lagging
(inductive) loads B is negative and QO is positive, by convention.

The current |, =1y supplied by the power system is larger than is
necessary to supply the real power alone, by the factor

If.‘l.lr" - ]l'll-'l.'l".i ||I|‘5 (3p
Here, cos & ; is the power factor, so called because
cosdy=P,/8,, (4)

that is, cos @iy is that fraction of the apparent power which can be use-
fully converted into other forms of energy.

The Joule losses in the supply cables are increased by the factor
1/cos? ¢,. Cable ratings must be increased accordingly, and the losses
must be paid for by the consumer.

The principle of power-factor correction is to compensate for the reac-
tive power; that is, to provide it locally by connecting in paralel with the
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load a compensator having a purely reactive admittance =jf#y. The

current supplied by the power system to the combined installation of load
and compensator becomes

=1, +1,

- VG, i
which is in phase with V, making the overall power-factor unity.
Figure 2d shows the phasor relationships. The supply current I, now has
the smallest value capable of supplying full power ¥y at the voltage V,
and all the reactive power required by the load is supplied localy by the
compensator: the load is thus totally compensated. Relieved of the reac-
tive requirements of the load, the supply now has excess capacity which is
available for supplying other loads.
The compensator current is given by ¥

+iB) — V(B = ¥G, = I, (5
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TABLE 2
Reactive Power Required for Complete
Compensation at Various Power Factors

Compensator

Load Rating Q. (per unit
Power-Factor of rated load
(cos iy ] apparent power)

1.0 il

0,95 0.312

.40 0230

080 0400

60 1RO

.40 0917

il 1.0

As developed so far, the compensator is a fixed admittance (or suscep-

I, = VY, =—jVB,. (6)
The apparent power exchanged with the supply system is
S, =P, +jd,
= Y1}
- j#':ﬁ'f ; (7

Thus P,=0 and Q, = *"lﬁ'i = —Qy. The compensator requires no
mechanical power input. Most loads are inductive, requiring capacitive
compensation (B} positive, Q, negative).

From Figure 2¢, we can see that for total compensation of reactive

power, the reactive power rating of the compensator is related to the
rated power P, of the load by

szPftanu'-f. ;N
and to the rated apparent power Sp of the load by
g,=5 sincj)Q:Sl-\-]—cosqug. 9

Table 2 shows the compensator rating per unit of S, for various power-
factors. The rated current of the compensator is given by Q,/V, which
equals the reactive current of the load at rated voltage.

The load may be partially compensated (ie., |0, <{Q,l or |B,)

< |81, the degree of compensation being decided by an economic
trade-off between the capital cost of the compensator (which depends on.z=
its rating) and the capitalized cost of obtaining the reactive power from .

the supply system over a period of time.

+ The subscript v is used to denote compensator quantities. ‘¢
phase ““c” in later sections.

e e e e e

|
L
I:

tance) incapable of following variations in the reactive power requirement
of theload. In practice a compensator such as a bank of capacitors (or in-
ductors) can be divided into parallel sections, each switched separately, so
that discrete changes in the compensating reactive power may be made,
according to the requirements of the load. More sophisticated compensa-
tors (e.g., synchronous condensers or static compensators) are capable of
stepless variation of their reactive power. (See Chapter 4.)

The foregoing analysis has taken no account of the effect of supply
voltage variations on the effectiveness of the compensator in maintaining
an overal power-factor of unity. In general the reactive power of a fixed-
reactance compensator will not vary in sympathy with that of the load as
the supply voltage varies, and a compensation **error** will arise. In the
next section the effects of voltage variations are examined, and we find
out what extra features the ideal compensator must have to perform satis-
factorily when both the load and the supply system parameters can vary.
We aso see how the improvement of power-factor by itself tends to im-
prove voltage regulation.

1.5.2. Voltage Regulation

We begin this section by determining the voltage regulation that would be
obtained without a compensator. identifying the most important parame-
Mers aof the load and the supply system. Them we introduck the concept of

" 2n fdeal compensator that maintains constant supply-point voltage by

maintaining the supply-system reactive power approximately constant.
=The-characteristics of the compensator are developed both graphically and

T mathematically.
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Voltage regulation can be defined as the proportional (or per-unit)
change in supply voltage magnitude associated with a defined change in
load current {e.g., from no load to full load). It is caused by the voltage
drop in the supply impedance carrying the load current. If the supply sys-
tem is represented by the single-phase Thbvenin equivalent circuit shown
in Figure 3a, then the voltage regulation is given by (|E[—|V])/
[V|= (|E|- ¥)/V, V being the reference phasor.

In the absence of a compensator, the supply voltage change caused by
the load current I, is shown in Figure 3b as AV, and

Now Z = R, t jX,, while from Equation 2,

Fy — 1@
B ey (11}

so that
e
AV = (R, + jX,) ‘—p“‘?f

ERLF.I‘ T -I-:Q.F] Agtf — Hylly -
L e 12

- AFp + ihFy.

The voltage change has a component AV in phase with V and a com-
ponent AVy in quadrature with V; these are illustrated in Figure 3b. It is
clear that both the magnitude and the phase of V, relative to the supply
voltage E, are functions of the magnitude and phase of the load current;
or, in other words, the voltage change depends on both the real and reac-
tive power of the load.

By adding a compensator in paralel with the load, it is possible to
make [E|={V]|; that is, to make the voltage regulation zero, or to main-
tain the supply voltage magnitude constant at the value Ein the presence
of the load. Thisisshown in Figure 3¢ for a purely reactive compensator.
The reactive power @, in Equation 12 is replaced by the sum
Q =Q * 0y, and Q isadjusted in such a way as to rotate the phasor
AV until |[E}=|V|. From Equations 10 and 12,

(13)

LoTxer-rol
|E|.'_l]..'+ E’_P'E : ':F_’Q.'\ + {_" I > "@‘*l

=1 T

DAL

e e CoEE TR TR

| S
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firl

(c)

FIGURE 3. (a) Equivalent circuit of load and supply system. (&) Phasor diagram for
Figure 3a (uncompensated). (c) Phasor diagram for Figure 3a (compensated for constant
voltage).

The required value of @, is found by solving this equation for Q, with
|[E|=V, then 0, = O;— Q,. The agebraic solution for @, is given in
Section B of the Appendix. In an actua compensator, the value would be
determined automatically by a control loop. What is important here is
that there is aways a solution for Q, whatever the value of Py. This

leads to the following important conclusion:
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A purely reactive compensator can eliminate supply-voltage variations
caused by changes in both the real and ihe reactive power of the load.

Provided that the reactive power of the compensator can be controlled
smoothly, over a sufficient range (both lagging and leading, in general)
and at an adequate rate, the compensator can perform as an ideal voltage
regulator. It should be realized that only the magnitude of the voltage is
being controlled; its phase varies continuously with the load current.

It isinstructive to consider this principle from a different point of view.
We have dready seen in Section 1.5.1 how the compensator can reduce to
zero the reactive power supplied by the system. That is, instead of acting
as a voltage regulator, the compensator acts as a power-factor corrector.
If the compensator is designed to do this, we can replace Q, in Equa-

tion 12 by Qs= @, + Q,, which is zero. The voltage change phasor is
then

R.Pi+JX,P P
AV — %_ (R, + [E) _P‘ , (14)

which is independent of Q ’ and not under the control of the compensator.
Therefore

The purely reactive compensator cannot maintain both constant voltage
and unity power-factor at the same time.

The only exception to this rule is when Py = 0, but this is generally
not of practical interest. It isimportant to note that the principle refers tia
instantaneous power-factor: it is quite possible for a purely reactive com-

pensator to maintain both constant voltage and unity average power-factor
(see Section 1.6).

Approximate Formula for the Voltage Regulation. The expressions for
AVg and AVy in Equation 12 are sometimes given in a useful aternative
form, as follows. If the system is short-circuited at the load busbar, the
"* short-circuit apparent power'* will be

E e
B = Pt iQu= Kl = . 15}

where Z. .= RS+ iX, and I is the short-circuit current. Since \Zz\=
\Z .\, we have

e B S e R

B e T et B BRI

R
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, Bt
R, =X cos b= —— CO5 ghye (16
‘55(
and
: E?
X, =%, sin -:I'l,._:"S—Sin g, a7n
sC
with
tan g = — {18

"~

that is, the X:R ratio of the supply system. Substituting in Equation 12
for Ry, and X,, normalizing AVgx and AVx to ¥, and assuming that
E/V = 1, we have

AVy - .
v T 5. [Fy cosdis:t 0y sin by ] i)
and
AW
iI-'H = ; Pt — O 008 0y 1 (200

Very often AVy isignored on the grounds that it tends to produce only
a phase change in the supply point voltage (relative to E). the bulk of the
change in magnitude being represented by A¥V;. Equation 19 is frequently
guoted in the literature. Although approximate, the formulas are useful
in that they are expressed in terms of quantities that are in common par-
lance: fault level or short-circuit level S, X:R ratio (i.e., tan &}, and
the power and reactive power of the load, P, and {}; . For accurate
rezsultzs, the expressions in Equations 19 and 20 should be muiltiplied by
E* V2.

So far the equations have been written as though AV were associated
with a full-scale change from 0 to P, or from 0 to Q, in the load. Equa-

tions 12, 19, and 20 are also valid for small changes in P[ and QI; thus,
for example,

AVy + )
- _éJ [AP; cOsdsc T AQ ,Sin gl i21)
5C

for small changes.
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If the supply resistance R, is much less than the reactance X it may be
permissible to neglect the voltage changes caused by swings in the real
power AP , so that the voltage regulation is governed by the eguation

AV AFan AQy &
V="v "~ Ssc[ Slnq,'lsc-_--—s%. (22}

That is, the per-unit voltage change or swing is equal to the ratio of the
reactive power swing to the short-circuit level of the supply system. This
relationship can be represented graphicaly, as in Figure 4, yhich shows
the supply system voltage characteristic (or system load line) as approxi-
mately linear. An alternate representation is

E
¥
T

= m {23)

if 0, << 5y

Although the characteristic is only approximate, it is very useful in visual-
izing the action of the compensator, as will appear below.

System Load Line ¥T
4
e e S Y
. : ST
Gradient = ~ E I
SSC I
|
|
i
]
|
0 Qr

FIGURE 4. Supply system approximate voltagelreactive power characteristic.

1.6. APPROXIMATE REACTIVE POWER CHARACTERISTICS
1.6.1. Voltage Regulation with a Varying Inductive Load
In this section, we shall deduce the properties of an idea compensator

intended for voltage regulation improvement with a variable inductive
load.

e Y

e

S I P

e — e mE R
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The load will be assumed to be three-phase, balanced, and to vary
sufficiently slowly so that the per-phase phasor or quasi-stationary equa-
tions may be used. The load variations are assumed to be small so that
AV<<V, and it is adso assumed that R,<< X, so that the approximate
Equations 22 and 23 are applicable. Figure 5a shows the arrangement of
the system, compensator, and load; the system characteristic is drawn in

Bupply - ;
I mpedance U Zs = Fa + 1%
Q

)S

'|I' b
Compensator Load
Qy i Oy
[F-F}
Urragulaisd -u-|-trl-":l.-:|_| atad
1.0
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; |
av | :"""':“I e
Ciperatng Por | |
| |
| |
| |
| :-:.ru.- |
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r |
|
y Q.
a I ) Dl'uﬂ a I]IITHI' = C-rmr..: ':r"ug :
(4]
fcd
.:'h D!
'._|' rl
-1 Dhonas |-——— =
1
! :'-\,n"
i |
|
1
| |
I |
] ]
I i 1
i i o, i =
o I:L\.l'llﬂ- Q I:ll'l'rql\.- % ':|.rr.'-x '-’-"nrm
(d) (e)

FIGURE 5 (@) Single-phase equivalent circuit of compensated load. [&1 Approximate
voltagelreactive power characteristic of completely compensated system. {c) Approximate
voltagelreactive power characteristic of partially compensated system. (d) Ideal compensa-
tor voltage/reactive power characteristic (approximate). (e) Reactive power baiance di-
agram (variation of g and Q. with Q[)‘
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Figure 55. This characteristic is drooping; that is, an increase in the reac-
tive power Q, supplied by the system decreases the voltage at the supply
point. Replacing Q; in Equation 23 by Qs(= Q, +0,),

Vo= I_-.'ll _ 9

= G (24}

-
or

AV £y &
=5 {25

The reactive power Q, supplied by the system is given by
Qs=0,+0,. (26)

and it is clear that if the compensator reactive power Q, could be varied
in such a way as to keep Q, constant, the supply voltage could be con-
stant. In particular, if

Q. = Qpmax = CONstant, n

then V is constant with the value E(I — QE,,,“.S ¥, as shown in
Figure 5. When the ioad reactive power 0, increases, the compensator
reactive power absorption decreases, their sum remaining constant.
When @, =0, the compensator is fully on and absorbs Q max s When
Qg = @y the compensator is fully off and absorbs no reactlve power.
Note that we have a purely inductive compensator holding constant supply
voltage with an inductive load.

The compensation shown in Figure 55 is said to be complete, because
constant voltage is maintained throughout the reactive power range of the
load.

The voltage regulation AV/V can be kept zero only if the reactive
power rating of the compensator equals or exceeds {Jym... If the com-
pensator reactive power is limited to O, max (l€ss than Q[max) then when
0,=0 the compensator will absorb Q.. and the voltage regulation will
be

AV _ Dpmas = Crowe {28)
¥ Fac

This situation is illustrated in Figure Sc; the compensation is said to be
partial. This equation illustrates the "*leverage' which the compensator
has on the system voltage, in that the maximum value of A¥/V which
can be caused by a change in the compensator's reactive power from zero

= R

L E L e A
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to maximum is given by = .. /S, For example, on a 10-kV busbar
with a short-circuit level of 250 MVA, the smallest compensator capable
of forcing a 1% change in voltage is rated 0.01 = 250 = 25 MVA. The
minimum compensator rating can be chosen so that =, .- I8 just
corresponds to the maximum permitted voltage swing AV,;,,: thus

AV

- & =5 [
':dl ¥IMAX Q!‘ max 'lc}h' ["- .EH‘J

It is now instructive to split Figure & into two separate diagrams as
shown in Figures 5¢ and 54; this can be done with the aid of the reactive
power balance diagram shown in Figure 5e. Figure 5¢ shows the variation
of the supply-point voltage with Q,: it represents the compensated sys
tem characteristic and should be compared with the uncompensated
characteristic of Figure 54. The compensator is rated at Q. max < & ym—
and is controlled idedly in such a way as to maintain Q, constant as in
Equation 27, provided that its rating is not exceeded; that is, the compen-
sator acts as an ideal voltage regulator.

Figure 5¢ shows that the compensator reactive-power rating need be no
larger than the variation in load reactive power in order to maintain con-
stant supply voltage as the load varies. This affordsa useful economy in
compensator rating where the load reactive power varies between max-
imum and some fractional value, say 0.5 pu. Provided that the compen-
sator is rated according to Equation 29, then whatever the load reactive
power, the supply voltage variation does not exceed AV,

The two segments of Figure Sc can be identified as an unregulated
rangefor 0 < Q, <(Qpmm — Q,max): and aregulated range for D s —
Q,max) = o Q aux: 1hroughout the unregulated range, the compen-
sator absorbé QYmax and limits the voltage rise to the maximum permitted
level AV,,. In the regulated range, the compensator maintains Q, =
constant and AV = 0.

The control characteristic of the compensator is shown in Figure 54.
Since there is no voltage change for 0 <Q, < Q. ..« the characteristic is
flatin the regulated range; if 0, falls below the regulated range, the com-
pensator merely absorbs a constant {7, .4 irrespective of the voltage.

1.6.2. Power Factor Improvement

The average power-factor of the inductively compensated inductive load
is substantially worse than that of the load itself. If, for example, the
average reactive power of the load {¥; were one-half its maximum, then
the average reactive power supplied by the system to the compensated
load would be Eﬂ!, that is, twice as much.
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To achieve ideal voltage regulation as well as unity average power-
factor, it is clear that a capacitive compensator is required. Instead of
keeping Q,= constant = @yme as in Equation 27, the compensator
should keep

Q, = constant = 0. 3B

Neglecting the effect of variations in load power, a procedure similar to
that of Section 1.6.1 will bring out the voltage/reactive power characteris-
tic of the ideal compensator which achieves this. Figures 6a through 6d
illustrate the procedures; Figure 6c shows the ideal compensator charac-
teristic. The minimum capacitive rating of the compensatdr is given by

Resultant ,
Opocaling Pors T
"‘*H Regulated  Unregulated
|_'_‘—'—-—-_._|_|!k - o -
| >‘_'—-—|_‘_‘_\_‘| I'-'l"'-rrp[
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FIGURE 6. (a! Approximate voltagelreactive power characteristic of uncompensated sys-
tem. (b) Approximate voltagelreactive power characteristic of conipensated system.
{c) Ideal compensator voltage/reactive power characteristic (approximate}. [a'l Reactive
power balance diagram (variation of Qs and @, with Q[ 1.
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Equation 29, and outside its regulating range the compensator is assumed
to generate a constant reactive power Q,m.x- Unity voltage is now
defined so as to correspond to the fully compensated condition defined by
Equation 30, and the mean operating point is a V= 10 per unit with
0s=0.

Instead of absorbing just enough reactive power to make up the tota
Q,+ 0, 10 Qpnax. the compensator now generates whatever the load
absorbs; the compensator is purely capacitive. If the compensator is
designed as an idea voltage regulator, then Q. is not quite constantly
zero because of load power variations. Generally this effect will be small.
(See the worked example in Section 1.7.)

1.6.3. Reactive Bower Bias

If the load reactive power can vary From leading to lagging, then what is
required is a compensator whose regulated ¥ — Q characteristic extends
into both quadrants as in Figure 7a. The inductive compensator charac-
teristic of Figure 5¢ can be biased in this way by means of a fixed shunt
capacitor as shown in Figure 7b. In the same way, the capacitive compen-
sator can be biased into the lagging quadrant by a fixed shunt inductor, as
shown in Figure 7c. If the shunt capacitor of Figure7b is sufficiently
large, then the inductive compensator can be biased so that its charac-
teristic is wholly in the leading quadrant. When combined with a shunt
capacitor, the inductive compensator becomes capable of keeping both
constant voltage and unity average power-factor of an inductive load.

The distinction between an inductive and a capacitive compensator may
now seem a little artificial, but it is important from a practical point of
view because al real compensators except the synchronous condenser
work by controlling the currents in either a capacitor bank or in an
arrangement of inductors. The saturated reactor compensator, for exam-
ple, is usually biased at least part way into the leading quadrant by means
of shunt capacitors. A fixed shunt reactance is cheaper than a variable
compensator having the same reactive power rating, and it is sometimes
economic to size the compensator to match only the variations in load
reactive power, while biasing it with a fixed shunt reactance to achieve
the desired average power factor.

In Figures 5, 6, and 7 the voltage/reactive power characteristics of both
the compensator and the supply system are not truly straight but are qua-
dratic. They are shown approximately as straight lines under the assump-
tion that Vdoes not deviate appreciably from 1.0 pu. More exact calcula
tion requires the exact forms of Equations 12 or 13. Alternatively, the
working can be done in terms of the currents instead of the reactive
powers.
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FIGURE 7. (a) Approximate voltage/reactive power characteristic of ideal compensator

capable of leading and lagging reactive power. (b) Capacitive bias of variable inductive
compensator. (c) Inductive bias of variable capacitive compensator.

1.7. AN EXAMPLE

Consider a supply system at 10 kV line-neutral voltage with a short-circuit
level of 250 MVA and an X R, ratio of 5, supplying a wye-connected
inductive load whose mean power is 25 MW and whose reactive power
varies from zero to 50 MV Ar; dl quantities are expressed per phase.

The Thévenin impedance of the supply system is Z, = £7 /5. =
(10 B¥I% 130 MVA = 0.4 Ohm/phase. With tan ¢, = 5, we have gy =
78.69°, so that X;= Z sin &z = 0.3922 Ohm and R, = 0.0784 Ohm. By

Arad b

L ———

e
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phasor construction or ""load flow' calculation, we have, with E=
1.0 pu = 10 kV,

V = 6.782 ¥V {I-ul
and
AV = 1.1806 4 pb.B6TE KV .

Now the line current is given by | = (P, — j@ 0¥ = 3.686 — j7.372 =
8242 [ —63.44°kA at full load, with a power-factor of 0.447 lagging.
The phasor diagram is drawn in Figure 8a. The voltage magnitude is
depressed by 10 — 6.182 = 3.218 kV. The accurate forms of Equa
tions 19 and 20 have been used for this calculation.

1.7.1. Compensation for Constant Voltage
Following the method of Section B in the Appendix, we have, with
V=10,
a=RX* x2-0160
b= 2K, = 2x 10? x 0.3922 = 78.44
c=(V2+ R PV + X' = E°W
= (102 + 0.0784 x 2537 + (0.3922 x E3)F — 107 x 107
= 451 98

Hence,

—TH44 + +/78.447 — 4 x 0.160 x 491 98

= T Ix0.16

= —6.35 or —484 MVAr

Only the first solution gives E = 10.0 kV in Equation 13, so that

ap, o JsPe b LOL - Q058 05 4+ 05928 % (s34

— AT
B o Tl LUEIT Ky

Al XoPy — R0h 0050 = 15— 00788 x_(-6.35)

¥ 1

= U EY

T See Section B m Appendix at the end of this chapter.
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The total current in the supply lines is (P, —jQ)/V = 250 +
jO0.635kA, and the compensator current is given by —jO., /V =
j5.635 kA with Q, = —56.35 MVAr. The phasor diagram is shown in
Figure 85. It has a number of interesting features. The voltage magni-
tude is held exactly to 1.0 pu and it is now not permissible to calculate AV
as AVy, neglecting AVy. Instead, both components must be calculated
accurately.

The compensator reactive power is not equal to the load reactive
power, but exceeds it by 6.35 MVAr as a result of the compensation of
the voltage regulation caused by the real load powar P¢- Consequently
the system power-factor is not unity but 25/+/25%F 157 = 0.969 lead-

ing. In the diagram, the supply line current I, can be seen leading the
voltage by cos™! (0.969) = 14.3".

1.7.2. Compensation for Unity Power Factor

With Q, = Q. the phasor diagram is as shown in Figure 8¢, with |, =
j5129kA ="—-1, and Q,=0. The voltage is V= 9.748kV T with
AVr = 0.201 kV and A¥Vy = 1.006 kV; the voltage depression is therefore
9.748 — 10.0 = —0.252 kV, or approximately 2.5%. The power-factor
correction thus improves the voltage regulation enormously compared
with the uncompensated case. In many situations this degree of improve-
ment is adequate and the compensator can be designed to provide the

reactive power requirement of the load rather than as an ideal voltage
regulator.

1.8. LOAD COMPENSATOR ASA VOLTAGE REGULATOR

The control characteristics shown in Figures 5d and 6¢ can be character-
ized by three numbers:

1. The knee-point voltage V.

2. The maximum or rated reactive power Q. may-
3. TheganK,.

The gain may be defined as the change in reactive power Q, divided by
the change in voltage V: thus

1
 — ".‘jg:f' , 30

T Calculated by the method of Section C in Appendix

T T e
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and if_the control characteritic is linear, then for Q, < Q. it is
represented by the equation

v=v.t0,/K,. (32)

Is Figures 54 and fc. the gain &, is infinite; the compensator absorbs or
prnerates EXacily e right amount of reactive power to maintain the sup-
ply point valiage constant as the load varies.

We now determine the voltage regulating properties of a compensator
having a finite vollzge-regulating gain K,, operating on a supply system
with & fnite short-circuit level Sg.. As in Section 1.6.1, the central ques-
“lionis 'how [l supply-point voltage magnitude varies with the load (in
particalar, with the load reactive power).

As developed so far, the ideal compensator in its voltage-regulating
mode hizs had infinite gain £,. Very high values of K, are rare in prac-
tice. They tend o weaken the stability of the compensator's operating
point, and in certain types of compensator it is inherently expensive to
design for & kigh value. 5o the performance with finite X, is important.

We continue to work on a per-phase basis, assuming balanced condi-
fioms, The X R, ratio of the supply system is assumed to be high, and
lozd-power fluctuations are neglected. The system is as shown in
Figurs 5a. Reactive power balance is expressed by

0,4+ 0,= 0, (33)

The system voltage characteristic or load line is given by Equation 24;
approcamately,

P-_—.E[] —"‘1
| O]

isee Figure 9g). The gradient of the load line represents the intrinsic
sensitivity of the supply voltage to variations in the reactive power Q,;
{hus

"

T T (34)

A high short-circuit level S, reduces the voltage sensitivity, making the
load line flat; the system is then termed ™ stiff."*

In the uncompensated case, Q, = 0 and Q, = Q). S0 that the voltage
sznsitivity to the load reactive power @ is the same as itsintrinsic sensi-

1.8. Load Compensator as a Voltage Regulator %
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1
E
i ; ’N\
1 i
E.'.-_n-"-:"‘"al"l'l-" C"h.-l'.:\...kl a1k I VEE [T = 0375
V=4 '.'.I.l.H.'.l ‘
I
° o, ol -
(b) i) s

FIGURE 9. (a) Approximate voltage/reactive power characteristic of supply system.
(&) Ideal compensator voltagelreactive power characteristic.

tivity —E/S,. In the presence of a compensator, from Equations 24
and 33,

V=E|]-= (35}

L

Q4 G-,l

and since @, isafunction of ¥, the sensitivity will be modified.
The compensator reactive power Q, is determined by the voltage
difference V — Vy according to Equation 32 (see Figure 954), so that

0, =K, (V=v). (36)

We have already seen that a high compensator gain K, implies a flat V/Q
characteristic; that is a " stiff,"" constant voltage characteristic. In per unit
(pu) terms, a gain of, say, 40 pu means that the compensator reactive
power changes from zero to 1 pu for a changein ¥ — ¥, (or ¥) equal to
1/40 or 0.025 pu. In the following, it will be convenient to use a per-unit
system in which Q. max iS the base reactive power and E the base voltage.

The influence of the compensator is determined by substituting for O,
from Equation 36 in Equation 35 and rearranging, so that

[ 1+ K VS, O/ S

T . il o
e 1+ K,E/5,

| + K E/S. 7

This equation shows how the supply point voltage V varies with load reac-
tive power Q, in the presence of the compensator, provided of course
that Q, < Q,max. Although approximate, it directly shows the influence
of al the magjor parameters. the load reactive power itself, the compensa
tor characteristic ¥, and K, , and the system characteristic Eand Si..
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pu With Compensator

If the load is uncompensated, we have K, = Q, = 0 and Equation 37
reduces to Equation 24. The compensator has two effects immediately
apparent from Equation 37: it alters the no-load supply-point voltage and it
modifies the sensitivity of the supply-point voltage to the load reactive power.
If the compensator gain X, is positive, then the voltage sensitivity is reduced:

B Withaul e
Compansalor

1
|
|
Lml_i Ranga !

I
I
d¥ Ers. I i
E - - m: (38} :I'_ Regulated Range ! !
I~ K. = 100 gu ! I Querload
For instance, suppose E= 1.00 pu and S, = 25 pu (based on Q... K -- \ ! ‘ ',"_"‘
then the uncompensated voltage sensitivity to load reactive power varia- In [ - L ' L —

tions is (from Equation 34) —0.04 pu. A compensator with K, = 100 pu {
would reduce this sensitivity to

MVAr
=004 {104 o
T L -0.008 pu . {39}

The no-load supply-point voltage is expressed by the first term on the
right-hand side of Equation 37. It can be made equal to the uncompen-
sated no-load voltage E by making vV, = E

It is useful to express the gradient — E/S. in aform analogous to that
of K., if we write

1
K, = (40)

then K, represents the system "*gain’™ in that it equals the rate at which
reactive power must be absorbed from the system in order to depress the
system voltage by unit amount. K, is then anaiogous to K, for the com-
pensator; and the leverage which the compensator has in determining the
overall sensitivity of the supply-point voltage to the load reactive power is

clearly afunction of the ratio K./K, provided that Q, < Q. nax-
The compensator reactive power corresponding to a given value of Q, i
can be determined from Equations 36 and 37 as B i—
= L [,r_.' e ﬂ

o i 1T

— i41) I (RSO

T+ K _E/S,

F 29

and if E = ¥, _

K EVS,, i)

&=~ Tx K5 O “)

] ) ) o ] FIGURE 10. (a Construction of compensated system voltagelreactive power characieris=
Figure 10 shows the relationship between these characteristics, using tic. (b) Reactive power balance diagram.

the example with S, = 250 MVA and assuming @juus = 10 MVAr =
— O, max» that is, the compensator is capacitive. Because the compensator

i1
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gain is finite, the reactive power compensation is imperfect and Q; varies
from 0 to 2 MVAr (0.20 pu) as Qp varies from 0 to 10 MVAr. The
compensator reactive power correspondingly varies from zero to only
8 MVAr over this range while the voltage regulation is held to 0.008 pu
(Figure 10a). When the load reactive power equals the compensator's
rated reactive power, the compensator still has 2 MVAr (20%) in hand so
that the regulated range extends in this example into the overload range
up to aload reactive power of 12.5 MVAr (1.25 pu).

1.%. FNASE BALANCING AND POWER-FACTOR
CORRECTION OF UNSYMMETRICAL LOADS

Our discussion of load compensation has so far been on a per-phase or
single-phase basis, and we come now to the third fundamental objective
in load compensation: the balancing of unbalanced (unsymmetrical)
three-phase loads.

In developing the concept of the ideal compensator as used for power-
factor correction or for voltage regulation, we have modeled the compen-
sator either as a controllable source of reactive power or as a reactive
device with a constant-voltage control characteristic. Although the
models are ultimately equivalent, the one may be more convenient or
more illuminating in a given application than the other. In considering
unbalanced loads it is helpful to begin by modeling both the load and the
compensator in terms of their admittances and impedances. In taking this
point of view, as indeed throughout this section, we shal follow the
excellent paper 'by Gyugyi, Otto and Putman,”™ to which the reader
should refer for greater detail. The analysis will be made sufficiently gen-
eral to include power-factor correction at the same time, because this
helps to preserve continuity with the earlier analysis. More importantly,
the simultaneous treatment of phase balancing and power-factor correc-
tion in terms of load and compensator admittances leads to a fundamental
view o load compensation which is different from the aspects developed
so far and which gives further insight into the nature of the problem.

1.9.1. Theldeal Compensating Admittance Network

Supply voltages will be assumed balanced. The load is represented by the
delta-connected network of Figure 11 in which the admittances Y, Y ‘}-
and Y §f are complex and unequal. Any ungrounded wye-connected load
can be represented by Figure ila by means of the wye-delta transforma-
tion (Section A in Appendix). Changes in the load are assumed to be

ey
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FIGURE 11. (a) General unbalanced three-phase load. (&) Connection of power-factor
correcting susceptances in individual phases. (¢} Resultant load; unbalanced but with unity
power-factor.
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sufficiently slow, or **quasi-stationary,"" so that phasor analysis is permit-
ted, and the load is assumed to be linear.

The ideal load compensator (if one exists) is conceived as any passive
three-phase admittance network which, when combined in paralel with
the load, will present area and symmetrical load to the supply.

Beginning with the power-factor correction concept of Equation 5, each
load admittance can first be made purely reai by connecting in paralel a
compensating susceptance equal to the negative of the load susceptance in
that branch of the delta. Thus if

Yy=0Gy+iBy . . (43)

the compensating susceptance is
E - - B . (44)
Similarly the compensating susceptances #,° = — H* and Bf = - B/

are connected in parallel with ¥}¥ and ¥ respectively, as shown in
Figure 11b. The resulting load admittances are shown in Figure 1lc.
They are real, giving an overal power-factor of unity; but they remain
unbalanced.

As a first step towards balancing this real, unbalanced load, consider
the single-phase load G;t' (Figure 12423, The three-phase positive-
sequence line currents can be balanced by connecting between phases b
and c¢ the capacitive susceptance

G* ,
B = —f (43)
o

together with the inductive susceptance

— G
B = i (46)

w3

between phases cand a. Thisisillustrated in Figure 125. The construc-
tion of the line currents|,, 1,, and |, for positive-sequence voltages V.,
Vi and ¥V, is shown in Figure 13a. The line currents are not only bal-
anced, but are aso in phase with their respective phase voltages, so that
each phase of a wye-connected supply system would supply one-third of
the total power and no reactive power. For positive-sequence voltages,
then, the equivalent circuit is three wye-connected resistors, each having
the conductance G‘fl', as shown in Figure 12¢. The total power is
SVZG}b , Where V is the rms value of the line-neutral supply voltage,
assumed balanced. Both the overall power-factor and the power-factor in
each phase of the supply are unity. Although the currents in the three
branches of the delta are unbalanced, there is a reactive power equilib-

—
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FIGURE 12. {a) Single-phase, unity-power-factor load before positive-sequence balancing
(b) Positive-sequence balancing of single-phase, unity-power-factor load Fi ! Positive-
sequence equivalent circuit of compensated single-phase load

rium within the delta, in which the reactive power generated by the
capacitor between lines b and ¢ equals that absorbed by the inductor
between lines cand a, so that none is generated or absorbed in the supply
system.

To emphasize the fact that the balance depends on the phase sequence,
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FIGURE 13. (a) Positwe-sequence phasor diagram corresponding to Figure 12c.
() Negatrve-sequence phasor diagram corresponding to Figure 12c.

Figure 13b shows the line currents obtained with pure negative-sequence
supply voltages. Both the line currents and the currents in the three
branches of the delta are unbalanced, although the total power remains
the same (=3 F3(; }E] and no rer reactive power is supplied or absorbed
by the supply system. The power-factor in al three phases of the supply
is, however, different from unity.

The real admittances in the remaining phases bc and ca can be bal-
anced in turn by the same procedure. Thus G is balanced by the com-
pensating susceptances By* = G /w3 and B = — G§/J3 between
lines a and b and lines b and ¢, respectively. Together with the power-
factor-correcting susceptances given by Equation 44 et seq., each branch
of the delta now has three parallel compensating susceptances which can
be added together to give the three-phase, delta-connected ideal compen-
sating network, attributed to C.P. Steinmetz:
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B == BP GG — G N

BY w — B & (GY = GF A (a7
B = B+ G — G N3

This isillustrated in Figure 14a. The resulting compensated load admit-
tances are purely real and balanced, as shown in the equivalent circuit of
Figure 14b. This equivalent circuit is valid only for positive-sequence
voltages.

If the load conductances are balanced (implying that the load requires
the same power in al three phases), then G5 — GY% =0, and so on, and
the compensating network does no more than cancel the reactive power
in each branch of the load.

Go= 08 e @ e G

T
FIGURE 14. {a) General ideal three-phase compensating network. (&) Equivalent circuit
for positwe-sequence voltages.

We can summarize this approach to load compensation in the following
important principles:

1. Any unbalanced linear ungrounded three-phase load can be
transformed into a balanced, real three-phase load willicwi changing
the real power exchange between source and load, by connecting mm
ideal compensating network in parallel with it.

2. The ideal compensating network can be purely reactive.

If the load admittances vary, then so must the susceptances of the com-
pensating network if the compensation is to remain perfect.
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1.9.2. Load Compensation in Terms of
Symmetrical Components

The principles of load compensation summarized in Equation 47 and as
stated in the foregoing summary are a useful theoretical statement of
what can be done with a reactive compensator. In the design of a com-
pensator, however, it would not be convenient to make Equation 47 the
basis of its control system because, for one thing, the desired compensa-
tor susceptances are prescribed in terms of the load admittances which are
not so readily measured as are the separate line currents and voltages.
What is needed instead is aformula for the desired compensating suscep-
tances in terms of these currents and voltages. In this section, we show
how one such formula can be derived.

The formula will directly show how to generate electrical signals repre-
senting to the compensator the demand for capacitive or inductive sus-
ceptance in each phase. The compensator's control system must adjust
the effective susceptances of the compensator to satisfy this demand.
Depending on the type of compensator, the functional elements of the
control system may be realized explicitly in electronic circuits or implicitly
in the equations describing the saturation of iron in the saturable-reactor
type of compensator. Such considerations are the subjects of later
chapters.

The analysis of the unbalanced load has so far been developed implic-
itly in terms of the actual line currents and voltages, that is, in ' phase
coordinates." Since these are the currents and voltages most readily mea-
sured, the formula for the desired compensating susceptances will aso be
developed in terms of them. An analytical difficulty with this approach is
that there is no concise way of specifying mathematically that the currents
in the compensated system must be balanced. This difficulty is removed
by first transforming the currents and voltages into their symmetrical
components. Later, the inverse transformation will be applied so that the
desired compensating susceptances can be expressed in terms of actua
line currents and voltages.

The use of symmetrical components is aso useful in determining the
performance of different types of compensator with unbalanced loads.
Compensators differ in their negative-sequence characteristics.

The unbalanced load of Figure 114 is supplied by a balanced three-
phase set of voltages with positive phase sequence. The rms line-neutral
voltages are

V,=V; V,=h?;V, =hV, (48)
where

(49)

el s o o L
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The line-line voltages are

Vo=V, = Vym (I=0m0 ¥
Vee=V,— ¥g=fh?2—h) ¥ (50}
Vca"vc_ V, = (h_ DV,

The load currents in the three branches of the delta are
En=YPV, =Yy (0 -0)¥
B _ W 2
I =¥ \-_.L_"r!.(h h)V (511
I, = ‘!:1: V.= T;.‘ -1V,

and the line currents are
L=li—I,= Y, 0-P) - Y7 -1V
E=Tp=T5= Yy (- b1 - ¥} (1-n)]V (52)
L=l,— L= ¥fh-1D-YFG®-mlV.
The symmetrical components of the line currents are given by t
Ip= (I, +1,+ L1A3
K= (,+nur,t w3 (53)
E= (I, T b, + I N3 |

where I I;, and I, are the reference phasors of the zero-, positive- and
negative-sequence sets, respectively. With 1,, Tu, and I, given by
Equation 52, we get
IO = O
FERCL-ES LES L3RV (54)
LR TaFih Fi 3
I, ':[11:!.,4'\], hYC;)Vﬁ,

The third line of Equation 54 shows that with a balanced load there is no
negative-sequence current, since with Y% = Y% = Y7 (h’>+ 1+ h)
becomes a factor of I,, and thisis, of course, zero.

The symmetrical components of the line currents to a delta-connected
reactive compensator are given similarly by

]D'hl]: 0
L =JE" + B+ B V3 (55)
T, = —ihE" + B+ wBe 1 Vi3,

L N .
t The [#%"} factor 15 included to make the symmetrical component transformation unitary,
that 1s, £~ "= C'* This guarantees power invariance and makes inversion simple
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The compensated load will be balanced if its negative-sequence current is
zero, requiring that

Lyp + =0, (36)

where the subscript P has been added to emphasize that Iy is the load
current. This equation applies to both the real and imaginary parts of
Fxpy and Ty, The overall power-factor of the compensated load will be
unity if the imaginary part of the positive-sequence line current is zero.
This requires that

]IT.I []:.:f| + I|;1|] = [] ) (57)

The extreme conciseness of Equations 56 and 57 should be noted. If the
compensator currents I;(,) and Ty, are substituted from Equation 55 into
Equations 56 and 57, and these equations are solved for &, B and
B3 then the following formula results for the susceptances of the ideal
compensator:

. N =
By sy Lyt I Tagh = (3 Re Tz

v 1 ]
B — T i RO

L - o Hm by —2 I Iy (58)
BR = — e T [{Im ¥ygp + Im Iyp + '3 Re Iy ] .

LMY 4

The right-hand side must now be transformed back into phase coordinates
by means of the inverse of the symmetrical components transformation
(Equation 53). If thereis no zero-sequence current the result is

|

By = — <5 lIm Ly + Im hlagp — Im bhkp |
B = = oy lim Wl + Im W = Im Ty (59
B = — 1 LI It?lc.:_r:. + Im Ly — Im byl

3¥

This equation expresses the desired compensating susceptances in terms
of the phasor line currents Iy, Ty and Iogg; of the load.

Desired Compensating Susceptances Expressed in Terms of |nstantane-
ous Currents and Voltages. The desired compensating susceptances can
be expressed in terms of the instantaneous values of voltage and load
current. This can'be done in two ways. one is by a sampling process,

T T

e T S
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whereas the other is by an averaging process. Taking the sampling ap-
proach first, the term Im I, is related to the instantaneous line current
I, by the equation

iy =1 Re [(Ip + jl.x) el
= JFlL, coswt — Ty Sinw?) . (60)

Now Im Iy, that is, Ty, isequal to i, at the instant when sinwt =— 1
and cosw: = 0. To define this instant, a reference phasor is necessary,
and it is convenient to choose the line-neutral voltage ¥, since

V| — ulj Re [V ejwt]

= /2 V cos wt. (61)
The required instant is therefore defined by
_ Va (62)
v, =0 and ai > 0.

The condition that the derivative be positive is necessary to distinguish
the required instant from the one when coswt =0 and sinw! =+ 1,
which occurs one half-cycle later. We can now write

1y

Iml, = f =73 [re=0 (63)

dvsfdr > 0.

Im |, can therefore be measured by sampling i, at the instant when
v, = 0 and dv,/d: is positive, that is, at a positive-going zero-crossing of
the voltage v,

All terms on the right-hand side of Equation 59 can be similarly ex-
pressed in terms of instantaneous values of the line currents and the line-
neutral voltages and their derivatives, giving the following result:

1
i . : =i
™ T2 LT R beT A T
dvfdi=0  |dw/de=0  [dr/de=0
By = g‘%‘r gy Felymn Ty -0 (64)
= dup/dr>0 | dvfde>0 (dv,/de>0
BS = - —1_ i -i'J_f =Ty
: 32V | ve=T— T, =1 v =1
{ deglaesig| dv,/dr=1 dv,fdi> I:I|
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The desired compensating susceptances are thus expressed in terms of
the three line currents sampled at instants defined by the positive-going
zero-crossings of the line-neutral voltages v,, v,, and v.. (Note that an
artificial neutral may need to be provided in the measuring circuit).
Equation 64 can be used directly as the basis of a compensator control
system. Since the positive-going zero-crossings of v,, vy, and v, follow
one another at intervals of 2w/3 electrical radians, the signa defining
each desired compensating susceptance can in principle be updated three
times per cycle.

Desired Compensating Susceptances Expressed in Terms of Average
Real or Reactive Power Quantities. Since V,=V, V,=h?%, and
V.= hV, we can include V,, V,, and V. in Equation 59 in the following
way:

1

A - [T (V150 + Im (VD200 — lm (¥ 150

3

el
B - 1—P— [im (VoI5 n! + Tm (VA% 50 = Im (VI (65}
BS - :!-IF_ fim (VI3 + m (V0200 — I (V03]
We now make use of the relation
I [¥1%] = }J: v - -'5'—15;'.1, [Ty

where vi—u/2) represents the signal v phase-shifted by —w/# electrical |

radians at the fundamental frequency, and T is the period Imfw. This
expression can be interpreted as a reactive power averaged over one com-
plete cycle. Thus the first "*reactive power' term in Equation 65 is

= = .
- P e o !

¢
s 2

=5
e
-

LR 1)

The reactive power represented by this equation cannot be meaningfully
associated with one phase or one branch of the load circuit because the
voltages V,, V, and V. are, by definition, balanced, whereas the currents
L, Tyipi» and ].Il?;J are not. Now in practice the signals v, (— =/21, and

so0 on, can be imniediately derived from the diagram relating line-neutral
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voltages to line-line voltages (Section E in Appendix). Since ¥, =
-3V, Vye=-33V,andV, = - j/3 V,we have

o o Y Ve
i A
v
vy (= ) = = (6%)
2 LU )
Yan
- TR T2

so that Equation 65 finaly becomes

ah
il
%

TEETL ETTTY

y "
T Ir (vpefarts + Volpify — Vapfegpd 4

— |

BF - ——
5 e

WA

_II.TJ: LFeafify F Varlopdh — "'l:q."'J!L] de (69}

| ;
H-I\.a - ;';I'_J‘ I“'pl-:'l'-lr. + ":l'-.ll:_“ = "II\.J".I'!II d'.

Like Equation 64, this equation aso can be directly employed as the basis
if a compensator control system, since al the mathematical operations on
the.right-hand side can be performed straightforwardly by electronic cir-
cuits.  Although the integration or averaging period is shown as one
period of fundamental frequency, it is not strictly necessary to reset the
electronic integrator every cycle, and a continuous signal representing
i~ desired susceptance can thus be generated for each branch of the com-
pensator. It is also not strictly necessary that the integrator time-constant
be equal to T; for some applications (e.g., arc furnaces) it may be appre-
ciably shorter in order to make the compensator rapid in its response.
Equation 69, of course, gives no information about the response of the
compensator under such rapidly changing conditions.

r. Compensator Represented as Separate Positive- and Negative-Sequence

Admittance Networks. It is possible to consider the compensator split
into two networks, one of which supplies the positive-sequence com-
ponents of the compensating currents and the other the negative-
sequence components.

In Equation_58, we can substitute for the sequence components from
Bquation 54. The result is
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B — B} + B}
B - BY + B (70
g - %+ 83
where B2}, and so forth, form the positive-sequence compensating net-
work:
1

B} = Bl = B = - 5 18] T BY + BYI, 1)

and B3, and so forth, form the negative-sequence compensating net-
work:
B - — (G§ -

3

Gyt

w|

be a a
(BY * B - 28%)

"-.r_:l el - :u_l'n oy -
BYi= == (GP -~ GP)+ 7 (BF + BY —28%) (1)

ca___]_-__ be v 1 1] bc _ a

These networks are shown in Figure 15. The negative-sequence compen-

Aeihly, | higy Lo gy + gy
£ far
Al 2.0 il b= b, 4 Rl
L[] [ o=k 1
[ LILI] ] [|
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Positive-Sequence
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FIGURE 15. The idead compensating network separated into positive- and negative-

sequence components.
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sating network carries the negative-sequence currents necessary to bal-
ance the load, so that no negative-sequence current flows to or from the
supply. The positive-sequence compensating network provides the reac-
tive power compensation necessary to correct the power-factor (on al
three phases simultaneously) to unity. As a check on Equations 70, 71,
and 72, the sum of the positive- and negative-sequence compensating
susceptances agrees with Equation 47.

1.10. CONCLUSION

In order to dea in a practica way with the mgor functions of power-
factor correction, voltage regulation, and load balancing, a theory of load
compensation characterizes the compensator variously as a controlled
source of reactive power, as a voltage-regulating feedback device, and as a
network of desired susceptances.

It has been shown that the purely reactive three-phase compensator
can fulfill al the three mgjor functions of power-factor correction, voltage
regulation, and phase balancing. The essential compensator characteris-
tics necessary to achieve this have been derived. A reactive compensator
with a voltage-regulating control system cannot maintain unity power-
factor al the time, but can be biased so that unity average power-factor is
obtained.

The symmetrical-component analysis of load compensation enables a
more general approach to be formulated. It leads to the derivation of
ways in which " susceptance-demand™ control signals can be physicaly
obtained in an actual compensator. It aso provides a basis on which the
performance of different types of compensator can be compared under
unbalanced conditions.

APPENDIX

A. Wye-Delta Impedance Transformation

In terms of the impedances and admittances marked on Figure Al,

A
. R
b I-h"'zb-c_ E"l:-' o
v Y.¥n -
Yk X+ Y, o
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“\— : —JII,P" b D. The Symmetrical Components Transformation

/ . The transformation is written with the multiplying factor 1/</3 in order to
/} - 2 ensure power invariance. The transformation is therefore unitary, that is.
L I C~'= C'*. In matrix terms, the forward transformation is

t‘"“' . =
'a Y \\i_,r' ar
—
- I.s ]I- l | 1 I,

FIGURE Al. Wye-delta impedance transformation. ] | | 3
Lof = 5 1| E[W[| T
. . - u < | I I
B. Solution for Compensating Reactive Power " | | | IR
to Achieve a Given Terminal Voltage ™ ] 1 i
The problem is to find Q, from Equation 13 which will meke E=V | where h = ¢27/3. The inverse transformation is
Th{'ﬁ Q-), = QS_ Qﬂ. -\,F"
Rearranging Equation 13, I 'rl TERE I
i | ai)
a] T Q. +c=0 o
|
where Tbl - l_ L{b*| b || L
a=R2t x2 O
b=2V2X, E! SRNE i

A ] K f"'-f'.l']: + l]:-’Epj'! . EI |.-! :
E. Expressions for Average Real and Reactive

therefore )
PR BT Power in Terms of Instantaneous Voltages and Currents
0 - -b b —4r.|_.'.'
ia Taking V,=V as reference phasor, |, = I; + il;x represents an induc-
C. Solution for Voltage When Real and Reactive Power are Known ¥ tive (lagging) load current in phase “a.”” The apparent power is
_ S,=V,I* = Vg —jFilaw=P,Ti0,,
From Equation 12, . e ar = 1 Fidan = Pa 10,
. that is,
AT = F*"'v*-vﬂll e }"-’ﬁu P,=RelV,5]:Q,=— Im[¥E].
3 The instantaneous value of voltage in phase "'a" is
= 'A\; +j % : ve="3 V Re[e™] =T V coswt
From Equation 13, { Likewise
41? al’ : fg =3 Re [{fp + iy} €]
'L"lp'_ i ';?] T = 2[Ip cos wt — I,x sin w]
{3 e i Therefore the instantaneous power in phase "*a" is
= [ PHE 1 i
+ 244 12 ; Vala = 2V [I,g cos? mt — Ix Sin wt cos wt]

. . . L |
This can be rearranged as a simple quadratic equation in V2, | — Va8 200+ 1) = Ly sin 2u/]
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Integrating over one complete cycle of period T, and dividing by T. the
average power is

P,= %_J.r vty ot = ¥l .

Let wi—#/2) represent v, phase-shifted through —90" or #/2 radians.
Then

il=wi2 =7 Vcos lmt=wfZl = V2 Vsinat .
Note also that
vii—midl = 47 V Re [#==11) = J7 V Re[—je] .
Taking the instantaneous product with i,
v ==/, =2V [[,g cos mr Sinmt — I,x sin®wt]
= V [I,g sin 2wt — F,x(1 — cos 2w 1)}

Integrating over one complete cycle of period T and dividing by 7, the
average reactive power is

g, - le' v l—mf2) i di = VI

The following relationships have been used in Section E:
Vopm =iV,
Ve ™ =) 3 ¥y

l';-u = _.] "‘"Ili |:-"||
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Chapter 2

THE THEORY OF STEADY-STATE
REACTIVE POWER CONTROL
IN ELECTRIC TRANSMISSION

SYSTEMS

T.J.E. MILLER

CONVENTIONS AND SYMBOLS

Reactive Power

In accordance with the widely used convention,

1. Reactive power at a generating station is
positive if generated
negative if absorbed.
2. Reactive power at aload is
negative if generated
positive if absorbed.

3. The receiving end of a transmission line is dways treated as a
load.

Per-Unit and Ordinary Units

Most equations are given in terms of positive-sequence phase-neutral
guantities. The per-unit system is based on rated voltage ¥, and the
surge impedance Z, Base power is therefore 3¥FfEy watts if Vy is
phase-neutral voltage; or ¥§iZy if ¥, is phase-phase voltage. In both
cases base power is three-phase power.

4%
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Lower-case letters are sometimes used for per-unit voltages, currents,
reactances, power, and so on. Inductances and capacitances in lower case
are usually per-mile values. They may be in per-unit or in ordinary units.

Symmetrical and Radial Lines
The term radia fie is used to describe a single transmission line with
synchronous machines controlling the voltage at the sending end and no
voltage control at the receiving end. The symmetrical line has identica
synchronous machines at both ends, constraining the terminal voltages to
be equal.
Emf and Voltage

The symbol Eis used for an emf or controlled voltage.
The symbol Vis used for voltage more generally,

Phasors are denoted by boldface type, for example, E
Primes indicate compensated or virtual quantities, for example, Pg

Frequency is assumed to be 60 Hz.

Symbols

o Line length, mi

i Shunt susceptance, S

£ Capacitance per mile, F/mi (positive-sequence equivalent, phase-
neutral)

E (controlled) voltage

i current, A

o Mid-point compensation factor

K Degree of series compensation

[ Degree of shunt compensation

/ Inductance per mile, H/mi (positive-sequence equivalent, phase-
neutral)

f ot Power, W

Py Natural load or Surge-Impedanceload ( SIL), W
P Maximum transmissible power, W

] Reactive power, VAr

5 Series compensation factor

¥ Voltage
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X Reactance,
¥ Admittance, S
£ Impedance, &
Zy Characteristic or Surge Impedance,

.r]

Wavenumber, radian/mi
Transmission Angle, radian or degree
Electrical length of line, radian
Propagation constant

- g

Subscripts

Receiving end
Sending end
Capacitive
Inductive

Compensator
Natural or characteristic

—_0 w =

o~

2.1. INTRODUCTION
2.1.1. Historical Background

The economics of ac power transmission have always forced the planning
engineer to transmit as much power as possible through a given transmis-
sion line. Today, however, additional constraints loom much larger than
they did in the past. First, the dependence of load centers on the con-
tinuity of electrica supplies has become more critica (as witnessed by
events during the North-East power blackout of 1965 and the New York
City blackout of 1¥77"). This means that the security, or reliability, of
transmission circuits has needed to be continuously improved. Modern
compensation methods have helped to make these improvements possi-
ble. Second, there has been extensive development of remote hydroel ec-
tric resources, such as the El Chocon-Cerros Colorados complex in
Argentina, 1000 km from Buenos Aires, and the James Bay scheme in
Québec, 1000 km from Montrkal and Qukbec City."® Both these ac
schemes are characterized not only by the long distances, but also by the
large amounts of power to be transmitted (over 11,000 MW in the case of
the James Bay scheme). The development of compensation schemes has
helped to make ac transmission technically and economically competitive
even in an age when the dc transmission aternative has made great
strides also.
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A third planning constraint has been the difficulty of acquiring right-of-
way for new transmission circuits (the so-called corridor crisis).
Increased pressure to maximize the utilization of both new and existing
lines has helped to motivate the development and application of compen-
sation systems.

This chapter begins with an account of the fundamental requirements
in ac power transmission, sability and voltage control. The principles of
operation of the main types of compensation are then studied in a gen-
eralized way, assuming that the compensation is uniformly distributed
along a single transmission line. Later, in Sections 24, 2.5, and 2.6,
detailed attention is given to lumped shunt, series, and dynamic shunt
compensation respectively. The effects of each of these types of compen-
sation on voltage control, reactive power requirements, and the steady-
state stability limit are systematically explored.

2.1.2. Fundamental Requirements in ac Power Transmission

Bulk transmission of electrical power by ac is possible only if the follow-
ing two fundamental regirements are satisfied:

1. Major synchronous machines must remain stably in synchronism.

The major synchronous machines in a transmission system are the gen-
erators and synchronous condensers, al of which are incapable of oper-
ating usefully other than in synchronism with al the others.?

The central concept in the maintenance of synchronism is stability.
Stability is the tendency of the power system (and of the synchronous
machines in particular) to continue to operate steadily in the intended
mode.¥ It is aso a measure of the inherent ability of the system to
recover from extraneous disturbances (such as faults, lightning, and
changes of load), as well asfrom planned disturbances (such as switching
operations).

One of the limits to the utilization of a transmission line is that for a
given length of line the stability tends to become less as the transmitted
power is increased. If the power could be gradually increased (with no
extraneous disturbances), a level would be reached at which the system

T Synchronous motors are usualy (but not aways) smaller than even the smallest genera-
tors. They are not usually considered individually in the study and planning of the bulk
transmission system, even though they can cause severe loca disturbances as a result of
loss of synchronism. Sometimes the major synchronous machines in one power station or
in one region are grouped together and treated as one machine, in order to smplify analysis
of the system as a whole. Each group s caled a dyramic equivalent group, and must remain
in synchronism with all the other connected groups.

% The intended or norma mode is that in which power and reactive power flows have their
intended values. while voltages and currents and the mechanical phase angles between
synchronous-machine rotors are al constant.
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would suddently become unstable. The synchronous machines at the two
ends of the line would pull out of step, that is, lose synchronism. This
level of power transmission is the steady-state stability limit, so called
because it is the maximum steady power that can (in theory) be transmit-
ted stably. The steady-state stability limit is not a hard and fast number
fixed forever by the design of the synchronous machines and the
transmission equipment. It can be considerably modified by severa fac-
tors. Among the most important are the excitation of the synchronous
machines (and therefore the line voltage): the number and connection of
the transmission lines; the number and types of synchronous machines
connected (which frequently change with the time of day); the pattern of
real and reactive power flowsin the system; and, of central interest here,
the connection and characteristics of compensation equipment.

It is not practical to operate a transmission system too near to its
steady-state stability limit; there must be a margin in the power transfer
to alow for disturbances (such as load changes, faults, and switching
operations). In determining an appropriate margin, the concepts of tran-
sient and dynamic tability are useful. A transmission system is said to be
dynamically stable if it recovers normal operation following a specified
minor disturbance. The degree of dynamic stability can be expressed in
terms of the rate of damping of the transient components of voltages,
currents, and the load angles of the synchronous machines. The rate of
damping, or settling, is the principal interest in a dynamic stability study,
Accordingly, modern caiculations are usually based on small-perturbation
theory and eigenanalysis.

A third mgor concern in the stability of power transmission systems is
whether the system will recover normal operation following a major dis-
turbance, such as a fault severe enough to trip a mgjor circuit, or failure
of a magor item of plant, such as a generator, overhead line, or
transformer. This is the so-called question of transerzt stability. A system
has transient stability if it can recover normal operation following a
specified major disturbance. Whether recovery is possible depends,
among other factors, on the level of power transmission immediately be-
fore the disturbance occurred. The transient stability limit is the highest
level of prior power transmission for which the system has transient sta-
bility following the specified disturbance.?

2. Voltages must be kept near to their rated values.

The second fundamental requirement in ac power transmission is the
maintenance of correct voltage levels. Modern power systems are not
very tolerant of abnormal voltages, even for short periods.

t For a fuller discussion of these aspects of power system stability. see References 7
through 9.
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Undervoltage, which is generaly associated with heavy loading and/or
a shortage of generation, causes degradation in the performance of loads,
particularly induction motors. In heavily loaded systems, undervoltage
may be an indication that the load is approaching the steady-state stability

limit. Sudden undervoltages can result from the connection of very large
loads.

Overvoltage is a dangerous condition because of the risk of flashover
or the breakdown of insulation. Saturation of transformers subjected to

overvoltage can produce high currents rich in harmonics, and in the pres-
ence of sufficient capacitance there is a risk of ferroresonance as well as
of harmonic resonances. Overvoltages arise from several causes. The

reduction of load during certain parts of the daly load cycle causes a
gradual voltage rise. Uncontrolled, this overvoltage would shorten the
useful life of insulation even if the breakdown level were not reached.
Sudden overvoltage can result from disconnection of loads or other

SPECIAL-FURPOSE COMPERSATING EQUIFRENT

equipment, while overvoltages of extreme rapidity and severity can be
caused by line switching operations, faults, and lightning. In long-
distance transmission systems, the Ferranti effect (overvoltage at light
load) would limit the power transfer and the transmission distance if no

compensating measures were taken.

2.1.3. Engineering Factors Affecting Stability and Voltage Control

The design of virtualy every item of plant in a transmission system has a
bearing on at least one of the fundamental requirements discussed above.
The general study of power system voltage control and stability is too vast

EXISTING EQUMPMENT OR METHOD

a subject for this chapter, which is concerned only with compensation
techniques. In view of this, the broad picture of power system voltage
control and stability is briefly summarized in Tables1 and 2. (See aso

the References at the end of this chapter).

In Table 1 the main problems or applications of compensating equip-
ment are grouped under the two fundamental transmission requirements
discussed previously, and it can be seen that most of the special-purpose
compensating equipments have a role to play under several headings.
This makes the general subject of the deployment of compensating equip-
ment a rather complicated one, and the literature is correspondingly
extensive. In this chapter emphasis is laid on the theory of what can be
achieved using (mainly) series capacitors, shunt capacitors and reactors,
polyphase saturated reactors, and thyristor-controlled compensators. In
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TABLE 2

Advantages and Disadvantages o Different Types
of Compensating Equipment for Transmission Systems

Compensating

Equipment Advantages Disadvantages

Switched shunt Simple in principle and Fixed in value
reactor construction

Switched shunt Simple in principle and Fixed in value

capacitor

Series capacitor

Synchronous
condenser

Polyphase saturated
reactor"

Thyrstor-contralled
raactor® (TCRI

Thyristor-switched
capacitor (TSC)

construction

Simple in principle
Performance relatively
insensitive to location

Has useful overload
capability

Fully controllable

Low harmonics

Very rugged construction
Large overload capability
No effect on fault level
Low harmonics

Fast response

Fully controllable

No effect on fault level

Can be rapidly repaired
after failures

Can be rapidly repaired
after failures
No harmonics

Switching transients

Requires overvoltage
protection and subharmonic
filters

Limited overload capability

High maintenance
requirement

Slow control response

Performance sensitive to
location

Requires strong foundations

Essentially fixed in value

Performance sensitive to
location

Noisy

Generates harmonics
Performance sensitive to
location

No inherent absorbing
capability to limit
overvoltages

Complex buswork and
controls

Low frequency resonances
with system

Performance sensitive to
location

" With shunt capacitors where necessary.

a5
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2.2. UNCOMPENSATED TRANSMISSION LINES

2.2.1. Electrical Parameters

A transmission line is characterized by four distributed circuit parameters:
its series resistance r and inductance |, and its shunt conductance g and
capacitance ¢, the lower-case symbols indicating per-mile values. All four
parameters are functions of the line design, that is, of the conductor size,
type, spacing, height above ground, frequency, and temperature. They
also vary according to the number of nearby paralel lines, and different
values are obtained for positive-sequence and zero-sequence currents.
Some typical values are given in Table 3.

The characteristic behavior of the line is dominated by the series in-
ductance and the shunt capacitance. Series resistance has a secondary but
not insignificant influence, and has a separate importance in determining
losses. In this chapter it is largely ignored. Positive-sequence nominal
values are assumed, and shunt conductance is ignored. Balanced condi-
tions are assumed except where stated, and one phase of the positive-
sequence equivalent circuit is used.

Figure 1 shows a lumped-parameter equivalent circuit of one phase of
a transmission line, having identical synchronous machines connected at
both ends. Such alineis called symmetrical.

2.2.2. Fundamental Transmission Line Equation
The fundamental equation governing the propagation of energy aong a
transmission line is the wave equation
LY o I with T = (s

+ jwl) (g + jueh (1)
dxt

Frequency is assumed fixed, and V is the phasor voltage $e///+/2 at any
point on the line. The phasor current | satisfies the equation also. (For
derivation see Reference 10). Since x is distance along the line measured
from any convenient reference point, the equation describes the variation
of the voltage V and the line current | aong the line, and it implies that
both will have a wavelike or sinusoidal variation.

Solution of the transmission line wave equation: Standing Waves. |f
the line is assumed lossless, the general solution of Equation 1 (for volt-
age and current) is

V(x) =V, cosB(a — x) iz, singlz — x) (2a)
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: SENDING END RECEIVING END
1 i is LY _ Line inductance =

3 E
k.
ﬁi- ! ! Line capacitance |
L]

|
- . |
Ek FIGURE 1. Lumped-element representation of a long transmission line.
AN
H,.n:]'l:] -z- sin @ la = x] +|r-;.‘|.'|5ﬂ|:r.|—.1.:', (ki
i

where g is derived from the propagation constant I' by putting r = g =0
This givesI! = jB and

[ R (3

The form of Equation 2 shows the expected sine wave variation of V and
| along the line, each quantity having two terms or components. V and |
are said to form standing waves because of the sinusoidal variation of both
their real and imaginary parts along the line.

The quantity 1/Vic is the propagation velocity of electromagnetic effects
along the line. For overhead high-voltage transmission lines it has a value
somewhat less than the velocity of light, u = 3 x 1" m/sec = 186,000 mi/sec.
Since also w = 2#f, Equation 3 gives

- AnS _ iw
A PR Tk {4)

where A is the wavelength. S is the wave number, that is, the number of
complete waves per unit of line length.

At 60 Hz » = 3100 mi and @ ran be expressed as one wavelength per
3100 mi, that is, 360° per 3100 mi, or 0.116" per mi, or 2.027 x
107 rad/mi. The quantity Ba is the electrical length of the line expressed
in radians or in wavelengths: symbol 4.
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2.2.3. Surge Impedance and Natural Loading

The constant Z, in Equation 2 is the surge impedance (sometimes caled
the characteristic impedance):

==

I
i
Its value depends on the line design (see Section 2.2.1 and Table 3). For
high-voltage overhead lines, the positive-sequence value typicaly lies in
the range 200-400 (.

If losses are neglected the line is characterized entirely by its length
and by the two parameters Z, and 8. Since these values are roughly
comparable for al lines, the behavior of al lines is fundamentally the
same, and differences only arise according to the length, the voltage, and
the level of power transmission.

The surge impedance is the apparent impedance of an infinitely long
ling, that is, the ratio of voltage to current at any point along it. A line of
finite length terminated at one end by an impedance Z; is electricaly
indistinguishable from an infinite line, so that if V,/I,= Z,; then from
Equation 2 the apparent impedance at any point is

Zy= (5)

Vix}  Zol,leosfla — x) + jsinfla — x}]

Zixl=m — = - - F (&)
<! Iix) I, [cos gla — x) + jsingia — x}] v
which isindependent of X. More importantly,
"u"':.t} -V, |_-r.'|:l:i_|"i g — =) + _|5I.|1.,I':|':r.| - .'\-::'E = "r',r:""'" =l (Tad
I{z) = 1, lcos Ala — x} + jsingle — x}| = Le¥'o %, {Th)

that is, both V and | have constant amplitude aong the line. The line is
said to have a flar voltage profile. While V and | are in phase with each
other al aong the line. both are rotated in phase. The phase angle
between sending-end and receiving-end quantities is implicit in Equa-
tion 7; it is@ = @ rad. For a 200-mi line at 60 Hz the angle is 0.405 rad
or 23.2°. The phasor relationships are shown in Figure 2.

.-.--___.-"mml
o o 5
bt a:-"'*‘?|PI lll
= 1
&5 . ] ;
e @ FIGURE 2. Phasor diagram of naturally
E o V, I loaded line.
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A line in this condition is said to be naturally loaded. The natural load
(or surge-impedance load, SIL) is

where ¥, is the nominal or rated voltage of the iine. If ¥, is the line-to-
neutral voltage, Equation 8 gives the per-phase value of surge-impedance
power; if ¥, is the line-to-line voltage, Py is the three-phase value. The
natural load is an important reference quantity which will be used exten-
sively below,

An advantage of operating the line at the natural load is that because
of the flat voltage profile, the insulation is uniformly stressed at all points.

The natural load of the uncompensated line increases with the square
of the voltage (Equation 8). This helps to explain why transmission volt-
ages have increased as the level of transmitted power has grown. Table 3
shows the natural load for some common line voltages.

The surge impedance Z; is a real number. Therefore, a the natura
load the power factor — that is, the cosine of the angle between V and
| — is unity at al points along the line, including the ends. This =
apparent from Equation 6. It means that at the natural load no reactive
power has to be absorbed or generated at either end. The reactive power
generated in the shunt capacitance of the line is exactly absorbed by the
series inductance. This important condition can be further explained as
follows. In any short element of the line the reactive power per unit
length generated by the shunt capacitance is V26 = V%wc, while the reac-
tive power per unit length absorbed by the series inductance is I’w!. For
reactive-power balance in this element of line,

; ~
Foogg = il |

-
—

a1z, @)
This must be true a al points along the line, including the sending and
the receiving end. Therefore, reactive power baance is achieved a the
natural loading, with P, = F3&, This is the only value of transmitted
power that gives a flat voltage profile and unity power factor at both ends
o the line.

In the sense that P, 15 the natural power of the line, the **natural®
reactive power is zero.
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2.2.4. The Uncompensated Line on Open-Circuit

Voltage and Current Profiles. A lossless line that is energized by gen-
erators a the sending end and is open-circuited at the receiving end is
described by Equations 2a and b with |, = 0, so that
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These profiles are shown in Figure 4 for a line 200 miles in length, for
which at 60Hz 0 0.405 radian 23.2". With E = 1.0 pu the
receiving-end voltage is V, = 1.088 pu, that isarise of 8.8%. Thisriseis
caled the Ferranti effect.

A rise of 8.8% is not enough to cause severe problems for insulation or
for voltage regulating equipment. But at 400 mi the open-circuit voltage

Vix) = ¥ cosgla — x) (10a)

and

¥,
Ix) = I‘f—

: L10h]
4]

sinf e — x}

The voltage and current at the sending end are given by these equations
with x = G

E, = V,cos0 ; (11a)

vr o1 i
I, = j|—| sing = j| == {11k}

o

I fan &

E, and V, are in phase, which is consistent with the fact that there is no
power transfer. (See Section 2.2.6). The phasor diagram is shown in Fig-
ure 3.

The line voltage profile expressed by Equation 10a can be written more
conveniently in terms of E,:

Vixh =g, 00000 = 2] (12a)
" cos
Similarly the current profile is given by
E, si -
160 = j == Singla = x) {12
Zy C0SOo
Iy
E, FIGURE 3. Phasor diagram of 200-mi line

Ve open-circuit at the receiving end.

would be 1.579 pu which is unacceptable, if not dangerous. At 775 mi
(one quarter-wavelength) the voltage rise would be infinite; operation of
such a line is completely impractical without some means of compensa-
tion.

In practice the open-circuit voltage rise will be greater than is indicated
by Equation 11a, which assumes that the sending-end voltage is fixed.
Following a sudden open-circuiting of the line at the receiving end, the

¥ sending-end voltage tends to rise immediately to the open-circuit voltage of
the sending-end generators, which exceeds the terminal voltage by ap-
proximately the voltage drop due to the prior current flowing in their
short-circuit reactances. In spite of its practical importance, this compli-
=& cation will not be considered further, except to note that typicdly it is
desirable to limit the open-circuit voltage rise to about 25% at the sending
end and about 40% at the receiving end under worst conditions—that is,
1; - VOLTAGE PROFILE
1.15 * :
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FIGURE 4. Voltage and current profiles for a 200-mi line open-circuited at the recers
end.
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with dl paralé lines connected, minimum generators connected, and be-
fore the excitation on the generators has been reduced to bring the volt-
age down to a safe level.

The magnitude of |, in Figure 3 is 0.429 pu. This means that the line-
charging current flowing in the sending-end generators is 42.9% of the
current corresponding to the natural load.

The Symmetrical Line at No-Load. Akin to the open-circuited line en-
ergized from one end is the symmetrical line a no load. Thisis aline
with identical synchronous machines at both ends, but no power transfer.
Luppose that the terminal voltages are controlled to have the same magni-
fude, that s, E; = E,. From Equations 2aand b, with x = 0,

E, = E, cos# T jZ, sine: (13a)

L

I, =j sing * 1, cosé . (13b)

With no power transfer the electrical conditions are the same at both
ends. Therefore by symmetryT

L=—1,. (14)
From Equation 13b,
_E: sine . i
e 2o R anl 15
L =1Z, THoe ) Z, 12"2 (15)

Substituting this valuefor |, in Equation 13a gives
E =E (16)

and therafore
17

Eguation 16 shows that E, and E, are in phase, which again is consistent
with the fact that there is no power transfer. The current at each end is
line-charging current. Comparison of Equations 15 and 17 with
Equation | 1b shows that the line is equivalent to two equal halves con-
nected back-to-back. Half the line-charging current is supplied from each
end.!!)” The phasor diagram is shown in Figure 5 for a = 200 mi, with
E.=FE = V;=10pu.

T The negatrve sign m Equation 14 arises because of the convention in which positive
current flows away [ the sending end and towards the recerving end
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FIGURE 5. Phasor diagram,of 200-mr sym-
metrical line.

By symmetry the midpoint current is zero. The midpoint voltage is,
therefore, equal to the open-circuit voltage of a line having haf the total
length:

Vo= _E (18]
™ cos W)
The voltage and current profiles for the symmetrical line at no load can
be derived from Equations 12a and b with a replaced by a/2:

¥(x) = E, ﬂi[:_frfﬂ 5 (19a)
and
-j E. sing -
1 ™ ?; Emcot:{:/Z) - Sl
for X < a/2. For the other haf of theline, that is, a/2 < x < a,
Yix) = Vig = x} [1%¢)
and
Hxl=—Hag - x), 19d)

The profiles are shown in Figure 6.
with Figure 4.

If E, = E, the current and voltage profiles are no longer symmetrical
and the highest voltage is no longer a the midpoint, but is nearer to the
end of the line which has the higher terminal voltage. The currents in
the synchronous machines are also unequal.

It is interesting to compare these

Underexcited Operation of Generators Due to Line-Charging. With

I, = 0 the charging reactive power at the sending end is given by
Q, = Im [EJZ) . (20)

The line-charging current is given by Equation I1b, so that if E, is equal
to the rated voltage of the line,

Q, = — Pgtand . @n
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VOLTAGE PROFILE
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FIGURE 6. Voltage and current profiles for a 200-mi symmetrical line.

The charging current leads the line terminal voltage by 90° and flows in
the generators. For the 200-mi line I, = 0.429 pu and so Q, is nearly
43% of the natural load expressed in MVA. At 400 kV the generators
would have to absorb 172 MV Ar.

The reactive power absorption capability of synchronous generators is
limited for two reasons. First, underexcited operation increases the heat-
ing of the ends of the stator core. Second, the reduced field current
reduces the internal emf of the generators, and this impairs stability (see
later). The absorption limit is typicaly not more than 0.45 pu of the
MVA rating. In the 200-mi example line, if the total MVA rating of the
synchronous generators is equal to the natural load, the charging reactive
power at 0.43 pu would be just within the limit. But if (for economy)
haf the generators were disconnected, the load being small or zero, the
remainder would have to absorb 0.86 pu of their MVA capacity, which is
definitely above the limit.

Aside from using compensation, there are two main ways in which this
problem can sometimes be aleviated. First, if the line is made up of two
or more paralel circuits, one or more of the circuits can be switched off
under light-load or open-circuit conditions. This is permissible only if the

T=r=riFx—Ty

il
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consequent reduction in security of supply at the receiving end is accept-
able. Second, if the generator absorption is limited by stability and not by
core-end heating, the absorption limit can be increased by using a rapid-
response excitation system which restores the stability margins when the
steady-state field current is low.

The underexcited operation of generators can set a more stringent limit
to the maximum length of an uncompensated line than the open-circuit
voltage rise. Let the total generator rating be P, and let their maximum
reactive power absorption be ¢, This must not be less than the line-
charging reactive power given by Equation 21. It follows that the gen-
erating capacity must satisfy the relation

PO tané¢
o (223
qu

If, for instance, ¢, = 0.3 and the sending-end generating capacity is
P, = Py, the maximum length of uncompensated line is only 144 mi. Al-
ternatively a line 200 mi long would require P, > 1.43 Py if ¢, were lim-
ited to 0.3. It would generaly be wasteful to have so much excess gen-
erating capacity connected (or even installed) merely in order to satisfy
the line-charging requirement. It is better to satisfy this requirement by
means of compensation. Shunt reactors, synchronous condensers, or
static compensators can be connected at the receiving end or at points
along the line. Their ratings and points of connection should ideally be
optimized and coordinated with other equipment to achieve satisfactory
control of line voltage under al conditions, as well as to relieve the gen-
erators of excessive reactive power absorption.

2.2.5. The Uncompensated Line Under Load: Effect of Line Length,
Load Power, and Power Factor on Voltage and Reactive Power

Radial Line with Fixed Sending-end Voltage. A load P+ jQ at the re-
ceiving end of a transmission line draws the current

=R, @

From Equation 2a with x = 0, if the line is assumed lossless the sending-
and receiving-end voltages are related by

E =V, cosd + jZgsing F—;-'-'?- (24)

r

If E, isfixed, this quadratic equation can be solved for V.. The solution
shows how V| varies with the load and its power factor and with the line
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length. A typical result is shown in Figure 7, for which a = 200 mi. The
magnitude ¥, is plotted against the normalized load power EfF; for five
different power factors, with Es= V= 1.0 pu. .

Several fundamentally important properties of ac transmission are evi-
dent from Figure7. For each load power factor there is a maximum
transmissible power. (See Section 2.5). For any value of P below the max-
imum there are two possible solutions for ¥, (i.e., two roots of Equa-
tion 24). Normal operation of the power system is aways at the upper
value, within narrow limits around 1.0 pu. When P = Q = 0, Equa
tion 24 reduces to Equation |l a for the open-circuit condition. Also ap-
parent in Figure 7 is the flat voltage profile achieved at unity power factor
when P = Py, that is, V.= E.

The load power factor has a strong influence on the receiving-end volt-
age. Loads with lagging power factor, with unity, or with very high lead-
ing power factor, tend to reduce ¥, asthe load Pincreases. With leading
power factors (except those very near unity), the tendency is to increase
V. until P reaches a much higher value. Leading power factor loads gen-
erate reactive power which supplements the line-charging reactive power
and tends to support the line voltage.

The effect of the line length can be determined by redrawing Figure 7
for different values of a. Figures 8a through ¢ show the results for three
different power factors with a = 100, 200, 300, 400, and 500 mi. It ap-
pears from Figure 8 that uncompensated lines between about 100 and
200 mi long can be operated at normal voltage provided that the load
power factor is high. Because of their large voltage variations, longer
lines are impractical at all power factors unless some means of voltage

Mulurgl Load

0.9 lead

———=FIiFg

FIGURE 7. Receiving-end voltage magnitude as a function of load (P) and load power
factor for a 200-mi lossless radial line
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control or compensation is provided. Even though V.= E,= 1.0 pu a
the natural load (P +jQ = Py), if the line length is longer than about
200 mi ¥V, is extremely sensitive to any variation in P. If ais greater than
390 mi or /8 (.e., # > 45°) then at the natural load the receiving-end
voltage is the lower of the two roots of Equation 24: See Figure 8b for
a = 400 and 500 mi, with P = 1. Invirtually al cases such operation
would be unstable.

Symmetrical Line. In Section 2.2.4 the no-load behavior of the sym-
metrical line was deduced in terms of two open-circuited half-length lines
gonnected back-to-back. The symmetrical line under load can be treated
in the same way. Although the symmetrical line is a specia case, the
freatment provides a physical understanding which is helpful in dealing
with more complex cases.(*

By definition the symmetrical line has E, = E,. Under load E; leads E,
in phase, and by symmetry the midpoint voltage is midway in phase be-
tween them: See Figure 9. By symmetry again, the power factor angle at
ane end must be the negative of that at the other end, while the power
factor at the midpoint is unity. This being so, it is possible and con-
vamient to use Figure 85 to describe how V, varies with the transmitted
power. Provided that £;= £, = 1.0 pu, the line length is replaced by a/2
and ¥V, can be read off Figure 85. For example, the midpoint voltage
wariations on a symmetrical 200-mi line are the same as the receiving-end
voltage variations on a 100-mi line with a unity power-factor load. At
M0 mi a maked improvement results from having synchronous
machines a both ends. A symmetrical 500-mi line, however, would still
hiave unacceptably large voltage variations at the midpoint (equal to the
recelving-end variations on a 250-mi line).

Reactive Power Requirements.  The reactive power requirements of the
line are determined by the voltage and the level of power transmission.
It is important to know what these requirements are, because they deter-

FIGURE 9. Phasor diagram of symmetrical
line with # > Py Note that the receiving
end has a leading power factor and that both Fa
ends are supplying reactive power to the line. .
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mine the reactive power ratings of the terminal synchronous machines as
well as of any compensating equipment. Note that the terminal power
factor is the resultant of al circuits connected at that end of the line.
Any inductive load connected, for example, at the sending end will assist
the synchronous generators to absorb the line-charging reactive power. In
general, in the absence of compensating equipment, the synchronous
machines must absorb or generate the difference between the reactive
power of the line and that of the loca load.
The equations for the sending-end half of the symmetrical line are

E.=V, cos% + iz, sin % (25a)
VYV .8 + g Py
= Rt —_— — ‘_!'l
[ quSII’IZ I,cos2 (25b)
At the midpoint,
Pot jOn=Volo=F, L16]

where P is the transmitted power. Note that Q, = 0; that is, no reactive

power flows past the midpoint. The real and reactive power which must
be supplied at the sending end are given by

P: g .“:;‘I:- - E.-E: {:I'T]

Substituting for E, and |, from Equation 25 and treating V ,, as reference
phasor, P, = VI, and

. 3
z".'r:u - =

_j-;"" 128

sin f
.||.l’ + J{-';I! = !.I + i ::._

Since the line is assumed lossless, the result P, = P is expected; likewise

P.= P at the receiving end. The expression for O, can be rearranged as
follows. Making use of the relations Po= V¢/Zyand P, = Vi 1o,

sin ¢ F: .
o r32 (2]

v : (29)

|.-'

Y

2 (P

This equation shows how the midpoint voltage is related to the reactive
power requirement of the symmetrical line. By symmetry, Equation 29
applies to both ends of the line, and each end supplies half the total. Be-
cause of the reactive power sign convention, thisiswritten Q,= —0..
Where P = Py, that is, a the natural load, if V, = 1.0 pu Equation 29
gives the familiar result: gs = 0. In this condition Q, = 0 also, and
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E;=E,=V,= Vy;=10pu. Atnoload, that is, P= 0, if the termina
voltages are both adjusted so that E,= E,= ¥V, =1.0pu, then I, =20
and from Equation 29,

_ 8
Qs = Potanz

Thisisidentical in form to Equation 21. It shows that when E, = E, and
P = 0, the sending-end reactive power is the line-charging reactive power
for haf the line. The receiving-end generators absorb'an equal amount
from the other half.

If the terminal voltages are continuously adjusted so that the midpoint
voltage V,, = ¥ = 1.0 pu at al levels of power transmission, then from
Equation 29

sng || P |
QS-PO 7

P _Il-_Qr.

In addition, from Equations 25 and 26 it can be shown that for ¥, = ¥,

7

x ; ! 5 P d :
: o — 1= - == — 327}
g -"._.-"l b 3 ‘] [ Fn] i (32

These two equations illustrate the general behavior of the symmetrical
line. If P < Pg, the midpoint voltage is higher than the termina volt-
ages. If P > Py, the reverseis true, and if P = P, the voltage profile is
flat. When P < P, there is an excess of line-charging reactive power;
that is, Q, is negative and Q, is positive, indicating absorption at both ter-
minals. When P > P, there is an overall deficit of reactive power in the
line. The excess or deficit can be corrected by means of compensation, as
isseen in Section 2.3.

It should be noted that the reactive power requirement is determined
by the square of the power transmitted. As an example, consider an un-
compensated symmetrical line 200 mi long with P= 1.5 P;. Then sin g
=0.394 and Q,=—Q,=0.246 P, For every megawatt of transmitted
power, a total reactive power of 2 x 0.246/1.5 = 0.329 MVAr has to be
supplied from the ends.

Alternative useful equations for the reactive power requirements are
given later in Section 2.2 6.

(30)

(31 =

TR
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2.2.6. The Uncompensated Line Under Load: Maximum Eoewer

and Stability Considerations

Symmetrical Line. If the load a the receiving end of a lossless

" transmission line is P + jQ, then the terminal voltages are related by

Eawation 24

E, - E.,w.:l:s'!.'-e-j..?..F—_ﬂ sin @ | (33

E,

This equation is valid for synchronous and nonsynchronous loads alike.
Here the load is assumed to be synchronous and E, is written instead of
V.. If E,istaken asreference phasor, E; can be written as

E.,=E,e=E (cos st jsins), (34)
where § is the phase angle between E; and E, (see Figure 9). 6 is called
the load angle or the transmission angle. Equating the real and imaginary
parts of Equations 33 and 34,

ESCOSGZE,COSB'l' ZoEgs-ine, L35}
. P . o
E;sin6= Zof snég ., [36)

Equation 36 can be rearranged in the form

_ W
N ZOSinQ

sin 6 (A7)

This equation is important because of its simplicity and its wide-ranging
virlidity. The equation is true when E, = E, and is valid for synchronous
znd nonsynchronous loads aike. Its only major shortcoming is that it
meglecis losses. A more familiar form is obtained when, for an electri-
cally =hort line, sin ¢ is replaced by # = pa = wa+/lc. Then Z.#=

wa I, +fife = wal = X, the series reactance of the line, and

P:—;—,—r sin 6. (38D
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Equation 37 shows that if £ and E. are fixed, the power transmitted - :
can be expressed in terms of only one variable: the transmission angle & _§°
If E;= E. = Vg, then g i

Py
sin 8

= sin 6.

(39}

Figure 10 shows this relationship for a 200-mi line at 60 Hz, for which
6 = 0.405 rad and sin 8 = 0.394. The graph is ordinarily plotted with P
asordinate; but here it is rotated clockwise by 90" to reflect the fact that
P is the independent and 6 the dependent variable. It'also reflects the =
similarity with the voltage-versus-power characteristic of Figure 8b, which
for convenience is reproduced as Figure 11 with the correct line-lengths
for the symmetrica line. It can be seen that as the load is increased from
zero the load angle increases. If E; and E; are held constant the voltage
profile "'sags,"
along theline.

As indicated in Section 2.25 there is a maximum power that can be
It is useful to have a physical understanding of this |

transmitted.
phenomenon. Let the sending-end synchronous machines be thought of
as an equivalent synchronous generator, and the receiving-end machines
as an equivalent synchronous motor. The load angle 6 is then a measure
of the relative mechanical position of the rotors of these two machines as

- 3= PIP, &
[ 0.5 1.0 15 250 anm
= i A ——
20232 | |
0 e T |
D:I ha
sl |
;.: il i "L 2
P
L} 180 -
d
140 e
dayg. ,--”f
180 |- ____d-d'"
a0

FIGURE 10. Power transmission angle characteristic for 200-mi line.

the midpoint voltage experiencing the greatest decrease

2.2. Uncompensated Transmission Lines
Line I=ngth EIeC Iength Pogn P,
Es i(l\‘-'n«]' (l\fs. =- miles | deg. R
- |
T EIJ:I 3.2 254
400 484 1.41
GO0 4.7 LO7
g 2.8 | 100
1000 1181 1.11
By = E =V =1.0pu.  Z; = 1.0pa
Steady state

stability limit Py =

sl Mafigens Shown
Ars- e
s

. 15

= PIP,

FIGURE 11 Variation of midpoint voltage with power transmitted along a symmetrical
kne,

20

fhey rotate in synchronism. The terminal voltages are assumed to be
held constant by excitation control. The load power can be increased by
increasing the torque on the shaft of the motor. This causes the motor to
slow down, so that if the generator is assumed to continue at constant
speed, the load angle increases. According to Figure 10 and Equation 37,
the increased load angle is accompanied by an increase in the transmitted
rower, which causes the motor to speed up again until a new steady state
is attained at the new power level. V¥V, will now be smaller than it was
kefore, and I, larger. For successive power increments this process can-
rot continue indefinitely because there comes a point at which the frac-
lional reduction in V, exceeds the fractional increase in I,, and their
product P = VI, decreases with any further increase in the transmis-
son angle, however small. This point occurs when § = 90°, and fif
E,=E,= Vythen V,,= Fu/JdZ. If the load torque is increased slightly,
6 increases but the transmitted power now decreases, so that if the gen-
erator maintains constant speed the motor will dow down still more and
will lose synchronism. The system is unstable, and if this condition is ar-
rived at by the gradua process just described, the power is said to have
exceeded the steady-state stability limit Pg/sin 6. At 200 mi this is
Py/0.394 = 254 P, The theoretical steady-state stability limit for other
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line lengths is given in the table in Figure 11 and its locus is plotted aso

For lines less than A/4 in length (775 mi at 60 Hz), the steady-state star

bility limit decreases rapidly with increasing line length. :
Because of frequent minor disturbances in the power transmifted in

any real system, as well as occasional major disturbances caused by fault® £
and switching operations, it is not practical to operate an uncompensat&d

line too near to its steady-state stability limit. A margin is necessary, antl;

based on experience, a general rule is that the load angle on any uncom® x -

pensated line should not exceed about 30°, corresponding to a po™er
transmission of half the steady-state limit. If this empirica rule is fal-

lowed, then the maximum eectrical length over which the natufiil Toad |

can be transmitted without compensation is given by Equation 39 with
P=p,and § = 30° that is, # = 30° or a = 260 mi a 60 Hz. &
smaller power can be stably transmitted over alonger distance, but in tljﬂ
absence of compensation the maximum permissible line length 5 &l
limited by the no-load value of V., or the reactive power ratings of tha
synchronous machines (whether absorbing at no load or generating at il
load). =

4
It appears from Figure 11 that if the uncompensated line [ength
exceeds one quarter-wavelength, then a flat voltage profile is unatizinaide

at any stable level of power transmission. The fact that the steady-sials
stability limit increases with line length for a > A/4 is not of practicalfo-
terest because of the high voltages, the impractica reactive power T&-

quirements, and the high voltage sensitivity associated with thé upper T

parts of the curves for a> A/4. Even without these difficulties it wauld

be practically impossible to "*maneuver'* a line into such an operating

condition without passing through an unstable range.

Radial Line with Nonsynchronous Load. Figures 7 and 8 show thal
there is @ maximum power fhat can be transmitted over aline, even when
the load is nonsynchronous. The value of the maximum power can be
calculated simply, as follows, for a unity power factor load. :
From elementary circuit theory, {he maximum power that caf e

drawn B¥ a unity power factor foad from = supply represented as an B
circuit voltage in series with a short-circuit impedance, is given by

El:f:.

Pz = 2 (1+cosd,) .

{40]

Eyp is the open-circuil waltEge, T, is the short-circuil current, and ¢,
phase angle between them when the supply is short-circuited. If th® =4p-

ply is regarded as the sending-end emf together with the transmissio fime

up to the receiving-end terminals, then from Equations 2a and b

e T
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1

E.
Ej= —
"7 cos@

(41)

4

E,

, = ';__'I.l?.: sin |!]:| (42)

Simee Eg feads T by 90°, ¢ = 90°, cos ¢, = 0, and from Equation 40,

__E

Prnax = Zysin 20 -

(43)

This sguation dascribes a locus on which lie al the masimum=pawes
points in Figure &,

Since the load is nonsynchronous, the angle § cannot be interpreted in
ferms of the relative angular positions of the rotors of an equivalent
machine at the receiving-end and the sending-end generator. The ques-
tion of the maintenance of synchronism is therefore not an issue.

If the system is operating on the upper part of one of the curves in
Figure 6, &n increase in power transmission can be caused by a reduc-
tisn in the effective resistance of the load. In practice this might be done
by switching on more lighting load. Alternatively, the load torque on in-
duction motors might be increased, causing them to slow down: fhe in-
creassd slip then reduces the effective resistance of ihe motors. Reduced
load resistance draws more current from the supply, and at unity power
factor the voltage decreases (Figure 84). Up to the point of maximum
pawer the product of voltage and current increases, and fhe system is
stable. At the paint of maximum power, any further reduction of the
effeciive Toad resistance produces a reduction in transmitted power,

Effect of Generator Reactances. The internal reactances of the synchro-
nows machines 2t the endis] of the line add 5 the series impedance and
alter [he phase angle between fhe internal emf's. This is best illustrated
by an example.

Figure 12 shows a symmetrical 200-mi line carrying the natural load
Po. The power system at each end of the line is represented by an
equivalent synchronous machine with its step-up transformer. The rat=

| ings of thess machines are each assumed equa to P, and their transient

reactances are -TI.I = 025 EIU.;' TI‘.I': transformer reackances on the Ssame

| The transient reactance is used on the assumption that the generators are fitted with fast-
acting voltage regulators. See Reference 9.
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FIGURE 12. Symmetrical line transmitting the natural load P, effect of generator re:-

tances at the ends.

per-unit base are assumed to be =y
=t xr =025+ 0.1=035pu

The phasor diagram is shown in Figure 13. The excitation of the sym-
chronous machines is adjusted so that V= V.= V, = 1.0 pu, so that
the voltage profile is flat along the line and V,, = 1.0 pu. The line angls
is 23.2°, as calculated in Section 2.2.3, or from Equation 37. The powes
factor is unity at both ends, so that if the synchronous machine resis-
tances are neglected the voltage drops across x,, and x,; are in phase qus-
drature with I, and 1,, and both are equal to 0.35 pu, since I, = |:=
1.0 pu. The total angle 6 is 64.2" —nearly 2.8 times that of the line alon=:

In the genera case of asymmetrical line (with X,, = x,, = x,), the rela=

tionship between Pand 6 (i.e., the phase angle between E, and E,) can be

calculated from Equations 25a and b with P = ¥ I, and

E, = V. + jxls . Ldd)
Theresult is. ~
=3
P= o sin6, (45)
Xy . +
Zy— ——1Sin 8§ T 2x,cosi
Zy
raale Valy Ymeln Vil LA
3 | _hr_‘nag—b
El ] o |y Fr
o ||" y III_
N N[/
VL S/
|
)
¥
j&}inzﬁ;-m
| = pd. 2 [ FIGURE 13. Symmetnical e of Figure 11,

ptusar dizggram, {Ipdicaizd walwes are o pul

0.1pu so that X, = x,= -

il
==ty

22. Uncompensated Transmission Lines ™
where E, = E, = E. The form of this relationship is exactly as shown in
Figure 10, and it reduces to Equation 37 when X, = 0. The maximum
prwer is modified considerably by x,. The effect depends on the line

length and is illustrated in Figure 14, which shows the maximum power

~—ms a function of X, for various line lengths. In practice, uncompensated

linre lengths do not exceed 100-200 mi, and X, will generally be less than
I The effect of the generator reactance is therefore to widen the phase
angle 6 for a given level of power transmission, or to lower the power
ffansmission corresponding to a given angle. (For very long lines there is
an upturn in the maximum power when X, is high. This phenomenon is
oot of practical interest because operation under such conditions involves

. very high voltages and reactive-power levels.)

The power transmission relationship can be expressed with E replaced
by v, in Equation 45. Theresult is

X .8

Z, 97

146}

LIne lengths shown are in miles

a 1 I 1 1 1 i 1 y — 1
0O 01 02 03 04 05 06 07 08 09 10

— = I,

FIGLIKE 14.
I=e lengths

Effect of generator reactances on maximum transmissible power for different
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If x, = 0, this reduces to

i
P= = o tan % : (47)
Zytan -
02
Alternative Expression for Reactive Power Requirements. |n gge

tion 2.2.5, Equation 29 for the reactive power required at the ends OF iha
line assumes that the line is symmetrical and that ¥,, is known. A us, ,
alternative formula is obtained from Equation 35 for the TeCeiVing-pp
reactive power:

FiV.cosS— V. cos§)
ZO sin 4

r=

(48

A similar procedure can be used to derive the following formula for thy,

sending-end reactive power:

V(V,.cos 6 — V,cos8)
ZO sin 6

Qs= L449]

These expressions are valid when the line is not symmetrical, je.,
Vi# V. If Vi= V; theline is symmetrical and

FZ (cos 6 — cos 6)
Zy sin ¢

Q = —

“’Qr-

If # < Pgand ¥; = 1.0 pu, 6 is less than ¢, coss > cosg, and Q, is
negative while Q; is positive. This implies that reactive power is being

absorbed at both ends of the line. If P > P, reactive power is generated |
[

it both ends; whereas if P= Py O, =Q,=0. If P=0, cos & = 1 and

Equation 50 reduces to Equation 30. The terminal reactive power pe.

quirements represented by Equation 50 are illustrated in Figure 15.

For an electrically short line, cos¢ — 1 and Z, sin ¢ — X, the series—

reactance of the ling, so that Equation 50 reduces to

F2(1 — cos 8)

Qs = T,

==0.

with V= V..
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2.3. COMPENSATED TRANSMISSION LIKES

2.3.1. Typesof Compensation: V'u;tuaL-ZO, Virtual-9,

(50) 5k

=1
ik
e i i

TV

and ‘‘Compensation by Sectioning”

In this chapier, compensation means the moditication ol 1€ electrical
characieristics of a itrapsmission line in ader to increase s power
transmission capacity while safisiving the fundamental requirements [or
transmission stated in Section 2.1. With this general objective, a cowpen-
“sation 5ystem ideally performs the following functions:

1. It helps produce a substantially flat voltage profile at al levels of
power transmission;

2. It improves stability by increasing the maximum transmissible
pOwWEr;

3. It provides an economical means for meeting the reactive power
requirements of the transmission system.

A figure of merit used to gauge the effectiveness of a compensated sys-
fem is the product Of line length and maximum transmissible power. In
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Section 2.2 it was shown, for instance, that at 60 Hz without compensa-

tion it is not practical to transmit even the natural load over a distance
greater than about 200 mi. Compensated lines enable the transmission of

the natural load over greater distances, and shorter compensated lines can

carry loads greater than the natural load.

A flar voltage profile can be achieved if the effective surge impedance of :
the line is modified so as to have a virtual value, Zg. for which the -

corresponding virtual natural load ¥§fZj is equal to the actual load. The
uncompensated surge impedance is Zy= ~Ie. At fundamental fre-

quency this can be written ./x.x., implying that if the series and/or the
shunt reactances x; and/or x. are modified (for example by appropriate

connection of capacitors or reactors), then the line can be made to havea

virtual surge impedance Z§ and a virtual natural load Pg for which

where Pis the actual power to be transmitted and ¥ is the rated ¥s:iags
of the line. Since the load P varies, sometimes suddenly, the idea comi-
pensation would be capable of variation also—and without delay. Co™
pensation which can be said to have the objective of modifying Z, {o¢
Py) will be termed surge-impedance compensation or Zy-compensation.
Controlling the virtual surge impedance Ea match & given load (Egus-

fion 52) is mot sufficient by itself 13 ensure the Saliiliy of iransmission
over longer distances. This is made clear by Figure 11, which shows thil
without compensation, even under ideal conditions (i.e., with no distur-

bances) the natural load cannot be transmitted siably ower distances

greater than A/4(= 775 mi at 60 Hz). In practice stability is a limiting
factor at distances much shorter than this, in the absence of compensa-
tion.

Both of the fundamental line parameters Zy and ¢ influence stabilit
through their influence on the transmission angle 8. (See Equation 37J.
Cnce a ling s compensated in such & way as 1o satisfy Equation 3I—1p
achieve a flat voltage prafile—Z| is determined, and the only way to
improve stability is to reduce the effective value of 8. Two alternative
compensation strategies have been developed to achieve this. One is to

R S THFE i Tundaments; fioquency. ThR sUSIEST gt b
caled litre-length compensation or 8-compensation. The other approach is to
divide the line into shorter sections which are more or less independent
of one another (except that they dl transmit the same power). This
might be called compensation by sectioning. 1t is achieved by connecting
constant-voltage compensators at intervals along the line. The maximum
transmissible power is that of the weakest section, but since this is neces-

{52
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sarily shorter than the whole line, an increase in maximum power and,
therefore, in stability can be expected.
All three types of compensation may be used together in a single

fransmission line.

2.3.2. Passive and Active Compensators

Ii = helplal 1o disiinguish beiween paisie and aciive compensators. Pas

sive compensators inclode shunt reaclors and capacilors and series capasi-

lors. These devices may be either permanently connected, or switched;
but in their usual forms they are incapable of continuous (i.e., stepless)
wiariation, They gperate by modifying the natural inductance and capaci-
tance and their operation is essentialy static. Apart from switching, they
ire uncontrolled.

Passive compensators are used only for surge-impedance compensation
Znd line-length compensation. For example, shunt reactors are used to
zompensate for the effects of distributed line capacitance, particularly in
order to limit voltage rise on open circuit or at light load. They tend to

-~ increase the virlual surge impedance and ceduce the virtoal natural losd

Py. Shumt capacitors may be used to saugment the natural capacitance of

U |line under heavy loading. They generate reactive power which tends

fo boost the voltage. They tend to reduce the virtual surge impedance
and to increase ;. Series capacitors are used for line-length compensa-
on. Usually 2 measure of surge-impedance compensation is necessary in
E0flyunction with series capacitors, and this may be provided By an aciive
COMmpenE o,

Active compensators are usually shunt-connected devices which have
the properly of tending @ maintain & substantially constant voltage &t
theirtorminals, They @6 ihis by generating or EhEGEHIRE precisely the res
quired amount of corrective reactive power in response to any small vari-
ilion of voltage at their point of connection. They are usualy capable of

continuous le., stepless) variation and rapid response. Control may be
infrerent, 85 in the samarsted-reactor componsaior; or By meoans of 2 con-

iral system, as in the synchronous condenser and (hyristor-controlled
Compensatons.

Active compensators may be applied either for surge-impedance com-
pensation or for compensation by seclioning, In Zgcompensation they
are capable-af-all the functions performed by fixed shunt reactors and ca
pacitors #nd Bave the additional advantages of continuous variahility with
tapid response. Compensation by sectioning is fundamentally different in
that it iz possible only with active compensators, which must be capable of
virfually immediate response 10 The smallest variation in power fransmiis-
giom or vidiegs, that is, their operation is essentially dynamic (in the con-
trol engineer's sense). All active compensators except the saturated-
reacior type are also capable of acting as passive compensators. Table 4
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TABLE 4
Classification of Cempensators by Function and Type

Function Passive Active

Surge-impedance compensation  Shunt reactors Synchronous machines

(Virtual-Z, compensation) (linear or Synchronous condensers
voltage control, reactive power nonlinear) Saturated-reactor
management Shunt capacitors compensators
Thyristqr-switched
capacitors
Thyristor-controlled
reactors
Line-length compensation Series capacitors —
(Virtual-¢ compensation)
voltage control, reactive power
management, stability
improvement
Compensation by sectioning - Synchronous condensers
Dynamic shunt compensation, Saturated-reactor
stability improvement on compensators
longer lines Thyristor-switched
capacitors
Thyristor-controlled
reactors

summarizes the classification of the main types of compensator accordifia
to their usua functions. (Most of these types of compensator had bezn
proposed by the mid-1920’s, and severa of them can be found in the pa=
pers of E.F.W. Alexanderson, who in 1925 discussed the use of shiimi

reactors controlled by thyratrons, foreshadowing the modern thyristor-  §

controlled reactor compensator.?)

Rapid-response excitation systems used on synchronous machines also
have a strong and important compensating effect in a power system. Fi-
ted to the generators at either end of a line, they modify the effective
series reactance of the transmission line as a whole, and contribute
improvements in both voltage control and stability, They have the effect
of reducing the synchronous machine effective reactance to the transient
reactance x],"™

The application of reactive power compensation must be done as
economically as possible. In some cases the management of reactive

7 E.L. Owen. private communication.
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power in a power system can be enhanced by modifications to the design
of existing (or planned) plant; sometimes this is a cheaper way of im-
proving performance than installing compensation equipment. For exam-
ple, feedback signals can be used in the automatic voltage regulators of

syrelironous machines to enhance the stability and enable an increase in
power transmission.  As another example, shunt reactors and capacitors
can often be advantageously relocated after a period of evolutionary
change in the [onding pattern of the system. More usualy, however,
eoiipEnsating equipment is introduced precisely because it is the least ex-
pénzive way of satisfying the reactive power requirements. This is typi-
zally the case when the alternatives are an increase in the number of
irensmission lines, in the ratings of planned synchronous generators, or
in-the system voltage.

Dihier applications and functions of compensators on transmission sys-
tcms include the management of reactive power Rows in order to mini-
mizz losses; the damping of power oscillations; the provision of reactive
powel at dc converter terminals. These are not considered in this
chapter.

Both passive and active compensators are in use today and so are al
the compensation strategies; virtual-Z,, virtual-@,and compensation by
gectioning. Although most of the fundamental concepts have a long pedi-
free- modern activity is considerable. In equipment development,
metivity is concentrated on the static reactive power controllert or static
campensator, to improve its efficiency, reliability, and response charac-

——tenstics. In the analytical field, attention is focussed on the optimal de-

plovment of compensators, the relative merits of series and shunt com-
penzation schemes for long lines, and the modeling of compensators in
power systems on the digital computer.

The remaining sections of this chapter attempt to develop the theory of
gompensation to the point where the state of the art can be understood in
all the main compensation strategies and applications. For further reading
the references listed at the end of the chapter should prove helpful.

2.3.3. Uniformly Distributed Fixed Compensation

Modified Line Parameters: Virtual Z, #, and F,. Compensators are
rirmally connected at the ends of a line or at discrete points along it. In
gpite of their lumped or concentrated nature, it is useful to derive certain
basic relationships for the ideal case of u#ifrmly distributed compensation

because these relationships are simple and independent of the characteris-
tics of any particular type of compensator. They aso give considerable

f This includes the thyristor-controlled reactor (TCR), the thyristor-controlled leskage
iransformer (TCT), the thyristor-switched capacitor (TSC), and hybrid forms.
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physical insight, and help to determine the fundamental nature of the

type of compensation required, without reference to extensive computer
studies. The formulas derived are in most cases approximately true for
practical systems with concentrated compensation because the spacing be-
tween compensators is limited by the same factors that limit the max-
imum length of uncompensated line.

The surge impedance Z; of an uncompensated line can be written

.l" -“"— i e (53)
& T T L

.."'r\. L "h'l E =
If a uniformly distributed shunt compensating inductance /s, (H/mile) is
introduced, the effective value of the shunt capacitive admittance per
mile becomes

1 |:|'.II.']I :
}:"'Ir?-"

_II.IJA. -

= juell — kg, [54)
where Ky, is the degree of shianr compensation;
O T s . {59
- 3 x o

»3h [

I.IJ-I.'_:m-"
Here = and 8., are the reactance and susceptance per mile of the
shunt compensating inductance. Substituting for {jwc)' in Equation 53
the surge impedance has the effective or virtua value:

Za {561

If shunt capacitance c., is added instead of shunt inductance. then ks is
negative and has the value

. i
Fopzh A Ussh

_l;‘.h - ——m ——— =
[ &

k)

e

where x,,; and b, are the reactance and SUSCEPLINEE per mile of the
shunt compensating capacitance.

Shunt inductive compensation, therefore, increases the virtual surge
impedance, whereas shunt capacitive compensation reduces it

Ii & similar way the effect of uniformly distributed series capacitance

¢,se ON I can be shown to give:

——

El.l:zl.l“a.-']_'lfse- (38}
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where k.. is the degree of series compensation, given by

I. x ¥EE l|'II

W i
'-'ﬁ'lll'\'--n. agm Xy 'I"-\.S.l

Lt

x,se and B., are the reactance and susceptance per mile of the series
compensating capacitance. The parameters &g, and k. are a useful mea-
sure of the reactive power ratings required of the compensating equip-
ment.

Combining the effects of shunt and series compensation,

g fl—k,
Iu = zn,‘,- ', k (607

Corresponding to the virtual surge impedance Z, isavirtual natural load
Py given by F{JZy, so that

By= Py J— ,—‘ i61)
v -k
The wavenumber g is also modified and has the virtua value
B =8-0=- k(- kg . (62)
The electrical length ¢ is modified according to this equation &l so:
8=0-/0- k)l - k) (63)

where § = ag and 8 = af’. These relationships are shown graphicaly in
Figures 16, 17, and 18.

All the equations in Section 2.2 are valid for the line with uniformly
distributed compensation, if the virtual surge impedance Z, and the vir-
tual wavenumber 8’ (or #' = aB’) are substituted for the uncompensated
vaues. This means, for example, that Figure 11 can be used to deter-
mine the midpoint voltage of a compensated line under load; Equation 37
can be used to determine the maximum transmissible power and the load
angle; and Equation 29 can be used to determine the reactive power re-
quirements at the ends of the line.

Effect of Distributed Compensation on Voltage Control. For any fixed
degree of series compensation, additional capacitive shunt compensation
increases 8 and Pi and decreases Z;., while inductive shunt compensa-
tion has the reverse effect. 100% inductive shunt compensation (i.e.,
k= 1) reduces 8' and #; to zero and increases Z, to infinity: this im-
plies a flat voltage profile at zero load, suggesting the use of shunt reac-
tors to cancel the Ferranti effect. Under heavy loading, a flat voltage
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FIGURE 16. Virtual surge impedance Z; as a function of kg, and k,. (Uniformly distrib-
uted compensation)

profile can be restored by replacing the reactors with shunt capacitors.
For example, in order to transmit 1.2 P, with a flat voltage profile
without series capacitors (k. = 0) would require 0.45 pu of distributed
shunt capacitive compensation, (from Figure 17); that is, k4, = —0.45.
The effect of series capacitive compensation (k,, > 0) is to decrease
Zy and 8 and to increase #5. Series capacitive compensation can, in
principle, be used instead of shunt capacitors to give a flat voltage profile

under heavy loading. For example, to transmit 1.2 P, with aflat voltage ~ |

profile without shunt compensation (kg = 0) would require about
0.30 pu of distributed series compensation, according to Figure 17; that is,
ks = 0.30. In redlity the lumped nature of series capacitors makes them
unsuitable for line voltage control. Their natural application is rather in
stabilization, by reducing the virtual line length 8.

At no-load the midpoint voltage of a compensated symmetrical line is
given by Equation 18:

2.3. Compensated Transmission Lines L
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FIGURE 17. Virtual natural load F§ as a function of k., kg

V.= e - (B4)
Cos [II_

2
It can be seen through their effect on 8' that both series capacitive and

shunt inductive distributed compensation tend to reduce the Ferranti
valtage rise, whereas shunt capacitive compensation tends to aggravate it.

Effect of Distributed Compensation on Line-Charging Reactive Fow-
er. At no-load the line-charging reactive power which has to be ab-
sorbed by the terminal synchronous machines is given by

Q,=—Pg tan ¢’ (65)

for aradia line, and

0= —Pi tan 2 — -0, (66)
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FIGURE 18. Virtual wavenumber H7A as a function of kg and k.
ed compensation)

for asymmetrical line. With asignificant degree of either shunt inductive
or series capacitive compensation, ¢’ will tend to be small enough so that
tan 0 = ¢' and tan (97/2) == 6%/2. If B§ and 9 are now substituted from

Equations 61 and 63 into Equation 66, the factor /1 — k. cancels, and
for the symmetrical line

ol
0, = —=—=(1

. I":lull:I - _{.}r'

taTl
In the absence of shunt inductive compensation (ky, = 0) the series-
compensated line generates roughly as much line-charging reactive power
a no-load as a completely uncompensated line of the same length. If the
line is long enough to justify series compensation in the first place, the
reactive power absorption required in the terminal synchronous machines
at no-load will be excessive. Moreover, the tendency of the synchronous
machines to run underexcited at al but the heaviest loads degrades the
stability which the capacitors are intended to enhance. This problem can

(Uniformly distribut-

55

2.3. Compensated Transmission Lines #

be relieved by means of additional shunt inductive compensation (see
Equation 67). Series compensation schemes have virtualy aways in-
cluded synchronous condensers and/or shunt reactors for this purpose.
Static reactive power controllers can also be used with advantage instead
of synchronous condensers.

Effect of Distributed Compensation on Maximum Power. The power
transmission Equation 37 can be very approximately written:
p=py L. (68)

&

When P = F;, § = ¢ and the equation is exactly true. The first general
objective of a compensation scheme is to produce a high value of Pg, the
power level at which the voltage profile is flat. If the system is operated
with P near Py, then 6 will necessarily be near 6'. The compensation
stheme must now acquire a second objective, which is to ensure that ¢’ is
zimal enough so that the transmission is stable; that is, that Pis not too
chose to the steady-state stability limit. These objectives will be recog-
nized as the fundamental requirements of transmission (Section 2.1.2).

From Figure 17, a high Py can be obtained with series capacitors
and/or capacitive shunt compensation. On the other hand a low & (and
6" can be obtained with series capacitors and/or inductive shunt compen-
sation, (Figure 18). Only series capacitive compensation contributes to
both objectives.

Of course, not al transmission systems requiring compensation require
it for both objectives. Short lines may require voltage support, equivalent
to an increase in Fy, even though their electrical length is much less than
90°. This may be provided by shunt capacitors, provided that 8 does not
become excessive as a result. It is common for shunt-compensated lines
not exceeding about 200 mi in length to be loaded above the uncompen-
sated natural load. On the other hand, lines longer than about
300-500 mi cannot be loaded even up to the natural load because of the
excessive uncompensated electrical length. In these cases the reduction
of 0 isthefirst priority.

The effect of uniformly distributed compensation on the maximum
transmissible power (i.e., the steady-state stability limit) is determined
from Equation 37 as follows. If the terminal voltages are held constant at
V4, the maximum power is given by

Vi

e {69
Ly =nd

max
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Combining this with Equations 8, 61, and 63,
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An example of the use of Figures 16 through 19 and their associated
equations is as follows. A line 600 miles long has uncompensated values
o g=0697" and P, = 1066 P5. The natural load would be unaccept-

Tadly close to the stability limit. To operate the line with a transmission

angle of § = 30°, the power transfer would have to be no more _than
about one-half the natural load. With P =05 Py, Equation 32 shows
ihat in order to maintain a midpoint voltage of 1.0 pu, the terminal volt-
azfsS have to be E;= E; = 0.869 pu. These voltages are unacceptably
fow. Furthermore, from Equation 31 the terminal synchronous machines
have to absorb 0.704 kVAr of line-charging reactive power for every kW
af power transmitted, operating at a leading {underexcited) power factor
of 0.818. With 80% series compensation, Figure 19 gives Fy,.. =
4:321 p,, Figure 18 gives ¢' = 0.447 8 = 31.1", and Figure 17 gives Py
1.236 P,. If the power transmitted is now equal to the virtual natural
load Py, the transmission angle is sin-' PalFia) = sin-
2. 336/4.3210 = 312" = ¢' and the voltage profile is flat. The terminal
power factors are both unity and no reactive power has to be supplied or

...absorbed at the ends of theline. Thisisclearly a marked improvement in
- the power transmission characteristics of the line.

At no-load the uncompensated midpoint voltage of this line would rise
to 1.218 pu (Equation 18). With series compensation the midpoint volt-
gz€ would rise to only 1.038 pu. The internal reactance of the terminal
synchronous machines would tend to cause this voltage to be higher, and

i1 may b& desirable to employ shunt reactors to limit it, as Well as o re-

|;,eve the generators of some of the reactive power absorption. Adding
uniformly distributed shunt reactance, with kg =0.5 ¢ = 22°
P, = 1581 Py, and Pg., becomes 4.214 P,. The maximum power, or
st=ady-state stability limit, is not much affected by the additional shunt
reactive compensation, but the virtual natural load is appreciably reduced
snd so is the electrical length. At the virtual natural load the transmis-
sion  angle is 22.0°, while the midpoint voltage a no-load is
14019 pu—comparable to that of an uncompensated symmetrical line of
lepngih 190 mi.

Ideally it is desirable to compensate a line in such a way that the nor-
mai actual load is equal to the virtual natural load Pg. As already indi-
gated] for stability assessment it is useful to be able to calculate the ratio

F.../ Py for the compensated line; from Equations 70 and 61 this is
Biven by

Pmax — 1

(71)
sn [ag =kl = k,..]] .

The effect of compensation is to improve the ratio P/ Fu. that is, to
decrease ihe transmission angle at the virtual natural load. The same
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result can of course be deduced from Figure 18, since at the virtual natu-
ral load 6 = ¢' = @',

A specia case arises when kg, = 1, that is, with 100% shunt reactive
compensation. Equation 70 reduces to

- - (72)

This relationship is not markedly different from Figure 19. Again, the
maximum power is not appreciably affected by shunt compensation.
However, with kg = 1, £ = 0, that is, a flat voltage profile is obtained
only at zero load. The line with 100% shunt compensation behaves
exactly as a series inductance or reactance X; = wal. With series (capaci-
tive) compensation the reactance is modifiedto X,'= X{1 - k).

2.3.4. Uniformly Distributed Regulated Shunt Compensation

This section develops the theory of uniformly distributed regulated shunt,
compensation, which is an idea system of compensation to which the
closest approach in practice is compensation by sectioning, described in
detail in Section 2.6.

A line operating at the natural load has a flat voltage profile and, from
Equation 39, the transmission angle is then equal to the electrica length
of the line, that is, 6=4¢. Considering shunt compensation only
(ke = 0), suppose that kg, could be continuously regulated in such a way
that P, = P at dl times. (See Equation 61.) Then ¢'= 8 at ail times.
Therefore,

o |

=
- LE. {71}
a )

Substituting for F5 and ¢’ from Equations 61 and 63, respectively.

F 'l "":. i P |
2 A . rhlEL | RN [T 1T
& L W 1 L 1] t

This implies a linear relationship between P and §, as shown in Fig-
ure 20a, suggesting that the maximum transmissible power is infinite.

The constant in Equation 74 is the slope of the P — 6 characteristic
and is given by

L S « S, L (75)
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FIGURE 20. (a) Effect of regulated shunt compensation on power transmission charac-
teristic. (4) Composition of Figure 20« from Eamngtanl-k , curves.

At zero power the P— 6 line is, therefore, tangent to the sinusoidal
P — 6 characteristic of the line with 100% fixed shunt compensation
f.!l: ih ™ 1)

The performance of the regulated shunt compensation can be further
understood in terms of Figure 20b. For every fixed value of kg, there is
a sinusoidal P — 6 curve, with Pr.; given by Equation 69 with k,, = 0.
Some of these curves are drawn in Figure 20b. As the power varies, the
regulating mechanism (whatever it is) adjusts kg, so that the operating
point continually shifts from one curve to another in such a, way that it
always lies on the straight line with positive slope.

It is essential to realize that at large transmission angles the stability is
maintained only if kg, can be varied rapidly enough to keep up with any
change of P that might occur. If kg, were varied only dowly, a rapid
change of Pwould cause the operating point to move along the sinusoidal
P — 6 curve corresponding to the current value of kg, and if &= /2 rad
the system would not be stable. A line with ideal regulated shunt com-
pensation is said to be dynamically stabilized.

The regulation of kg, must not only be sufficiently rapid, it must also
be continuous. If there were any "*dack™ or dead band in the response of
ks, to achange of P, the operating point would move aong the ** current*
sinusoidal P — 6 curve, and when the compensation reacted it would
have to over-correct. There would be a tendency towards sustained limit-
cycling or hunting of the operating point.

The equations used so far do not suggest how such a compensation
scheme could be realized in practice. In practice any compensating
devices would not be uniformly distributed, but would be lumped at
discrete intervals along the line. The simplest and probably the only prac-
tical way to control the compensation is not to try to control kg, directly,
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but to design the compensation as constant voltage regulators, since by
continuously forcing the voltage to be constant and equal to ¥ at severa
points along the line the condition ¥ = P is automatically satisfied what- _
ever the value of P. Such constant-voltage compensators are active com-
pensators and can be synchronous condensers, saturated-reactor compen-
sators, or thyristor-controlled compensators.

Reactive Power Required for Compensation.
which must be absorbed or supplied by the compensating equipment is
easily calculated because the line voltage is constant. It is given by

Q,=—(wl — Vwc)a=Bgl|1 - | F | {76
-PII
This can aso be expressed in terms of the current value of kg,. From
Equations 76 and 61 with ks, = 0 and P = Py, !
o

0, = Palkyy, .

This equation is valid also for fixed compensation if P = Pg.

The reactive power required is capacitive if P > Py and it increases
with the square of the transmitted power. There will be a transmitted
power above which it is uneconomic to provide the necessary reactive
power, and at this level aternatives may need to be considered [e.g., a

higher transmission voltage, the use of series as well as shunt compgnsa- = 3

tion, or the use of high voltage direct current (HVDC)]. There are other
practical limits to the performance of the regulated shunt compensatzd

scheme. Oneis the speed of response of the compensators. A second js

the problem that if the regulating function fails in one compensator (or if
it reaches a reactive-power limit and continues as a fixed shunt suscep-
tance), the stability of the entire system may be seriously impaired.

The total reactive power ...

Perhaps the most serious limit is that the dynamic characteristic is straight '~

only while the compensation equipment is within its capacitive current
rating. In order to significantly improve the transmission characteristic
while maintaining adequate stability margins, a very large amount of ¢com-
pensating capacitance may be required (see Section 2.6).
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FIGURE 21. Phasor diagram of line
with regulated uniformly distributed shunt
compensation.
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FIGURE 22. Approximate equivalent circuit of line with regulated uniformly distributed
shunt compensation.

Line Capacitance

The phasor diagram of a system with ideal regulated shunt compensa-
filon is shown in Figure 21 and Figure 22 is an approximate lumped
equivalent circuit. It is of interest to note that the concept of distributed
shunt compensation was proposed in 1921 by F. G. Baum'™ as a means
nT securing constant voltage along a long line, but the stability issue was
not fully understood at that time and no mention was made of the
dynamic nature of this compensation scheme. Baum's compensators
wiuld have been synchronous condensers. A truly dynamically compen-
gated line was not built until more than half a century later. One of the
lnrgz=t of these is the 735 kV James Bay Transmission scheme between
Ismes Bay and Montréal, Québec, Canada. 19

2.4. PASSIVE SHUNT COMPENSATION
2.4.1. Control of Open-Circuit Voltage with Shunt Reactors

Shunt compensation with reactors increases the virtual surge impedance
(Figure 16) and reduces the virtual natural load, that is, the load at which

~ & fiat voltage profile is achieved. With kg, = 1.0 the voltage profile is flat

it no-load (or on open-circuit).

In practice, shunt compensating reactors cannot be uniformly distrib-
uted. Instead, they are connected at the ends of the line and at inter-
mediate points—usualy at intermediate switching substations. A typica
arrangement for a double-circuit line is shown in Figure 23. On a long
radial line, the switching stations may occur typicaly at intervals of
between 50 and 250 mi.

In the case of very long lines, at least some of the shunt reactors are
permanently connected to the line (as shown in Figure 23) in order to
give maximum security against overvoltages in the event of a sudden
rejection of load or open-circuiting of the line. On shorter lines, or on
sections of line between unswitched reactors, the overvoltage problem is
less severe and the reactors may be switched frequently to assist in the
hour-by-hour management of reactive power as the load varies. Shunt
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FIGURE 23. Arrangement of shunt reactors on a long-distance high-voltage ac transmis-
sion line.

capacitors are usualy switched. If there is a sudden load-rejection or
open-circuiting of the line, it may be necessary to disconnect them very
quickly, to prevent them from increasing the voltage still futher, and aso
to reduce the likelihood of ferroresonance where transformers remain

connected. |

Required Reactance Values of Shunt Reactors. The calculation of the
optimum ratings and points of connection of shunt reactors and capacitors
is generally done by means of extensive load-flow studies, taking into ac-
count all possible system configurations.t A simple approach to the prob-
lem for asingle line is, nevertheless, instructive.

Consider the simple circuit in Figure 24, which has a single shunt reac-
tor of reactance X at the receiving end and a pure voltage source E, at the
sending end. The receiving-end voltage is given by

V., =IXT,. (78)
From Equation 2a,
E,=V,.cospa+ jZy,sin pa

Zy

=V, |cose + 2 sn 91 (79}
X

E, and V, are, therefore,in phase, which is consistent with the fact that

no real power is being transmitted. For the receiving-end voltage to be

equal to the sending-end voltage, X must be given by

_ sin g
X=Z 1= cosa {HH

T A comparative study of several shunt and series compensation schemes was published by
Ticeto and Cinier.™
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FIGURE 24. Voltage and current profiles of a shunt-compensated line at no-load. la =
200 mi)

The sending-end current is given by Equation 26 as

E
I,:jisine'l'l,cose‘ (88

Making use of Equations 78, 79, and 80, this can be rearranged to give
_ B 1-cosg _ Es (83)
since E, = V¥,. This means that the generator at the sending end behaves

exactly like the shunt reactor at the receiving end in that both absorb the
same amount of reactive power:

(83}
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The charging current divides equally between the two halves of the line.

The voltage profile is symmetrical about the midpoint, and is shown im

Figure 24 together with the line-current profile. In the left haf of thc
line the charging current is negative; at the midpoint it is zero; and in the |
right half it is positive. The maximum voltage occurs at the midpoint and
isgiven by Equation 2awith x = a/2:
H -
i

£y
+—5i
B

_E
cog 2

it

YYo= Ic-:ls ¥

Note- tht- ¥ s in phuse with B, and V. as 5" the voltage atall points |
For n 2i0-mi line with E, =¥, ="T {0 pn, the midpsine |

along thie line.
voltage is 1.021 p.u. and the reactive power absorbed at each end i

0.2055 P;. These values should be compared with the receiving-end #afi= ]

age of 1.088 pu and the sending-end reactive-power absorption =f
Q, = 0.429 P, in the absence of the compensating reactor. For continu-

ous duty a no-load with a line voltage of 500 kV (phase-to-phase) ihe . .

rating ol the shuni reactor shown in Figure 24 would be 68.5 MV Ar per
phase, Z, being 250 R.

Equation 84 shows that with the shunt reactor the line behaves at no-
load as though it were two separate open-circuited lines placed back-tao-
back and joined at the midpoint.
half is given by Equation 84.

Multiple Shunt Beactors along a Long Line.

inlervals along the line, together with a shunt reactor at each end. Be-
cause of the stending-wave nature of the woltage and current variation

along the line, the voltage and current profiles in Figure 24 could he

reproduced in every section i every section were of lengith o and 1T the
feriaal condiians were e same,  The lerminal voltages ai the ends of the
section shown in Figure 24 are equal in magnitude and phase. The

currents are equal but opposite in phase. The correct conditions could,

therefore, be achieved by connecting shunt reactors of wice the susoep.
tance given by Equation 30 al every junciion beiweesn two seclions,

showm i Figore 25. The shunl réaclors al the ends of the line are cach

of half the susceptance of the intermediate ones. If « is the tolal leagth "}
of the composite line, replacing a by a/ in Equation 80 gives the re-—

quired reactance of each of the intermediate reactors:
i
3 i

sin (8w}

X = ke ot s e
1 =cos (8w

IV

The _
comcept of building up o long shunt-compensated line 0 thig way s

(s |

The open-circuit voltage rise on each §
. In Figure 23,

The analysis of the sim- |
ple case shown in Figure 24 can be generalized o describe the behavior
of a line divided into & sections by & — 1 shunl reactors spaced ab equal

——
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FIGURE 25. Line compensated with multiple shunt reactors at no-load.

the sending-end gensrator supplies no reaclive current. In
practice if would supply, to & first approximation, only the losses,

Each intermediate reactor can be thought of as absorbing the line-

- charging current or reactive power from two half-sections of line, each of
length af2r on either side of i1, whereas the reaclors at each end absorb
the reactive power from the half-section on one side only. This again ex-
plains why the intermediate reactors have twice the susceptance.

In the shunt-compensated systems in Figures 24 and 25, the equivalent
degree of compensation k., is approximaiely unity. The reachive power
ghsorbed [rom =ach hall of each 200-mi section 15 given exactly by Egqua-
flon 83 as 0.2055 Py With uniformly distributed compensation and
kg = 1, the reactive power to be absorbed from each ,100-mi half-section
is given by Equation 77 as 0.2027 P,. The two figures differ by about
1.4% anly

The definition of kg, given in Section 2.3.2 (Equation 55) ran be used
io define kg, for lumped compensation if B,y is replaced by the total
shunt compensating susceptznce and 5. by I:he total shunt ﬂpmt.m:r: of
the line. For example, a fypical value of B, at SO0KY is § pS/mi (¢ =

_ 00212 pF/mi} giving a line-charging reactive power of 2 MV Ar/mi

{three-phase). If Zy= 250 R, then from Equation 80 the receiving-end
shunt reactor has X = 1216 O = 4.866 pu, B=822x WS, and a
feactive power of 2055 MVAr, corresponding to the charging reactive
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power of half the line, which is 100 X 2 = 200 MVAr. The lumped . [

value of kg, in this example is 8.22 x 10~ %/{100 x 8 x W% = 1.8 —
The use and interpretation of kg, therefore, has to be treated with care’
over longer line sections.

2.4.2. Voltage Control by Means of Switched Shunt Compensation

The voltage regulation diagram for the line of Figure 24 is shown in Fig-—
ure 26 for three different power factors. The curves labeled ""U"* are for ...

the uncompensated line; those labeled "'L*" apply when the shunt reactor

discussed in Section 24.1 is connected; and those labeled *“C* apply
when a capacitor of equal reactance is connected instead of the reactor. = =

a= 200 miles

il 1.0 Power factor !

i e J I Yr
2l e T —1 Lo P& 0

L oqppe—e e . 8 Aeacior or
v, 04 _—_'_h‘“—h[ EEE Capacitor
E:' 08 (R ] _

¥ C = Capacitor connected

U = Linooemperesabod
J 1 ) 9 L = Reactor connecred
0 05 1.0 15
i
() 0.97 Lagging power factor i}
i 1R
[ — 5
ey

i T 1}
: T80 1

k | i

= }
it o tar 15
— Y

(¢) 097 Leading power factor

13k
| e 5

st e N
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Es 08 L
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FIGURE 26. Voitage control by means of switched shunt compensation,
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~ The fact that the “L* curve lies below the “U” curve in every case

reflects the fact that on the uncompensated line the line-charging reactive

~_power supports the voltage to a significant degree under load. This
 advantage islost if the shunt reactor is permanently connected.

Figure 26b illustrates the principle by which the receiving-end voltage

_tan be kept more or less constant as the load varies, by switching the

reactor and the capacitor. In this example the load power factor is
assumed to be 0.97 lagging. At zero load, the shunt reactor is connected

= and reduces the uncompensated open-circuit voltage from 1.088 pu to

1.0 pu. It remains connected until the power transfer reaches 0.375 Py,

~at which level the receiving-end voltage has decreased to 0.95 pu. The

reactor is then disconnected and the line remains uncompensated between
P = 0375 p, and P =0.75 Py, at which level the voltage has decreased
i 0.955 pu. When P = 0.75 P, the capacitor is connected, and it sus-
tins the voltage above 0.95 pu until Preaches 1.04 P,. The voltage con-
irol in this illustrative example is very coarse. In practice, the switching
@i shunt reactors and/or capacitors is coordinated with the control of tap-
zhanging transformers and other voltage-regulating equipment to main-
tain the voltage within narrower limits than are indicated in Figure 26b.
2.4.3. The Midpoint Shunt Reactor or Capacitor

The shunt reactor or capacitor located at the midpoint of a symmetrical
line is a specia case of the line with n — 1 reactors considered in Sec-
fion 2.4.1. It has n = 2. It is useful to study this case in detail because it
zan be meaningfully compared with the series-compensated line treated in
Hection 25 and the line compensated by sectioning in Section 2.6. Its
main application is in the control of line voltage and power factor, as will
be shown,

Each haf of the line is represented by its w-equivalent circuit as in
Fizzire 27a. The terminal synchronous machines are assumed to have
ermstant voltage and zero internal reactance. The two capacitive shunt
auisceptances B./4 connected at the ends can be omitted from the analysis
il it is remembered that the terminal synchronous machines absorb their
reactive power at dl times. To account for this, I; is written

pi, =1, + j(B./4)E,, and similarly for I,. In effect, the two extreme quar-

ters of the line length have 100% compensation of their shunt capaci-
lance. The central half of the line is compensated by a single shunt reac-
tor or capacitor, which may be switched on or off, but whose susceptance
cannot be varied continuously. The degree of compensation for the cen-
tral half isgiven by

- 36
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k, isarbitrarily taken as positive if B, isinductive, negativeif B, is capa-

-citive, and is unity when B, = B./2, B, being the shunt susceptance of

the whole line.

At fundamental frequency, the equivalent circuit reduces to
Figure 275. The phasor diagram is given in Figure 27¢. The basic rela
tionships are

P Fpln. (A7)
R X
Vi =E+]5 L=E-i51. (88)
and
B : . B. . . .
I, = Io— I/= 0= 1) = 205 - 1 =) 5 (= knl¥, (89
From these it can be shown that with E;= E, = E,
E? ,
= ————sinG, (90}
P=3a-9 '
where
X, B,
E'='2—T'[1—km). (913
The midpoint voltage can be expressed as
v, = E cos (8/2) (931
1- s

which shows that with s < 1 the midpoint compensation increases the
midpoint voltage by the factor 1/{1 — s). This factor of increase tends to
affset the voltage drop in the series reactance of the line and, therefore,
filitigate the midpoint voltage sag under load. If cos (8/2)/(1 — s) > 1
the midpoint voltage exceeds the terminal voltages even under heavy
load.

If k, =1 the shunt capacitance is canceled along the entire line
length, making the virtual natural load zero. The compensating suscep-
tance is then a reactor of admittance B./2 (Equation 86). Only at no-
load is the voltage profile flat. The line is practicaly reduced to its series
impedance. If the terminal voltages are adjusted to keep V= Vo= 1 pu
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while the power transfer is increased, then their values are given by the
equation

i i
iI.!.II '
which can be deduced from the phasor diagram. Note that here we have
written x;, = X,/ Zy= 6 = pa.

Among other equations of interest for the midpoint-compensated sym-
metrical line are the following. The terminal currents are given by

L=
Ey= E;= Faft+ [TI

B.X; e 2o -
L=1I =1m[1 ;f]ure,,,T[z ki — 5) (4}
The terminal reactive powers are given by
P2 X B.X,
Q== Q=—r = il- =
vi 2
-v2 %(1—5} 2= ky— 9. (95)

This expression includes the reactive power of the extreme capacitive

branches of the w-equivalent circuits, which the termina synchronous

machines must absorb at al times.
The reactive power of the midpoint compensating susceptance is given

oy

Bokn

m (1% coss).

0,=E (96)

Note that Q, is positive for a reactor (k, > 0) and negative for a capaci-

tor (k, < 0).

An example illustrates the features of the midpoint-compensated line.
For a 200-mi line B,/ Yy = X,/ Zy, = 6 = 0.4054 pu.t For 100% compen-

sation of the line capacitance B, = B./2 = 0.2027 per-unit of Y, At
500 kV with Z; = 250Q the required shunt reactor would have a reac-
tance of

2 2

B, “"7 04054

I, - x 250 = 12330 [a7)

¥ The short-section n-equivalent circuit is used in this example.

(93

&k
TR
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(phase-neutral), and its reactive-power rating would be [500/~/31%
1233 = 67.6 MVA per phase. This agrees with the approximate figure
obtained by reckoning 2 MVA/mi for the three phases over the central
100-mi section of the line (see Table 3). At no-load the terminal syn-
chronous machines must each absorb 2 X 3 x 67.6 = 101.4 MVA, which
is about one-tenth of the natural load. With the reactors connected,
k, = 1 and s= 0. The voltage profile is approximately flat, with
E,=E,= V= 500kV (phase-to-phase). Without the Treactor, the
midpoint voltage would be ¥, = 1.021 pu = 510.5 kV (see Figure 50).
With the midpoint reactors connected, at the natural ioad P= Py, =
1000 MW (three-phase), and from Equation 90, 6 = 23.92°. The mid-
point voltage is given by Equation 92: with E= 1.0 pu = 500kV, V, =
caslaf2) = 0.978 pu = 489 kV (phase-to-phase). The voltage profile is

~asshown in Figure 28b. The terminal reactive powers are given by Equa-

tion 95, that is, 212 MVAr generation at each end, giving a terminal
power factor of 0.978 lagging at the sending end and 0.978 leading at the
recelving end.

If the reactor is replaced by a capacitor of equal susceptance, k, = —1
and from Equation 91

g 04054 2o, 04054 Vo 1y _ _ 1= 00411,  (98)
2 4
Bs Vim Er E;Vp E
! :
[l No load a [ & I
Reactor connected = - | - |
Eg Vin _Er Es Vin B
} - b b
bl P=Fy al A 1 Il
Reactor connected g E = 'I
|
- ¥m
- S EVa E
A ] ! Vi
et P=Py ::: g - il
Capacitor connected = = - !

FIGURE 28. Voltage profiles of line with midpoint shunt compensation.
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At the natural load, from Equation 90, 6 = 22.88" and from Equation 92,

= 1.022 pu. The terminal reactive powers are now each 9 MV Ar ah-
sorption at each end. As would be expected with such a low value of s
the stabilizing influence of the midpoint capacitor is insignificant.
although the midpoint voltage support is worthwhile.

In the preceding example the midpoint susceptance is much P
effective in controlling the line voltage and the terminal power factors
than in reducing the transmission angle.
tor control that this type of compensation is normally used. It appears
from Equation 90 that a significant effect on the transmission angle would
be achieved only if s were an order of magnitude larger than in the exam-
ple:
and/or if the capacitive compensating susceptance were extremely Jargs.
However, since the midpoint voltage is also subject to the factar —
1/(1 — s), with so much compensation it would either become unaccepi-
ably high, or become excessively sensitive to the switching of the capagi-
tor, or both. For these reasons the single passive shunt susceptance iz _

not a practical way of increasing the maximum transmissible power of 'z # ?

long line. For shunt stabilization of a long line, the susceptance has to ke

large and dynamically controlled, as for example in the thyristor-control led—

or saturated-reactor compensators (see Section 2.6).

The form of Equation 90 suggests a paralel between the rmdpomtv
compensated line and the series-compensated line because the coefficieant
of sin 6 is of the same form as Equation 109 with kg replaced by s. Inm -
this sense s can be interpreted as an equivalent degree of series compen-
sation. The series-capacitor effect in the transmission-angle characteristic
is weak and is obtained only with s < 1. This requires k, < 1, which
says that if B, is inductive it must not be so large as to compensate dl—
the shunt capacitance of the central half of the line. In other words, the
shunt capacitatice of e {ive has a stabilizing influence on the power _
transmission —which can be enhanced if B is made capacitive (k,, < O)
or weakened if B, is made inductive (k,, > 0).

2.5. SERIES COMPENSATION ™

2.5.1. Objectives and Practical Limitations

As discussed in Section 2.3, the central concept in series compensation is—
to cancel part of the reactance of the line by means of series capacitors.
This increases the maximum power, reduces the transmission angle at a
given level of power transfer, and increases the virtual natural load. The =
line reactance, however, being effectively reduced, now absorbs less of

It is for voltage and power fags |

this would be the case if the line length were very much longes

.I ..::

T | By
1 v I

{7
q

the line-charging reactive power, often necessitating some form of shunt-
inductive compensation.

As a means of reducing the *"transfer reactance’ between the ends of a
line, the series capacitor finds two main classes of application:

1. It can be used to increase the power transfer on a line of any
length. Sometimes a series capacitor is used to increase the load
share on one of two or more parallel lines—especialy where a
higher-voltage line overlays a lower-voltage line in the same corri-
dor.

2. It can be used to enable power to be transmitted stably over a
greater distance than is possible without compensation. On long
lines shunt inductive compensation is usually also necessary in
order to limit the line voltage.

A practical upper limit to the degree of series compensation is of the
order of 0.8. With k.. = 1 the effective line reactance would be zero. so
that the smallest disturbance in the relative rotor angles of the terminal
synchronous machines would result in the flow of large currents. The cir-
cuit would also be series resonant at the fundamental frequency, and it
would be difficult to control transient voltages and currents during distur-
bances.

The capacitor reactance is determined by the desired steady-state and
transient power transfer characteristics, as well as by the location of the
capacitor on the line. Its location is decided partly by economic factors
and partly by the severity of fault currents (which are a function of the
capacitor location). The voltage rating is determined by the severity of
the worst anticipated fault currents through the capacitor and any bypass
zquipment— " severity'" being afunction of duration as well as magnitude.

Clearly it is not practicable to distribute the capacitance in small units
aong the line. In practice lumped capacitors are installed at a small
number of locations (typlcally one or two) aong the line. This makes for
an uneven voltage profile,™ as will be seen.

2.5.2. Symmetrical Line with Midpoint Series Capacitor
and Shunt Reactors

The case studied in this section is a lossless, symmetrical line with a mid-
point series capacitor on either side of which are connected two equal
#hunt reactors (see Figure 2921.7 The capacitor is shown split into two
=qual series parts for convenience in analysis. The purpose of the shunt
rezctors is to control the line voltage; this is illustrated by an example in
dection 2.5.3.

{-ither configurations are studied in Reference 2.
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FIGURE 29. fal Symmetrical line with midpoint series capacitor and shunt reaciors.

(b) General phasor diagram for Figure 29a4. (c) Equivalent circuit with perfect shunt cum-
pensation.

er.

are related by the fundamental Equation 2:

Eszvlcos-g—ﬂzonsin o (99a)
Vi 0y 9 3

= | —— - - I}I}b
[ JZOsm2 Ilcos2 L J'__

The receiving-end half of the line behaves similarly. The capacitor reac-
tanceis X, = 1/w C, and the voltage across the capacitor is given by

ch =V, - V= -".jImXCV'
By symmetry, P = VI, Es= E,, and
V, =V, - ¥y =V, + E¥_.

o |

_ Il ¥, is substituied from Equation 104 into Eq

3

Power-Transfer Characteristics and Maximum Transmissible Pow- |
The general phasor diagram is shown in Figure 29b. Considering §

the left-hand (sending-end) line section, the conditions at its two ends r

25. Series Compensation 1

The currents I; and I, are given by

vy
EAL I
X

.V,

Im=II+ 2“‘]7‘

(102)

Using these relationships, and taking V., as reference phasor, it is possi-

: ble to follow the same procedure as was used in Section 226 to derive

the basic power-tiransfer characteristic (Equation 37). This yields the fol-
lowing results:

- g 5in% (103)
Z,siny — =X -:l:uqi—ﬂslnE
iy ——3 —XF 2
and
. & g, Zo [ &
: o — 4 — — = F & 14
L.u:_:q.iz J,,,‘u}ns1+ T S5 F.uhsz L

general result is obtained for the syemmetrical |iﬂ-'t!j.aﬁogslg3£.t'he following

E.E, . ’
P = = sin &, (1)
[3.-, LIS f [1-=+cos-i#) p_._-]p._-,-
wheare
Ly s Z g
ot 2t _ _ 106
b= 1T S T ¥ Gese ~ 1t x g (106)

In the absence of the shunt reactors, m; = 1. With fixed termina volt-
ages, E,= E;= E, the transmission angle § can be determined from

-Eguation- 193 for-any level of power transmission below the maximum.
. Once 8 is known, V., can be determined from Equation 104. Then

¥, ¥, V.. and other quantities can be found from Equations 99

-~ through £01.

(01) F

dpecial Cases:

1

1. The most familiar form of the series-compensated power transfer
characteristic is obtained from Equation 105 by ignoring the shunt capaci-
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tance of the line and removing the shunt reactors. Then Z; sin 0 is re-

placed by X; and x, = 1, so that with E, = E, = E,

I . .
P= T X Sin §. (1071
If the degree of series compensation kg, is defined by
KXo _ X
Kse ™= X, ~ wal’ (108) 5
then
__EF__q (10%)
= X -k ONE "

which corresponds to Equation 72. This form of the power-transfer
characteristic is useful because of its simplicity. The error resulting from
the neglect of shunt capacitance is illustrated in the example of Sec
tion 2.5.3.

2. Another important special case arises when the shunt reactors ars_ |

chosen to compensate the line capacitance perfectly as discussed in Sec- ;

tion 2.4.1. Their reactances are then each

¥ = sin (4/2)
% 1-cos(8/2)
From Equation 106 the shunt reactance factor w , reduces to

,u,x:seci (1

2
and the power-transfer characteristic becomes (with E, = E; = E)
EZ
.8
2Zysn 5~ X,

The perfect shunt compensation of the capacitance of each haf of ths
line leaves only the series reactance in the equivalent circuit, which is
shown in Figure 29¢. This equivalent circuit does not take into account

the fact that because the shunt-inductive compensation is concentrated;
the line voltage profile is not perfectly flat, even at no-load.

P= sin . (112)

The maximum transmissible power computed from Equation 105 can .

be compared with the value obtained with uniformly distributed shum!

{110}
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:nd series compensation (Equation 70). Reference 2 describes this com-
;_:qrison for the scheme of Figure 29a, as well as for several other capaci-
ior locations. (See also Section 2.5.3).

Reactive Power Requirements at the Terminals.
the bending-end terminal is given by

The reactive power at

Q =Im(EJ:. {113}
From Equations 99 through 102, it can be shown that
(/T S
E, = uxVnCOS — + j—— in = — — (114}
Kx¥'m 2+ij Z()SII’I2 5 2‘
and
' J“r' .l[.III I
Le iy H}jq_ﬂn%-kcml;l*-:u;{_-, 5:|n-f-, (115)
where
Zy 1% coso Zy 9
G e e e = e (118)
B T sind =

In the absence of the shunt reactors, u'y = 1 (= w2, . Substituting for E;

and 1 2 in Equation 113, the result is

K ] -Tr,

Py [ ) : ; ;
IE'S -1 an] [_.-I: Izullr‘nu.l\._“.ll I-I"LAPJ'LJ':'}E‘H]
.1 Pol V!’
4 ll =t ‘ gg: #'-n-‘.iiu fY— E. [_F’I:ll i pm, SiDR {11
By symmetry the reactive power at the receiving end is ¢, = — Q,. In al

cases V., isgiven by Equation 104, with 6 derived from Equation 105.

Special Cases:

1. In the absence of the shunt reactors p';, = ., = 1 and the Equa-
fion 117 for Q, and — ¢, reduces to
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_ [Lzu Ve
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Q::_F;_tﬂ siTh-# ' : i
7 17

Ccos 8 P rﬂ ; __X_Cl
PO I..|||

Zy
Ifi iHE absence Of the Series capacitor and the shunt reactors, fhis equa-—
tion reduces to Equation 29 for the uncompensated line.
7 If the shunt reactors are designed for perfect no-Ioad COMm e nsall l:ﬂT
(Equation 110), then w, is given by Equation 111 and @ by

7 a N :
e oo gs (119}
rT
Then the following simplifications arise: :
, T - 4
'y — B — (u', + 41,) cos 6 = 2l |-=2cos 5 ‘ {110}

2Z,
Foats = Xsng:

The terminal reactive powers become

oS
T

with 0, = — Q.. Note that at no-load (P = i) @ reduces 1o = Faid;

that is, the reactive power absorption at the sending end is identical b
ihat in ihe left-hand shunt reactor. [See Sectinn 2:4.1). Similarky. at -
Ioad ihe receiving-end absorption equals the reactive power in the righls
fand shunt reactor, both being &qual t& ¥i/X. At no-load there ismn

a!
E
I"2\.O =

i X

X sin 8 Fa

il
B

=TT

- Midpoint Series Capacitor Without Shunt Reactors.
-.foz @ 400-mi line, in order to facilitate comparisons with examples else-

L the per-unit reactance is &, =

T
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o sarment in the serics capacitor and the two halves of the line behave as

w0 back-to-back open-circuited lines each with a shunt reactor at its re-
celving end.

2.5.3. Example of a Series-Compensated Line

. The Tollowing example shows the mechanism of series compensation in
1 sleady state. In order to demonstrate the importance of the accom-
~ parrying shunt reactors, the example is worked with and without them.

[t is again emphasized that the midpoint is only one of many possible

/" Iegitions for the series capacitor, and is not necessarily aways the most
ofmvorable, either technically or economically. For a comparative steady-

. Hale evaluation of different capacitor locations, the reader is referred to
Reference 2,

The example is

where in the chapter.t With a= 400 mi, the electrica length is
#=pa = 0.8108 rad or 46.5". In the per-unit system based on ¥, and
0.8108 and the total shunt capacitive
susceptance is B. = 0.8108 pu. The series compensating capacitor is

'~ thosen so as to compensate 50% of the line reactance, so that X,
~ 5 x 0.8108 = 0.4054 pu.

and JEEEI0NE By Witheut midpoint shunt reactors, X = = and u, = u",

(A: 500KV with Zy= 2500, X,

=1.
Assuming fhat the terminal voltages are constant, £,= E,= V¥, = 1.0

| pu. From Equation 104 the no-load midpoint voltage (with & = 0) is
Licos [T = 1.0882 pu. Since there is no current through the series ca-

p&stor, this voltage appears also on both sides of it. From Equation 105
the-power transfer characteristic is given by

sin 6
sin 0.8108 — % x 0.4054(1 t cos 0.8108)

= 2.6144 sin §. (123)

—Ii there were no compensation P, would be 1.3796 pu (from Equa-

tion 371, so the series capacitor increases P... by a factor of
16144713796 = 1.8950. If the compensation were uniformly distributed

—with k. =038 P, would be 2.6072 P, (from Equation 70), which is
~only about 0,25% different from the value obtained here with lumped

GIpaCitoTs

- [ Maode that the full distiiliuted-parameter representation has been used for both halves of

Ik line, and not the equivalent-m circuits as m Sections 2.4 and 2.6.
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TABLES
i P'Erfnrmaluzu of Midpeint Serles Compensated Line witheut Shunt Eeacters
'-_ [ = 400 mi, k., = 0%

The reactive power requirements at the terminals can be calculated _.'. -'
from Equation 118, which gives ’

0,=- 0, = |02079L; — 03624 m] Ps. “?..*.3'._": g 5
o TR o RO WISh g i
where p = FfF; and v, = ¥,/ ¥;. From Equations 100 and 101 lh: j-' B, Tt Y, Fowar Angls ¥y E 5 L
voltage on either side of the capacitor (¥; = ¥;) isgiven by g : BER
3 12:3 m- bt i EI. e _ﬂ_ [o] (o)
v,= | v, - 02027 —t (125) sl . L
I | T -
0 108682 - {4292 0 1.0882 o 0
The voltage across the series capacitor isgivenby ' )
0.2% L0870 —{ray i 5.487 1.0880 0.0932 10.440
Ve, == ilXey = — j 0.4054 —. { . =
o = 7 Hmfey : Fin : g &= e L] 11.026  1.0872 01871  21.249
- i .04 LAY —{5.31%3 . . . :
Table 5 shows the variation of these parameters as the power t_ransfﬂr Lt leerl 10859 02824 32932
creases from zero through 20 pu. Also shown is the variation of the Sl g 10673 —0.2303 22488 10841 03798  46.456
transmission angle that would be obtained without compensation. Fora  §&
given power transfer, this is about twice the value obtained W|th 1t¢ L - 1.0546 ~0.1109 28563 10816 0.4805  64.966
series capacitor installed. T
Although there is a marked reduction in transmission angle, the ‘-t"1- | A B TA3TH 0.0440 35011 10784 0.5860 unstable
age V; (= ¥, on either side of the series capacitor is rather high, [#nd SEEsE : X
there is very little reduction as the power increases. In addition ther i5 400 03366 03013 49.906 1.0688 0.8218 unstable

appreciable absorption of reactive power at the line ends, even at the nal- - §
ural load P, This can be associated with the generaly high voltage &t
ditions along the line, together with the fact that the series capacitor lls ||'
generates reactive power.

: ~ which indicates a flat voltage profile at no-load (when 6 = 0). The reac-
. tive power requirements are given by Equation 122 or 117 as

Midpoint Series Capacitor with Shunt Reactors. The high voltage and -

= ;
reactive power absorption at the ends of the line &#n e enfracted by TR @.=— (.= Pyl0.1841 - = 02055 v]]. (129
means of shunt reactors. The value of X required en either side of the *m

series capacitor is glven by Equation 110 as X = 4.8656 Z, From Equa- -
tions 119 and 111, a4 = 0.5211 and w, = 1.0882. Substituting in bﬂ-allﬂ e
tion 105, or directly from Equatlon 112,

= 2.6084 sin §. [11*‘]]

= Ihe voltage on either side of the series capacitor (¥, = V) is the same
. & Lhe voltage across the shunt reactors and is given again by

,;'. =3 ]
The maximum transmissible power is hardly affected by the addition ':'I i ¥y= ¥, — 102017 —If- | : (RLIL
the shunt reactors. With uniformly distributed #hunt compensatios |~ I |
kg;=1 and from Equation72, P = P,/0.8108(1—0.5] = 24667 Fy ia _
The midpoint voltage V, isgiven by Equation 104 as A und the capacitor voltage by
i 123 . . P o
V. =10 cos2 (128§ V. = — 04054 — 30

2’ ; i m
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Table 6 shows the variation of these parameters as the power transfer
increases from zero through 2 P.

The voltage on either side of the series capacitor is nearly 1.0 pu over
practically the whole range of power transfer, implying that the shunt
reactors could be permanently connected without disadvantage. The reac-
tive absorption at the terminals is considerably reduced, and at high
values of P the terminal power factors become lagging, which may be
beneficial to transient stability because the internal generator voltages are
increased.

Note that shunt reactors have not been connected a the line ends,
although it is quite practical to do this. In the calculations the generators
at the ends fulfill the shunt compensating function, and at no-load each
absorbs exactly the same amount of reactive power as one of the central
shunt reactors,—that is, the line-charging reactive power of one 100-mi
section (==0.2055 Pg).

TABLE 6
Performance of Midpoint Series Compensated Line with Shunt Reactors
(a = 400 mi, k. = 0.5, Shunt Reactor X = 4.8656 Z)

Terminal Trans 8
p v Reactive mission - Without
. Power Angle -t Fa Compen-
Py Vo Vo Vo .
S sation
.L.]' o _L'I_' ¥ "
f'p F] ir
0 l {2055 i 1 ] 0
025 09938 {.1935 5500 T T 1 10.440
0,540 09954 (.1572 11.051 [ e 1 24 21.249
0.75 (.9804 —{k. Y54 la. 700 L. E 0.3073 32.932
1.00 09807 — [} (K52 11543 LO0 04134 46.456
1.25 9689 m11315 I8.635 1.0 05350 64.966
1.50 {18514 nIGED 35104 1,005 06178 unstable
2.00 0,906 ] 07242 063 [0l 0E®E  unstable

o
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26. COMPENSATION BY SECTIONING™S ¥
(DYNAMIC SHUNT COM PENSA TGN

2.6.1. Fundamental Concepts

If a synchronous machine is connected at an intermediate point along a
transmission line, it can maintain constant the voltage at that point, just
as the terminal synchronous machines do at the ends. In so doing, it
divides the line into two sections which are apparently quite independent.
The voltage profile, the maximum transmissible power, and the reactive
power requirements of each section can then be determined separately—
the problems in each independent section being less severe than in the
line as a whole. The maximum transmissible power in particular is now
determined by the ""weakest link in the chain," which is generally the
longest section. For example, if aline is sectioned into two equa halves,
then if shunt capacitance is neglected (or completely compensated by
shunt reactors), the power transmission characteristic is given by Equa-
tion 38 for each half of the line separately. Thus, replacing 6 by §/2 and
X by X,/2, with E;= E, = E,

ExE . 6
= sz’

P=2 (132)

where E, is the midpoint voltage, held constant by the synchronous
machine or by some other constant-voltage compensating device. The
maximum transmissible power is doubled.

This scheme, caled " compensation by sectioning,”* was proposed by
F. G. Baum in 1921 (See Reference 3). Baum suggested that by connect-
ing synchronous condensers at intervals of about 100 mi, a substantially
flat voltage profile could be achieved at dl levels of power transmission.
The condensers would adjust the virtual natural load, Py, to be equal to
the actual load at al times. Baum calculated an example of an 800-mi
line at 220 kV transmitting about 100 MW (approximately 0.8 Py) with a
total transmission angle of about 146°. Although Baum considered voltage
regulation and reactive power requirements in detail, he did not consider
stability. It was not until much later that the stability of long lines com-
pensated in this way was adequately understood for practical use (see Sec-
tion 2.3.4).

If losses are neglected the ' compensating'* current taken by the inter-
mediate synchronous machine is purely reactive (i.e., in phase quadrature
with the voltage at the point of connection), and the machine supplies or
absorbs only reactive power to or from the line. In the steady state,
therefore, the machine can maintain constant voltage at its point of con-
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nection without requiring a mechanical prime mover. In agiven steady state
there is a certain ratio between the compensating current I, and the volt-
age V at the point of connection. The ratio has the dimensions of a sus-
ceptance, which is capacitive if I, leads V and inductive if V leads I.

This implies that the synchronous machine could, in the steady state, be -

replaced by a capacitor or a reactor.

However, if the power being transmitted along the line changed value,
the voltage ¥ would tend to change. In order to restore V to the constant
value required to maintain the independence of the line sections, the
capacitive or inductive susceptance would have to change also. This sug-
gests that if the susceptance of a real capacitor or reactor could be modu-
lated or controlled in such a way as to maintain constant voltage at its
point of connection, the device would be functionally equivalent to the
synchronous machine. Figure 30 illustrates the principle of modulating
the susceptance in such away as to maintain constant terminal voltage.

So far it has been implied that the shunt compensating device must
maintain constant voltage magnitude at its point of connection. Under
steady-state or very slowly varying conditions, the static compensator (i.e.,
a compensator having no moving parts) can be made to be functionaly
equivalent to an intermediate synchronous machine. Under more rapidly
varying conditions, the inertia of the synchronous machine rotor
influences the phase of the voltage at the point of connection, because of
the exchange of kinetic energy between it and the system as the rotor ac-
celerates or decelerates. The purely static compensator cannot exchange

this energy with the system, and this leads to a different influence on the —

system under rapidly varying conditions.?

This section develops the theory of compensation by sectioning in the
steady state and for very dowly varying conditions, that is, sowly enough
for the rates of change of kinetic energy of rotating machines to be negli-
gible. In spite of this, it is seen that in certain regimes compensation by
sectioning is an essentialy dynamic process (in the control engineer's
sense).

2.6.2. Dynamic Working of the Midpoint Compensator
The fixed midpoint shunt susceptance was considered in Section 2.4.3. In
this section the same representation of the transmission line is used, a-

i It is true that the static compensator contains capacitors and inductors which can store
energy, but because they carry alternating current there is no significant net storage of

energy averaged over a period long enough for a significant change to take place in the
kinetic energy of the synchronous machines in the system (typicaly a few cycles).

An exception to this is the static compensator constructed of a very large dc energy-
storage coil connected to the line via a three-phase bridge feiifiER®™! To obtain a useful

amount of stored energy, with acceptable losses. the storage coil would probably need to be
superconduciing.
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FIGURE 30. Principle of maintaining constant ac voltage at the terminals of a controlled
susceptance.

equivalent circuit for each half, as in Figure 27a. It is assumed here,
however, that the compensating susceptance is continuously controlled in
such a way as to keep the midpoint voltage constant with a value E ..

The analysis applies equally wel with a synchronous condenser instead of
a controlled susceptance.

Now the midpoint voltage is related to the terminal voltages in Equa-
tion 92, so it follows that with £, = E, = E,

1—s=-E—cos§.
EIII 2

(133)
At this stage it is not of interest to interpret s as an equivalent degree of
series compensation. Instead it is used to obtain the compensating sus-

ceptance B, necessary to satisfy Equation 133. Thus, (substituting from
Equations 86 and 91).

H

4
e e )
A v v 5 (134)

m

i B,
L} - & l.'casil"' 5 -
&

where B. is the total shunt capacitive susceptance of the whole line and
X, is its fotal reactance, as in Figure 27a. This equation tells hiow B,
must vary with the transmission angle § in order to maintain the midpoint
voltage equal &= E,. Naturaly, through §, B, varies with the power
being transmitted.

Since s now varies with § (Equation 133),

the power transmission
characteristic is modified. From Equation 90,
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E? . EnE .
P= ———sn6= ————— sn6, {135a)
X(l1-5) X, cos &)
that is,
ELE p
p =t gn 8 (1358)

I.I 2 5

This is identical to Equation 132. It implies that in the steady state the
line is sectioned into two independent halves. )
If E = E, the power transmission characteristic is giveas by

IE* L8
- == sn 136
P X ) {136}

This is shown as the upper curve in Figure 31. The maximum transmis

sible power is 2E%/X;, twice the steady-state limit of the uncompensated
line. It is reached when 8/2 = «/2, that is, with a transmission angle of
90" across each haf of the ling, and a total transmission angle & of 180°
across the whole line.

(a) Illustration & Dynamic Working. The power transmission charac-

teristic expressed by Equation 90 can be interpreted as a sinusoid whose |

amplitude P,,, varies as s varies. From Equation 135a, P, varies dso

' n _ S
e =

| .
//'.'/-. ?L.? -u,".l J o i)
-] My ]
o
] .'.-l-. |
_r" =1
' Pm 5N | (Uncompanidiad]
§ y
i = b ey
L _|" /'_l I
L |
f

= ]

FIGURE 31. Power transmission characteristic of line with constant-voltage compensator
at midpoint. Ly = £l
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with & itself and, therefore, also with P (through Equation 135b). This
can be written

P=P.. SN6G, 37n
where

EqLE

Puwx = ¥ c0s 6/2) .

(138}

(8 can aways be determined from Equation 135b, because E, E; and X,
are constants.) This gives rise to the concept of a series of sinusoids with
varying amplitudes P/,,, as shown in Figure 32 (dotted curves), Each
corresponds to a fixed value of the compensating susceptance B,. For
example, suppose Pis equal to the steady-state limit of the uncompensat-
ed line, P = £4X; From Equation 136 with E,, = E, § = 2 sin-'
(t4) = 60°. Operation is at the point A in Figure 32. From Equa
tion 138, Py = Poae/cos(30% = 1155 P, that is, the "current™
static power transmission characteristic has a maximum transmissible
power of 1.155 P .y

If the transmitted power were increased to 1.2 P,,x, & would increase
to 2 sin-' (1.212) = 73.74°, and P,, would increase to P,,/cos
(36.87°) = 1.250 P.x. Operation is at the point B in Figure 32. The
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2-0 — e ! gl
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P &p z
Prnax !
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FIGURE 32. Dynamic working of midpoint shunt compensator.
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controlling effect of the midpoint compensator constrains the operating
point to move aong the locus given by Equation 136, passing smoothly
from one constant-By sinusoid to another as P varies.

For P> /2 P, 6 is greater than 90". The system is stable as long
as dP/ds > 0 (i.e., aslong as an increase in transmission angle is accom-
panied by an increase in transmitted power; see Section 2.2.6). However,
the operating point is now on the unstable side of the " current' con-
stant-By sinewave. For example, if P= 1.8 P, 6 = 2sin-' (1.8/2) =
128.32°, and P’ = 2.294 P, Operation is at point C in Figure 32.
The system owes its stability to the fact that if the transmission angle 6
increases dlightly, the compensator responds by changing B, immediately
in such a way as to keep ¥V, constant and so to increase P'.x to the
value which satisfies Equation 138, so that the operating point moves
along the stable characteristic, P= 2P, Sin (8/2).

Typicdly, in transmission systems which are compensated by section-
ing and which are operating at high power levels, the effective compensat-
ing susceptance B., is capacitive. |n practice there is an economic limit to
the capacitive reactive power of the compensator. With many types of
compensator, when the limit is reached the compensator ceases to main-
tain constant voltage at its terminals and behaves instead like a fixed sus-
ceptance. The operating point then leaves the dynamically stable charac-
teristic P= 2 P,,, sin {8/2), and moves on to the constant-By sinusoid
corresponding to the maximum value of B., that is, B, maxt This depar-
ture isshown at point D in Figure 32. The higher the value of B, .y, the
steeper is the (negative) slope of the constant-By characteristic at the
point of departure. If B, ,.x were smaller, the point of departure could
occur on the stable side of one of the dotted sinusoids in Figure 32, such
as at point A or B. However, the power transmitted Pand the transmis-
sion angle 8§ would then have to be kept to much lower values. In other
words, the capacitive current rating of the compensator is one of the main
factors limiting the achievable increase in the maximum transmissible
power.

(b) Reactive Power Requirements ar the Terminals. From Equations 95,
133, and 134 it can be shown that the reactive power requirement at the
sending end is given by

-3 — ——= COS — {139}

E 2
with E, = £, = E. By symmetry, 0, = - Q.

*1] B s 8

T For a synchronous condenser or saturated-reactor compensator B.,max is the maximum
capacitive current divided by F,
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(c) Compensator Control and Reactive Power Requirements. A practical
control system for varying B, would not be based on Equation 134, be-
cause there is no information as to the value of 6 available at the inter-
mediate compensator station. Instead, a feedback control system would
be used to keep ¥V, = E,. In the saturated-reactor compensator an in-
herent regulating process achieves the same end.

With constant ¥V, = E, the compensator reactive power Q, = V2B,
isafunction of 6 also:

1 2] 4
R - R - i [
0, = Vi, f.n{xl

- Eﬁ cnsﬂll = H’ (140)

Through the parameter 6, Q. is related to the transmitted power P by
Equations 135 and 140. Note that X,B8. = w?a’lc = 6% 6 being the elec-
trical length of the line in radians.

2.6.3. Exampleof Line Compensated by Sectioning?

As an example of compensation by sectioning, or **dynamic shunt com-
pensation,"* consider a 400-mi line with a midpoint constant-voltage com-
pensator. Asin Section 2.5.3, X; = 0.8108 Zy and B, = (LEIIEFE,. The
power transmission characteristic isgiven by Equation 132 as

=17 .6 .6 i
= = —Py= 2. - 4
0.8108 sin 2P° 2.4667 Pgsin 5 EI N

with E;= E,= E = 1.0 pu. P, is quite close to the value 2.6084 P,
achieved with 50% series compensation (with shunt reactors connected).
The reactive power requirement of the compensator is given by Equa
tion 140 as

4.5-_1_u|1 : :-:Is% _ 10,4054

S Py (142)

and the terminal reactive powers are given by Equation 139 as

0= — O,= 34657 [u 9178 = .:nﬁ'g-] Py (143)

T The two halves of the line are again represented by squivaleni-r circuits.
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At no-load @, = —0.2027 Py, corresponding to the line-charging reactive
power of the 100 mi of line nearest to the sending end. (Note that this
differs from the value —0.2055 P, calculated from Equation 30. This is

due to the approximation involved in the w-equivalent circuit.) At no-
load, Q, = 0.4054 P, corresponding to the line-charging reactive power
of the central 200 mi of the line.

The variation of the main parameters is shown in Table7 as the
transmitted power varies. It can be seen that the reactive power absorbed
or supplied by each terminal is just half that of the compensator. The
two vary in concert, the terminal synchronous machines compensating
the extreme 100-mi portions of the line, while the compensator compen-
sates the central 200-mi portion.

Although the overall transmission angle & exceeds 90°, transmission
remains stable up to 180°, as long as the midpoint voltage remains con-
stant, It can be seen that the power transmission up to 1.25 P does not
require excessive capacitive reactive power from the compensator.

TABLE7

Example of a 400-Mile Transmission Line Compensated
by a Constant-Voltage Device at its Midpoint?

13

8 Without
F= ';Pro E. % = - —gl;— — 555 ] Compfpjsation

u 1.0 —0. 2T —(1.4054 i 0
45 L.l =i} 1338} —{k 3 R1E) Lleld 10.440
.50 1.0 -{1.1515 —(.3030 13390 21.249
.75 1.0 —[L0BSY —0,L718 35442 32.932
1. 1.0l LT 00182 47,832 46.456
1.25 1000 01375 0,274 60,855 64.966
[l Lo {3058 TEITGE 74903 unstable
1.75 |00 {.5256 10512 %0380 unstable
240 L. 08202 16404 108 32 unstable
1.15 TR F2530 3 D36 unstable
14867 1000 2. 2640 4 5380 LRO.O0 unstable

" Note the opposite sign conventions for Qs and Q, Q, and —Q, are both
negatrve for absorption, the compensator = then inductive. Q, and —Q,

are both positive for generation; the conipensator is then capacitive.
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Whether the system has transient stability for mgjor faults at this level of
transmission is another question, which will be deat with in the next
chapter.
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Chapter 3

REACTIVE POWER COMPENSATION
AND THE DYNAMIC
PERFORMANCE OF

TRANSMISSION SYSTEMS

K. L. HAUTH

3.1. INTRODUCTION
311" TheDynamics of an Electric Fower System

_An electric power system is never in equilibrium for very long. Frequent

~changes disturb the equilibrium so that the system is almost aways in

fransition between equilibrium or steady-state conditions. The theory in
Chapter 2 is vaid in the steady-state and when changes are taking place
slowly.

This chapter deals with the dynamic behavior of the electric power sys-
tem during the transition from one equilibrium condition to another.
Frgure 1 depicts the full range of dynamic phenomena that characterize
power system performance. The steady-state conditions treated in
Chapter 2 are shown at the far right. Here we are more concerned with
dynamic transitions which occupy a time span near the center of Figure 1.
im this regime there is a need to control voltage excursions and redistri-
butions of momentum among the synchronous machines which result
‘Trom faults, switching operations, and load changes. The control must be

——rapid and accurate; otherwise, the stability of the system may be lost,

either-locally or throughout the system.

The emphasis in this chapter is on the controlling and stabilizing
inlivence of compensating devices such as shunt and series capacitors,
shunt reactors, synchronous condensers, and especially static reactive

29
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FIGURE L Time rangesof transitionsin the state of a power system.

power compensators. Although these devices are not the only ones capa- -

ble of controlling voltage and power swings, they are becoming more
important because of the high cost of transmission facilities and the need

to transmit as much power as possible through the smallest number o
lines.

3.1.2. The Need for Adjustable Reactive Compensation

The need for adjustable reactive power compensation can be divided into
three basic classes:

1. The need to maintain the stability of synchronous machines. We
shall see that voltage control by reactive power compensation can have a
positive stabilizing influence on the system during disturbances which
cause the rotor angles of synchronous machines to change rapidly. Both
the transient stability and the dynamic stability of a system can be
enhanced. It is even possible with controlled compensators to drive volt-
ages deliberately out of their normal steady-state bounds for several
seconds following a fault or other major disturbance to enhance the stabil-
izing influence still further.

3.2. Four Characteristic Time Periods I31

2. The need to control voltage within acceptable bounds about the
desired steady-state value to provide quality service to consumer loads.
Following certain abrupt changes in the load, or in the network
configuration as a result of switching actions, it may be necessary to make
a voltage correction in as short a time as a few cycles of the power fre-
quency. For other voltage disturbances, a correction within afew seconds
will suffice. Uncorrected voltage deviations, even if temporary, may lead
to an outage or damage to utility or consumer-owned equipment. Even
small variations, particularly those that cause flicker, are often objection-
able. (The flicker problem is given special attention in Chapter 9 and is
not discussed in this chapter.)

3, The need to regulate voltage profilesin the network to prevent un-
necessary flows of reactive power on transmission lines. To this end,
reactive power compensation can be used to maintain transmission losses
at a practical minimum. While the reactive compensation must be adjust-
&d or changed periodically to maintain minimum losses, the adjustments
zan be made quite infrequently with several minutes to effect the desired
change.

For convenience in describing the influence of the various compensa-
tion methods on system dynamic performance, the transition period be-
fween equilibria is divided into distinct time periods which are defined in
Bection 3.2. Because of the role that compensation plays in maintaining
gtability, the various forms of instability that can occur are also reviewed
in Section 3.2,

3.2. FOUR CHARACTERISTIC TIME PERIODS

In general, any disturbance that causes material variations in voltage can
be viewed in terms of four periods or stages, beginning at the start of the
disturbance and ending when a new quasi-steady-state is reached. The
periods are defined with the aid of Figure 2 shown for a typica line fault
initiated disturbance. They are characterized not by their duration, which
can be variable within wide limits, but by the events and processes taking
place within them.

The first several cycles following a disturbance such as a fault make up
the subtransient period. During this time period there is an initial rapid
decay of both ac and dc components of fault current. These components
may aso include high frequency components which are generaly rapidly
damped. It isduring this period that surge arresters, spark gaps, and non-
linear reactors (including transformer magnetizing reactances) act to
prevent extreme voltages which would cause insulation failure.
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The transient periodis second in sequence. Asshown in Figure 2a, this
period lasts for many cycles after the subtransient period. During this

time, synchronous machines are sometimes approximately represented by
an emf behind a constant reactance, the transient reactance X ;. In this

chapter we restrict the term ransient period to mean a period when it can
be assumed that no appreciable changes in the rotor angles of synchro-

Many disturbances in a power system are so small that they do mat

cause appreciable change in the speeds or rotor angles of synchromous

machines. Changes in rotor angles of synchronous machines Ty e

negligible even for large disturbances if the disturbance is very distum!—

nous machines take place. q
(electrically) from the generators. When such is the case, this chapler 5

refers to the time periods in Figure 2a. When rotor angle swings a
noticeable at the point of interest, the subdivision in Figure 2b is used.

Figure 2b shows the total transition period made up of subtransient; fisst _J

swing, and oscillatory periods.

Thefirst-swing period refers to the time for the first swing (half oscilla

tion) of the rotor angle(s) or synchronizing power swings follo®ing &
large disturbance, such as a fault. This period typically lasts for about
05-1 sec. In this period aso, synchronous machines are sometimes
approximately characterized by constant flux-linkages (constant intefmal
source voltage) behind the machine's transient reactance. It is often the
critical period during which transient stability (Chapter 2, Section 2.1.2) i&—
maintained or lost.

The oscillatory period follows the first-swing period. During this period™

sig\r,\llificant cyclic variations in voltages, currents, and real and reactiv#
power tzke ‘place. giygranizing power swings caused By synchrogggs
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machine rotor angle swings may last for 3-20 sec after a severe fault.
The precise dursfion deperds on dhe demping coneriboied by excitacion
contrals and amortlssenr corfents in eyacheoneng machines, dpeed govers
nor control on turbines, and the loads,

The ghws-Seady-siate period 15 The final period which is reached when
the synchronizing power and rotor angle swings have died ont. The the-
ory discussed in Chapier 2 describes the system's performance in this
regime.

Many disturbances on high voltage power systems are either too mild
ol _occur too far from generators to cause significant rotor angle varia-
fiens. In these cases, the subtransient and transient periods constitute the

| entire transition period, and there is no need to discuss the first-swing or

oscillatory periods.
The response mechanisms of the compensated power system are visu-

~alized in terms of voltage and current phasors in most of this chapter.

The phasor visualization is not rigorously correct during the subtransient
and transient periods. The reason is that, immediately following a distur-
bance, the voltages and currents are not pure sine waves. They include

—dec offset currents, unbalances between phases, and harmonics when non-

finear circuit elements are involved. For this reason, several examples of
the response of compensated systems are given, which have been
abtained from field tests, computer simulations, and modeling on the
iransient network analyzer (TNA).

In most of the cases studied in this chapter the subtransient period is
gkipped and the transient period is assumed to begin instantly following

the disturbance. This assumption is justified by the fact that the reactive
mmpensation methods which are of central interest are intended to be
effective in the transient and subsequent periods. Some compensators are
helpful in the subtransient period in limiting overvoltages, but in general.

FIGURE 2. Characteristic time
(@) Subtransient and transient
insignificant.

periods:
periods,

subdivisions of total transition pe‘ind.
used when transmission angle swings -ame
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this period is too short for reactive compensation to be effective, leaving
only the questions of the protection of the compensator and its coordina
tion with surge arresters and other high-speed protective devices.
3.2.1. TheTransient Period

To illustrate the electrical behavior of a system during this period, con-
sider one phase of the positive-sequence equivalent circuit of a two-
machine system in Figure 3a. The system is assumed to be lossless (no
resistance in the generators or network elements) and the line capacitance

is ignored. The theory would apply with circuit resistances and charging
included, and these assumptions are made for ease of illustration only.

The reactances are chosen so the system is electricaly symmetric—{

around the midpoint bus on which the voltage is shown to be V., The
two source voltages E; and E, are assumed to be equal in magnituds:
The only load in the system is in the receiving-end system which is

represented by a fixed voltage source E,. The sending-end generator is |

delivering power to the receiving-end system proportiona to current f
which prevails in the initial steady state. The phasor diagram Figure 3&
corresponds to these initial conditions. :

Suppose breakers a and b are opened simultaneously thereby discon-"
necting one of the current-carrying system elements. Immediately, the
conditions in phasor diagram Figure 3¢ result.

Let us now examine that phasor diagram. The total angle §; betweer:
the synchronous source voltages E; and E, remains fixed as they are fixed
to inertial rotating phasors which cannot change their rotational spass
instantly, Since E{ and E; are momentarily fixed in magnitude and are
displaced by a (momentarily) fixed angle, the sum of the voltage drop:
across the system remains the same. However, because the reactance

between phasars V, and V,, has doubled with the ling outage, the currenl
I, is reduced from the initial value 7,.

As shown in phasor diagram Figure 3¢ dl the bus voltages V, V, and !

V. are instantly shifted in phase relative to each other and the sourg’

voltages E; and E,. The magnitudes of the bus voltages increase momen-
tarily during the transient period. If both source voltage phasors were la

remain fixed in relafive phase and fixed in magnifude, the transiti':‘I11

period would be complete and phasor diagram (Figure 3¢} would |

represent the final equilibrium state.

Let us assume the receiving-end system is so large in MVA capacity |
that E, is essentially fixed in magnitude and rotates continuously at a con- |

stant synchronous speed (377 rad/sec in a 60-Hz system). The phasar
E{, however, is associated with a generating unit of finite MVA rating. -1
we assume the power delivered to the sending end generator by its tur-
bine is constant, the sending end turbine generator unit will tend in
accelerate. That occurs because the reduction in current from I; to i,
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FIGURE 3. (al One-line diagram of a two-machine power system. (&) Phasor diagram
showing initiad conditions. (c) Phasor diagram immediately after tripping circuit breakers a
A b

sppears as a reduction in electrical power output {fom the generator. The

momentary mismaich between input power (from turbine) and output
power causes he unit to accelerate during which time the angle &, will
become larger.

When a disturbance is large enough to cause the unit to change speed
(such as a major line trip in this example) even if momentarily, the tran-
sient perind behavior is followed B¥ ‘“first-swing” and ‘“osillafory™
period behavior which are discussed in subsequent sections.

Finishing thiz example, however, the voltage phasor E; will rotate so
s to increase angle &, and subsequently settle at a larger angle consistent
with the initial active power delivered by the sending-end generator. The
miagnitudes of voltages V,, V., and V. will be changed back toward their
imitial values by the unit's voltage regulator action. Adjustment of regula-

© ior ssipainis, switchable passive reactive compensation and/or control-

lable compensators can provide additionai **control** to restore the volt-
ages in the system to their nominal or desired magnitudes.
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3.2.2. The First-Swing Period and Transient Stability

In the line switching example discussed in Figure 3, the post disturbance
power input to the sending-end generator (from its prime mover) was
assumed to remain constant at the prefault level, while the power output
of the generator decreased. This caused the generator to accelerate. If a
short-circuit fault had preceded the line outage and caused the breakers to
operate under relay control, the unit's acceleration would be greater than
that caused by merely opening the breakers without the fault. The
transmission angle § is still a direct measure of the mechanical phase
angle between the rotors of the sending-end and receiving-end synchro-
nous machines. The postfault acceleration of the sending-end generator
results in a much greater increase in 6 and an associated transient redistri-
bution of angular momentum, which must be limited; otherwise, syn-
chronism will be lost. In mang systems the corrective action necessary to
prevent this loss of ""transient stability"® must be taken within a fraction
of a second.

These dynamic variations are summarized in Figure 4 for the fault dis-
cussed above. Figure 3b represents the initial conditions for this exam-
ple. Figure4a shows the phasor diagram for the time t = f, when
6 = 8. Figure 4b maps the transition of eectrical power P versus the
angle 6 on the transient power-angle diagram. Finaly, Figure 4c¢ shows
the machine's load angle &, the electrical power P, and the midsystem bus
voltage V., for the entire scenario, including the fault period and the
first-swing period.

The need for dynamic reactive compensation is evident in the V, trace
in Figure 4¢.and the phasor diagram in Figure 4a. As the power P in-
creases, the voltage V., drops to a minimum value at time ¢,. Reactive
compensation at bus # could minimize the otherwise large voltage varia-
tions during this period. The nature of this improvement is illustrated in
Figure 5a. The compensator can be a synchronous condenser or a static
compensator, and the performance of different compensators is described
more fully in Sections 3.4 and 3.5. The voltage support provided at inter-
mediate points tends to reduce the transmission angle variations, as indi-
cated in Figure 5b. In some cases it can maintain transient stability in a
system that would otherwise become unstable.

The electromechanical behavior of synchronous machines during the
first-swing period differs from that described under the transient period.
During the first-swing period the internal voltage £ may increase as a
result of rapidly increasing field current forced by the exciter. From
Equation 38, Chapter 2, this tends to increase the power transfer capa
bility of the generator and transmission system at any given 8. This
results in a reduction of first-swing angular (3) excursion during the post-
disturbance synchronizing power swings.
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FIGURE 4. (a) Phasor diagram for system of Figure 34 at maximum transmission angle;
t=1,. (b) Power-versus-angle curves: ---- = before disturbance; —— = after line section
is disconnected; A = initiadl operating point; B = final operating point. (¢) Transient
response of system of Figure 3a.

3.2.3. The Oscillatory Feriad

The third characteristic time period following a disturbance is defined in
Figure 2 as the oscillatory period, that is, the period between the first
swing in synchronizing power (and machine rotor angle) and the time at
which a quasi-steady state is reached. Depending on the characteristics of
the power system, the oscillations will damp out (if they damp at al) in
anywhere from 2to 20 sec. Sometimes, so-called negative damping
influences can prevail, causing the postdisturbance oscillation to grow
until one or more generators loses synchronism. This form of instability
is sometimes called "*dynamic instability." Net negative damping in post-
disturbance oscillations is most likely to be found in systems in which
high power levels are transmitted over long (electrical) distances. To
maintain transient stability of the generators in these systems, rapid-
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response, high-gain excitation systems are employed. Working through
the generators' relatively large field time constants, these can themselves
have a tendency toward oscillatory instability, and supplementary stabiliz-
ing circuits are often used in conjunction with their exciter control sys-
tems. These stabilizers sense the oscillation in rotor speed, deviations in
bus frequency, or power, and modulate the voltage regulator reference
signal in the excitation controller so as to damp out the oscillation. High-
voltage dc transmission links can aso be utilized to damp out the oscilla-
tory synchronizing power swings in the adjoining ac system. ,Specia
damping controls act on the dc power flow in response to ac bus fre-
guency deviations, thereby causing a damping influence on ac power
swings. We shall also see later in this chapter that by modulating the
reactive power flows in the system, compensators can exert a significant
positive damping influence.

The steady-state reached at the end of the oscillatory period does not
persist without change for very long. Even if no more mgjor disturbances
occur, the system load continually changes at a varying rate. A typical
load cycle spanning a 24-hour period for a large interconnected power sys-
tem is shown in Figure 6. Although the rates of change appear to be
dow relative to those seen during and after a fault, the morning load rise
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FIGURE 6. Daily load cycle in a typical interconnected power system. Winter and sum-
mer profiles differ in overall height, and there are significant differences between one sys-
tem and another.

can be of the order of 100 MW per minute or more. Figure 7 shows the
effect these load changes would have on the system voltage, with and
without the benefit of voltage regulators on the generators. The residua
voltage error is corrected in general by slow-response methods, such as
transformer tap-changing and the switching of lines, capacitors, and
sometimes reactors. Rapid-response compensators are not usualy re-
quired for this function per se. However, if installed for other purposes
(such as transient stability improvement), they can assume a useful role
in the slowly changing regime also, as described in Chapter 2.
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FIGURE 7. Effect of the daily load cycle on overall system voltage.
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3.2.4. Compensation and System Dynamics

All forms of compensation, whether passive or controlled, shunt con-
nected or series connected, have an impact on the dynamic behavior of
systems in transition. Their effects are discussed in detal in the next
four sections. Fixed capacitors and reactors are discussed in Section 3.3,
static compensators in Section 3.4, synchronous condensers in Sec-
tion 3.5, and series capacitors in Section 3.6. The discussions follow a
common format. Each compensating method's influence on the system
behavior during the four characteristic time periodsis discussed in turn.

3.3. PASSIVE SHUNT COMPENSATION

Shunt connected capacitors and/or reactors could be located at any of the
buses in Figure 3. For example, shunt capacitors may be connected to
prevent low voltage during peak load conditions. During light load condi-
tions shunt reactors may be connected to cancel part of the capacitive
reactive power of the line and prevent unduly high voltages. The pres-
ence of capacitors and reactors aso influences the dynamics of the system
following a disturbance. Since they are usually not switched on or off
during disturbances, their effects follow from the fact that they modify
the network parameters, in particular, its surge impedance, its electrical
length, and the driving-point impedances at the system buses.

3.3.1. Transient Period

The concept of the system's reactive load line, introduced in Chapter 1 to
describe the quasi-steady state, can be extended to visualize the effect of
fixed capacitors and reactors on the positive-sequence component of volt-
age during other transition periods, including the transient period. For
instance, we can view the system in Figure 3a from bus m, in terms of
the Thévenin equivalent circuit shown in Figure 8a, where node m is the
bus m in Figure3a. The reactive load line is shown in Figure 85.
Figures 8¢ and 84 illustrate the use of this load line concept when a
capacitor is added to bus tn. Figures 8¢ and & apply the same visualiza-
tion to operation with a shunt reactor at bus m.

Without a shunt reactive device at bus m, the line outage disturbance
discussed with respect to Figure 3 would cause the load line transition in
Figure 9a. This shows the open-circuit voltage ¥, decreasing from E;j to
E, and the slope of the load line increasing from X to Xs. Figure 94
shows that, in the presence of a shunt capacitor with reactance Xc,, the
voltage change (V¢ — V) is less than (E; — E,) without the capacitor.
Figure 9c¢ illustrates that with an inductor of reactance Xp at bus m, the
voltage drop from (¥, ;— ¥.,) is greater than [&; — E,) without the
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[¥] Shunt reactor at bus m. [f] Operating point P with shunt reactor.

inductor. In the general case, both capacitors and reactors can influence
the magnitude of the voltage change and its direction (increase or
decrease). For example, in Figure 94 if the capacitor rating were dou-
bled, (X', /2], a voltage rise would take place instead of the decrease
indicated. That is, the voltage would rise from V¢, to V¢,.

Fixed reactors tend to reduce the steady-state voltage, particularly dur-
ing peak power flow periods. They therefore reduce the steady-state
power transfer capacity of the line. The temptation to switch them off
during peak power flow periods is usually avoided, because with conven-
tiona controls and switchgear they cannot be reconnected fast enough to
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suppress overvoltages in the event of a sudden load rejection. High-
speed mechanical switches capable of reconnecting the reactor in abeti:

2-3 cycles are available but they may not be suitable for repeated omaras

tions (two or more times per day for operator-directed steady-state ¥eli=_

age control), because of excessive wear on moving parts and contacts.
Fixed shunt capacitors raise different questions. Because their reactive

power contribution diminishes with the square of the voltage during voll-

age depressions, it can be uneconomic to rely too heavily on fixed capaci-

tive voltage support to improve transient stability. With large banks=af

capacitors there is aso the possibility of overvoltages following a load
rejection. The size of the bank is thus limited by the feasibility of switehs,

expensive and sophisticated switchgear and controls.
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3.3.2. First-Swing Period

& typical system response to a disturbance that causes rotor angle, power,
and voltage swings was shown in Figure 5 and is reproduced in Figure 10.
The first-swing period lasts for about haf a second in this example.
binless they are switched on and off at the required moments, shunt
papacitors and reactors have only a limited effect on the total change in
voltage during the first swing. To be truly effective in reducing the large
vnltage dip during the first-swing period. shunt capacitors not aready
energized would have to be switched on line during or immediately fol-
lawing the fault. If sufficient capacitance is switched on at precisely the
lims the fault is removed, the dashed voltage curve in Figure 10a could
result. The minimum voltage experienced during the first swing is
higher, tending to increase the postfault power and, therefore, to
ilgcelerate the generators which accelerated during the fault, reducing the
isad angle excursions. (This is not shown in Figure 10, but see Fig-
ures 2% and 26,0

There are several reasons why conventionally switched shunt capacitors
lor reactors) are rarely used in the manner just described. Referring to
Figure 10 again, it was assumed that capacitors were switched in at the
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precise time the fault was removed. Since modern circuit breaker and
relay operating times are in the 3- to 7-cycle range the capacitor switches
would be required to operate in this time. Conventional capacitor switch-
ing devices generally operate in 6-30 cycles. The slower switches would
not be fast enough to impact the first swing voltage dip.
capacitor bank might have to be switched off again immediately after the
first swing to prevent sustained high voltages during subsequent oscilla-
tions.

Here again, high-speed switches capable of opening or closing in 2-3
cycles could be used but repeated operation may result in prohibitive wear
of the switching mechanism and contactors.

3.3.3. Oscillatory Period

As in the case of the first-swing period, fixed shunt compensation has
only a limited influence on voltage, power, and machine angle swings
during the oscillatory period. To be effective in damping the oscillations
in voltage, power, and machine angles, shunt capacitors and reactors
would have to be repeatedly switched on and off at precise times to
effectively increase and decrease the transfer reactance between synchro-
nous machines. This switching can be more reliably achieved with thyris-
tor switches than with conventional mechanical switchgear (see Sec-
tion 3.4).

3.3.4. Summary — Passive Shunt Compensation

This section has shown that shunt capacitors and reactors do influence the
postdisturbance voltage variations, and, to a limited extent, the stability _|.

of generators in the system. Fixed shunt capacitors and reactors merely
bias the average value of the voltage up or down during the postdistur-
bance transition period.

If they are to correct for momentary (half-second) overvoltages or
voltage dips, they must be switched on or off rapidly, and in some cases
in a repeated manner. This is not generaly practica with conventional
switches.

3.4. STATIC COMPENSATORS

The static compensator can be thought of as an adjustable shunt suscep-
tance. Its capabilities go far beyond those of fixed shunt reactors and
capacitors. We have already seen (Chapter 2, Figure 30) how a continu-
oudly adjustable shunt susceptance with a sufficiently rapid response can
behave as a constant-voltage device. Such compensators can be con-
trolled in such a way as to improve the power system response during dl
four of the characteristic time periods defined in Figure 2.

Idedlly, the —
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In practice there are many different types of static compensators.
Their properties vary quite widely. Chapter 4 describes most of the main
operating principles and control characteristics. In this chapter we con-
centrate on the commonest types, the thyristor-controlled reactor (TCR),
the thyristor-switched capacitor (TSC), and the saturated reactor (SR).
The TCR and SR compensators are both usualy used in paralel with
capacitor banks which may be switched by a variety of means. We use
the TCR compensator as the main vehicle for describing the generic
dynamic properties of static compensators. We continue to use the sym-
bol v, for the phasor voltage on the compensator bus.

3.4.1. Transient Period

Thyristor Controlled Reactor with Unswitched (Fixed) Capacitor (TCRE-
FC). As applied on transmission systems, the TCR includes a closzd-
loog voltage regulator and thyristor gating-angle control system. These
controls possess a dightly delayed time response in correcting for a
change in VvV, resulting from disturbances on the transmission system.
The time lag is statistical in nature, but one can assume a pure delay
ranging from 1/6 cycle to 1/2 cycle before the TCR reacts.

The transient response of a TCR-compensated system can be visual-
ized in terms of Figure11. In the most general case the voltage/current
characteristic of the compensator extends into the lagging and leading
current regions, the TCR being biased by a shunt capacitor as described
i Chapters 1 and 4. Consider a sudden disturbance in the power system
that causes the load line at the compensator bus to change from 1 to 2
{Figure 11). Before the disturbance, operation was at the steady-state in-

Compensator
Vo Characteristic

System
Load Lines

Gonduciion pngke o

FIGURE 11. Effect of TCR compensator on operating point.
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tersection, point a. If the response of the TCR control system were slow,
the operating point would move straight to point b The thyristor conduc-
tion angle would initially be the same as at a. Subsequently, the voltage-
regulating control system would increase the conduction in the TCR to

bring the operating point to ¢. The highest voltage experienced on the

compensator bus during this sequence is the voltage at point b which in
this example overshoots the voltage £, which would be experienced and
sustained on this bus in the absence of the compensator. In practice, the
rapid response of the TCR causes point ¢ to be reached within about
1.5 cycles. With such rapid response the voltage rise on any phase is of
very short duration, and may never even reach point b.

(a) Simulator Study.  To illustrate the benefits of this fast response, a
simulation was performed using the actual control system of a TCR wired
into a system model. ™ The system model included a three-phase load
connected to the compensator bus in a configuration similar to Figure 3a.
An oscillogram of the load current in one phase is shown in Figure 12
along with the voltage vy; between phases1 and 2 on the compensator
bus. The load current was reduced abruptly causing the phase-to-phase
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FIGURE 12. Oscillogram of TCR compensator response to step change in load. (AVR = :
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~—the voltage might rise to the level E,= 1.4 pu.
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voltage to increase. The settling time is most clearly evident in the
second trace in Figure 12, which is a measure of the phase 2-to-neutral
woliage computed by the compensator's voltage-measuring transducer.
The transducer continuously measures the phase-to-neutral voltage and
@mputes an effective rms value every cycle of the voltage waveform. A
discrete output is plotted for each half cycle and it is clear from the oscil-
Iogram that the voltage was corrected back to the desired set point (the
initial vaiue) in about 1.5 cycles after the disturbance.

The thyristor current can be phased from full-on to full-off in one half
cycle in each phase in response to a step change in gating angle demand
for that phase (Chapter 5). For such astep input given simultaneously to
all three phases, the effective positive sequence current in the three phase
inductor can be changed in about one cycle. The voltage took 1.5 cycles
to change in Figure 12 due to the small time constant in the voltage regu-
iator which converts the voltage error into a gating angle demand signal.

(b) Large Disturbances. Very large system disturbances may cause the
cempensator current to be driven outside its normal control range AB, as
illustrated in Figure 13. Consider first a balanced three-phase fault some-
where on the transmission system which causes the system load line to
change from 1 to 2 and remain there for several cycles (Figure 13a). At
first the voltage on the compensator bus drops from point a to point b.
The voltage at point b is not much greater than the voltage E, which
wiuld be experienced without the compensator, because the compensator
current 1, decreases linearly with voltage. After the small (1/6-1/2 cy-
cle) delay mentioned earlier, the TCR controls correct the voltage to

: point ¢, or ¢y, depending on the capacitive rating of the compensator.

Point g3 results if the capacitive rating is too small to restore normal sys-
t@m voltage. With a much larger capacitive rating ([cp..; instead of
{-men1 in Figure 13a) the compensator could restore approximately nor-
mal voltage (c;) even during the fault. Because faults are generaly
cieired within a few cycles, such a large capacitive rating is rarely
justified. The capacitive rating is more often chosen to alow recovery to
Eear-nominal voltage during the postfault period (as discussed in Sec-
tlom 3.4.2).

A second example, Figure 134, shows the effect of a large load rejec-
tion in which the compensator current is driven outside its control range
in the lagging region. With a modest TCR rating the operating point fol-
lows the trgjectory abe; within 1-2 cycles, but once into "*full conduc-
fion" (o = 180°, see Chapter 4) the TCR acts as a plain linear reactor
end cannot hold the voltage on the compensator bus below point ¢;.
With alarger TCR rating (I .y, in Figure 135) the voltage is held down
lo point ¢;. For an extreme example, in the absence of the compensator,
The provison of a
sufficiently large TCR to hold nominal voltage indefinitely following
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FIGURE 13. Over-ranging the TCR compensator. (a) During a voltage depression.
(4) During a voltage rise.

worst-case load rejections can be expensive. However, if the shunt capac-
itors can be rapidly switched off, it is possible to design the TCR with
only a short-time overload rating such as that corresponding to Ipmaxa-
When the capacitors are switched off, the TCR is relieved of their biasing
current, which results in an effective increase in the inductive Iy max for
the same reactor current.

(¢) Fidd Test Involving a Large Disturbance. The oscillograph traces
shown in Figure 14 were measured during field tests performed on a
compensator installed for transmission system voltage control. The com-
pensator consists of a 30-MVAr unswitched capacitor bank and a 40-
MVAr TCR connected to the 13.8-kV tertiary winding of a 230/115-kV
autotransformer. It regulates the 115-kV bus voltage to minimize voltage

3.4. Static Compensators 14%
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FIGURE 14. Field test results showing response of a TCR compensator to a single line-
ground fault.

variations and to enhance the power transfer capacity of the 115-kV net-
work. The test® involved a staged single line-to-ground fault applied
about 15 mi from the compensator on a 115-kV circuit. The fault was
cleared through primary relay and breaker action in about 5 cycles.

The effect of the fault is clearly evident in the 115-kV voltage trace.
Note that the TCR current was effectively "turned of f within a cycle of
fault inception. (The current in a TCR is never controlled to exactly zero
lest gating control be lost.) As soon as the inductor virtualy ceases to
absorb reactive power, the transmission system benefits immediately from
al the reactive power available from the capacitor bank at the prevailing
supply voltage.

Upon removal of the faulted line by breaker action, the voltage
recovered to near normal. As noted in the figure, the TCR current
recovered to a lower value than it had before the fault, indicating that
more capacitive reactive power was required from the compensator to ob-
tain the desired voltage after the disconnection of the faulted line. The
regulator output trace shows that the compensator had settled to its new
operating .point within 1.5 cycles following this disconnection. There
were no significant rotor-angle synchronizing swings, so the two transition
periods (during the fault. and after its removal) are simply transient
period behavior, with no subsequent first-swing or oscillatory period
behavior.

(d) Transient Response of Compensator Near a HVDC Converter
Terminal. The example that follows deals with the high voltage ac bus
voltage at the input to a high-voltage dc (HVDC) converter. If the short-
circuit capacity of the ac system at an HVDC converter site is low, the ac
voltage can be quite sensitive to variations in the active power absorbed



150 Reactive Power Compensation and Dynamic Performance

or delivered by the converter. The converter terminals absorb reactive
power equal to approximately 60% of the rated dc power. Capacitor
banks are often employed on the ac bus to supply the steady-state reac-
tive power demand of the converter.
harmonic filters. Consider the load rejection that occurs when the termi-
nal is operating under load and the converter valves suddenly block. This
blocking might be the result of a major fault on the ac system near the
terminal at the other end of the dc line which requires a momentary or

permanent shutdown of the HVYDC power flow to protect the dc convert-
ers.

To illustrate the ability of a compensator to control the overvoltage

caused by such aload rejection, the system of Figure 15 was studied on a
Transient Network Analyzer (TNA).™ The rectifier terminal was initially
operating at its 200 MW rating. The ac filter and capacitor banks were to-
gether rated 114 MVAr. The compensator modeled had a net rating as
viewed from the 230-kV bus of 0-130 MVAr inductive. Three HVDC
shutdown cases were studied.

1. Without compensation.

2. With the compensator controlling the 230-kV bus voltage through _L

1
]||||I ||
|I|I||I|||||I I

its automatic voltage regulator.

3. With the TCR "phased on" fully by a control signal from the
HVDC converter. In this case, the dc valve blocking control ac-
tion and the order to the TCR occurred simultaneously.

The results of these three TNA studies are illustrated in Figures 164, b,

and c, respectively. The phase a-to-neutral voltage on the 230-kV busis _|
shown in al three pictures. The valve-blocking action (load rejection) oc-

curred at the fifth voltage zero from the left.

HvVDC
P Caorrepriar
X v —t-
(| 38m — 35—
= | 230 kY
K
(:; "Il" I 18} =i
it I kL) =
) p—
L T AT
Esatic
Coemipenaalor
Harmonic Fixed
Filter Capacitor
FIGURE 15. System used to study load rejection overvoltages at a HVDC converter ter-

minal. 71982 IEEE.

Some of these banks also serve as. -

e

.

=

Baturated-Reactor Compensator with Fixed Capacitor (SR-FC).
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FIGURE 16. Load rejection a the HVDC
converter terminal. Traces show HVAC volt-
age ¥ 71982 IEEE. (a) Without compensa-
tion. (4) With compensator regulating volt-
age normally. (¢} With compensator receiv-
ing a signal demanding full inductive current.
The signa is derived from the converter as 1t
blocks dc conduction.
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The subsequent peak voltages are tabulated in Table 1. When the
tompensator reacted via its automatic voltage regulator (Case 2). it was
unable to reduce the first {—1 and second (+) peaks. When given an ad-
vance signal from the dc controls (Case 3), the compensator was able to
reduce those peaks. In both cases when the compensator was in service,

—the overvoltage was reduced significantly. A compensator with a greater

inductive rating could have limited the overvoltage even further. The
one in the example was more than fully utilized and temporarily operated
above its normal voltage control range.

Satu-
ratzd-reactor compensators generally do not employ an electronic control
svstem. Nevertheless, thereis asmall delay in their response, so that the
settling time following a disturbance is comparable to that of systems with
TR compensators, being of the order of 1-2 cycles, depending on the
dynamic properties of the ac system. The response delay is aso
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TABLE 1
Load Rejection Overvoltage
Example on TNA

1 2 3
No Norma AVR  Coordinated

Time Compensation Control Control
(Cydes) V Pesk V Pesk V Peck
02 + 095 + 0.95 = 0.95
0.25 - 127 - 12 -111
1.75 + 165 + 1.65 F 12
1.25 - 165 - 132 - 127
1.75 + 127 + 101 +0.90
2.25 - 152 - 1.08 - 101
2.75 + 133 +1.01 + 1.08
Sustained + 133 + 1.02 = 1.02

“Time = 0 when dc blocking occurred, at about the fifth voltage
zero of phase am the oscillograms.

influenced by the damping circuit in parallel with the series-cosnectai
slope-correction capacitor. That damping circuit is necessary to praven
subharmonic instahility (see Chapter 4, Section 4.4.2).

As in the case of the TCR compensator, the ability to limit overvali-

ages is determined by the inductive rating of the saturated reactor, ang L

thisis limited by the voltage rating of the slope-correction capacitor which
may be protected by a parallel spark gap set to a voltage correspondipg ta,

say, three times normal rated current. Even when the spark gap shiogt-

circuits the slope-correction capacitor, the reactor itself retains a fairly fiat

voltage/current characteristic (typically 8-15% slope) up to a much larger

current. The overload capability of the reactor is limited in magnitude ty
the insulation requirements and the forces on its windings, and in durs-
tion by its thermal capacity. For cases with the series-connected slopa.
correction capacitor installations utilizing spark gaps, the gaps generaly

need a bypass switch which closes when they operate and reopens whey F

normal voltage is restored.

For small or large disturbances which tend to cause a voltage reduc-

tion, the saturated-reactor compensator operates as shown in Figure 13a.
For small disturbances resulting in a voltage rise it reacts similarly to the
TCR in accordance with Figure 11. The saturated reactor is slowed
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dightly by its natural time constant, just as the TCR is slowed by its small
phase-control gating delay.

Thyristor-Switched Capacitor (TSC). As described in Chapter 4, the

- thyristor-switched capacitor consists of several banks of shunt capacitors,

each of which is connected or disconnected, as needed, by thyristor
switches. The TSC has a control system that monitors the voltage.
"“hen the voltage deviates from the desired value by some preset error
ideadband) in either direction, the control switches in (or out) one or
more banks until the voltage returns inside the deadband, provided that
not al the capacitors have been switched in (out). Figure 17 shows the
rasponse locus for a system disturbance that tends to cause a voltage
rop. Assuming a TSC with zero, one, or two capacitor banks, operating
point a would prevail with normal conditions and one bank connected.
A1 the beginning of the disturbance the voltage would drop to point b un-
til the TSC control switches in the second bank to bring the voltage up to
poiat e,

It is important to note that because of the on/off nature of the TSC
control, the compensating current can change only in discrete steps as a
result of control action. In high-voltage applications the number of shunt
capacitor banks is limited to a small number (say, three or four) because
of the expense of the thyristor switches. As a result, the discrete stepsin
compensating current may be quite large, giving somewhat coarse control.
Egually important is the fact that the capacitors can be connected to the
line only at insiant= in the voltage wave when the stored voltage on fhe

—gapacitor 1# equal, or nearly equal, to the instantaneous system voltage.

This results in an effective delay which can be as much as one cycle (see
Chaplar 4.

The TSC by itself is incapable of limiting large transient overvoltages
except by switching itself off. It has the advantage of then being able to

FIGURE 17. Effect of TSC compensator on operating
point.
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stand by in readiness to help control synchronizing power swings follo#- |

ing the disturbance (see Section 3.4.2 of this chapter).

one-line dizgram, Figure 18, depicts a compensator with a thyristor- |

controlled reactor and four capacitor banks. One of the capacitor banks s |

aways in service with filter reactors to absorb the harmonic curfefitd
caused by the phase control action of the TCR. The TCR and the fixed
filter capacitor bank (FC) constitute configuration 1 in Figure 18. The

voltage/current characteristic for configuration 1 is shown in Figare 1% as £

0-1-1% or 0-1-1" I shori-time overload capacity is provided in the TCR.
Three other characteristics are shown which correspend to the three oper-
ating states with one, twoe, or three of the capacitor banks connectad

With  sulsble coordination of the TCR controls and the capacibarj’

switches, the overail volpge/current characteristic & the comtimegrary - Hme

L Caamnpnalo

Combined Thyristor-Controlled Reactor and Switched Capacitor. The | \ ]
k. iy 4 LM
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FIGURE 19. Characteristics of hybrid compensator.

Oed=1" " (or 0=4=1"r It is rapnble of muoinining virmaiy constant voltage 1

for the range of system load lines shown in Figure 19. The TCE voltage

for bank is switched, in order to obtain the continuous overall characieris-
tic shown. -
The voltage control performance of the hybrid compensator during the
transient period is shown in Figure 20. Assume initial operation at pori
a, the intersection of the dashed compensator characteristic labeled 0-1=i'

and the first system reactive load line. Suppose a disturbance tokes plac:
that alters the system load line as shown, from 1 to 2. The compensalir
voltage V, will begin to fal towards point b until the TCR responds i |

""phase of f" entirely, bringing the operation to point ¢ within about 1 e¥-
cle. So far in the sequence, a capacitor switching has not occurred.

. . . . T = Comperaalor Ohaetteish
setpoint and control slope (or gain) must be adjusted each time a capaci- r Gt

tystem Load Lines

FIGURE 20. Effect of hybrid compensator
on operating point.

At the same time as the TCR controls order the reduction to zero of

-+ the reactor current, a capacitor switching order can be issued. The volt-

e would stay at point c until the capacitors are energized. The period of
time for which ¥, is at level ¢ depends on the method of switching the

- capacitors. If thyristor switches are used, it can be as short as one cycle.

With mechanical switches or circuit breakers it would be several cycles.
Llnon energization of the capacitor, the voltage would jump to point dun-

HV bus "
|I \-IIL-I m
PT Ll
T
| T T
I
=
Control '\I— J_ ; ;i__ Erl _{ Tf
System - e -j = ‘—':|:
———= :
i
, &

FIGURi
pacitor T one capacitor; 3, TCR

itor + three capacitors.

fixed capacitor T two capacitors; 4, TCR + fixed capag-

18. Hybrid compensator. 1, TCR + fixed capacitor (filter!; 2, TCR + fixed ca I _

...All the TCR corrects the voltage back to the final point e. Employing the

I fistest available mechanical switches (2 cycles) or thyristor switches

{t cycle) to switch in the capacitors, control action could cause the se-
fuence a-b-c-d-e to be completed in Iess than 2 cycles, with pauses at
peint b and d equal to no more than half a cycle. In principle, the se-
~fuence could be reduced to ab-e, with little or no overshoot toward
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point 4, by fully utilizing the timing precision of thyristor switches for
both the TCR and the capacitors.

Combined Saturated Reactor (SR) and Switched Capacitor. The ser
quence discussed with the aid of Figure 20 is achieved with this type &l
static compensator also. The only difference is that the capacitor switch-
ing is under ""forced control’* while the reactor is self-adjusting or “‘ift-
herently controlled."
response to a combination of signals representing the voltage at the com-
pensator bus and the current in the reactor.

Summary — Behavior of Static Shunt Compensation During Transient
Period. Although static compensators generally have neither the capa-
city nor the speed of response to limit extremely fast voltage transienis;

such as those produced by lightning or switching surges, their response 1&,

certainly fast enough to stabilize the transmission voltage within the
"transient'” period. Different compensators achieve more or less the
same results in different ways (but with significant differences in overall

performance when cost, losses, and harmonic performance are cof- |

sidered). The TCR and especialy the saturated-reactor compensiiors

both have apparently large overvoltage-limiting capability, but each appti=

cation should be studied in detail because the real system response

depends on many system parameters including theinitial operating point.
3.4.2. First-Swing Period

So far, we have considered disturbances that can be represented by step

changes in the system reactive load line at the compensator bus. This'is

generaly valid only for a few cycles after the disturbance, and only if-the

magnitude of the initiating disturbance is very small and/or the source
voltages are generated by synchronous machines of very large rating rela-

tive to the compensating means considered. If, however, the disturbancé=¢

aso upsets the distribution of momentum among the synchronous
machines, the load line at the compensator bus will change (rise and fall!

continually for a longer time, and perhaps by a large amount during the

first-swing period.

The performance of a typica shunt compensator during the first-swing

period is very similar to that described for the transient period. A -cam-
pensator characteristic and a sequence of system reactive load lines ar=
shown in Figure 21a. The sequence of reactive load lines 1, 2, 3 arises a4
follows.

1. This represents normal prefault conditions in a system of the typs
shown in Figure 3.

The capacitor switching decisions can be made i~

il i

=]

T
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1] Transient response of ¥, with small compensator.

I, A fault occurs to the right of circuit breaker a in Figure 3,
depressing the load line by a large amount. Load line 2 is as-
sumed to remain fixed for the duration of the fault.

3. After the faulted line section is removed from the system in Fig-

' ure 3, by opening breakers a and b, the load line jumps initially
above position 3, and drops during the first-swing period to its
lowest (minimum voltage) position 3 as shown in Figure 21 4.

The disturbance causes an oscillatory transient in the power, in the volt-
e Vi, and in the transmission angle §. The first half of the ¥, oscilla-
lirm is shown in Figure4c, and reproduced as trace A in Figure 21b.
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Load line 3 moves up and down the plot as time passes. Correlating.-the

voltage trace A with the sequence of load lines, the voltage drops instanii- -

ly from point a to point b along the ordinate in Figure 21b. The vol &
remains at point b during the fault and recovers to some value between

points » and a when the faulted line section is disconnected. As 8 in-
creases, the voltage drops to a minimum value (point #) as shown L
Figure 21b at time ¢p.

If arelatively Iarge compensator were in service on bus m of F|gure3
the dashed voltage trace B in Figure 21b would result. |t is assumed that
the compensator was operating at point a before the fault occurred, wiLh
zero compensating current. As soon as the fault occur's, the voltage ¥
drops to point b even with the compensator in service. Within about 4

half cycle the TCR is " phased-off" and the voltage rises to point ¢ on the
fixed-capacitor ling in Figure 21a. When the faulted line is disconnect®d, £
the voltage jumps to point d. Following a slight delay, less than or equi:-
to 112 cycle, the TCR " phases on'" part way and stabilizes the voltage at
point e. The dashed trace B in Figure 21b shows the best voltage contral
performance achievable with a relatively large compensator at bus m i.n.

the system considered. b
Figures 21¢ and dshow the expected performance with a smaller cofit=

F
pensator whose current and voltage are forced outside the normal contral

range during the postfault power swings. With a smaller capacitive ratinfl
than the one considered in Figure 214, the slope 0 is attained. The solit

trace A in Figure 21d again shows the uncompensated response. THhe
dashed voltage trace C shows the effect of the smaller compensator.

The voltage trace with the smaller compensator follows the same .

sequence during the fault: a to b, then to ¢’. Voltage level ¢' is slightly
ing. Neither compensator does much to correct the voltage during ti#
fault period.

When the fault is cleared and the postfault load line recovers to line ? h
(located between load lines 3 and 1), the voltage ¥, recovers also. The
voltage trace C shows that the compensator was able to operate within-it#

voltage control range, holding the voltage nearly constant for a short time

between points e and £, until the power swing caused the operating paift L
to drop over the left-most end of the compensator characteristic at poinkd

and reach a minimum position g on load line 3. Even though the cim:

pensator is over-ranged, it limits the minimum voltage to point g ins'&&d.

of point « during the first swing.

In this section we have tacitly assumed that the variation in the systél'"
load line is unaffected by the action of the compensator. In general, the
compensator will tend to reduce the variation in the transmission angle
which in turn affects the load line variation. We next consider tf#
influence of the compensator on the transmission angle and the transie™
stability of the system.

F
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3.4.3. The Effect of Static Shunt
Compensation on Transient Stability

Section 26 of Chapter 2 introduced the concept of compensation by sec-
tinning, in which a transmission system is sectioned into two or more parts

* by shunt compensators that hold the voltage essentially constant at inter-

midiate points. In particular, it was shown that the steady-state power

_='- fransfier capacity of a symmetrical line could be increased by adding a

dimamic shunt compensator at the electrical midpont. In the limit, with
perfect—voltage control at the midpoint bus, the steady-state power
irensfer capacity was doubled (Figure 32, Chapter 2).

For the symmetrical system shown in Figure 22, this doubling is shown
ky the increase in the £/ curve from a to b in Figure 23. Without the
‘cmpensator, curve a is given by Equation 38 of Chapter 2, where E is

- now the "emf behind transient reactance’ (E') of the two generators and
- Iy is the total series reactance, equal to the sum of the line and

transformer reactances, X,+ 2Xt and the transient reactances X; of the

genzrators (which are assumed identical). The effect of shunt capacitance

# ignored. With an ideal compensator that holds the midpoint voltage

.. emnstant at the value E, the power-angle curve b is obtained according to

the cquation

2
SR

; n
XD+ Xp+ X

6
S

This curve is redlizable only if the (transient) compensator voltagel

- turrent characteristic is flat, if the compensator responds instantaneousiy,
lower than cin Figures 21a and 21b owing to the smaller capacitive ral- |

ifid if it has sufficient capacitive current capability. In general, none of

. these conditions is met. The small positive slope in the voltage/current

FFTTHR

Hiaracteristic, and the small response delay, combine to reduce the
power-angle curve from b to ¢, while the limited capacitive current capa-

O3
E" X3 Ky ; T
i
Static
Compensator

FIGURE 22. Two-machine system with midpoint dynamic compensator.
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bility breaks the curve at point D, the compensator behaving as a fix® -

capacitor at higher load angles, curved. (See aso Figure32 ™
Chapter 2.)

s

Theory of Transient Stability Improvement. We are now in a psition
to use the egual-area criterion to compare the relative transient stabilit¥
with and without a dynamic shunt compensator. First consider a cast
without compensation.

Imagine a fault that occurs between circuit breakers a and b in Fi-
ure 22 and is cleared by those breakers. Curve 1 in Figure 24a illustrates-

the prefault transient power angle curve which has a maximum of

Thet

— -— El: S ———
T+ 20X+ X§)

Proax =

Curve 2 prevails during the fault. Curve 3 results after the faulted e
section is removed and differs from curvel in that Xz is replaced b
3X)/2. E isassumed constant through the first-swing period. In the al-
sence of the compensator, the system can, in principle, be preloaded &=
the transient stability power limit P; for the prescribed fault, such tfal
the available decelerating energy 4. just balances the accelerating eneey
Ay In practice, the power level would be somewhat less than this, ¥
provide a stability margin. ki
The effect of a large, rapid-response midpoint shunt compensatof ==
shown in Figure 24b. Curves1, 2, and 3 of Figure24a are replaced b

the higher curves 1, 2, and 3, respectively. For the same prefault po®&f_{

=
F, and the same fault duration, the available decelerating area is Pa%

larger and is only partially used up, leaving a margin as indicated it
Figure 24b. In other words, the transient stability limit is increased, that

By

III -....

T
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Static Compensators 1

p

] y a

FIGURE 24. Equal-area method illustrating increased transient stability with dynamtc

* #unt compensation. {a) No compensator at bus . () Dynamic shunt compensator at

tus m, of large rating, maintains linear voltage control during entire first-swing period.

I, the power transfer can be increased up to the point where al of the
margin IS used up. It is clear that the capacitive current capability of the

MMpensator is a limiting factor in the stability margin, because it reduces
th margin area in Figure 24b to the right of point D. Nevertheless, a

*Tthwhile improvement in transient stability is still possible with com-
pensators of limited size.

Camputer Simulation Examples. The dynamic performance of com-
peisgted systems can be studied in greater detaill with computer simula-

wiwms, Three examples are now described which show the performance

kenefits attainable with a compensator.
Example |. Increase Transient Stability Margin

for a Given Power Transfer

The two-machine model in Figure 22 is now assumed to represent a

L0MI-MW generator feeding a double-circuit, 500-kV line. The receiving-

end muchine is assumed to be an infinite bus. Sixty percent of the line-
- charging current was compensated with fixed shunt reactors. The genera-
‘lor i=md @ high-response excitation system. Figure 25 shows the response
—ai-the transmission angle 8, the power, and the midpoint bus voltage fol-

[awing a three-phase fault on one circuit near the generator end. The

‘faalted circuit was tripped and the system remained stable: no pole-dlip
=togk place, although large rotor angle swings were experienced.

Figure 26 shows results for the same study system equipped with a
rompensator consisting of a 300-MVAr TCR and 300 MV Ar of shunt ca-
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e _,:L | wereasigpifiTnel i redesedetives theselibstheanicsnipgssatetheasaiondigte
' \J.-' ~f=—ing an increase in transient stability. The voltage on the midpoint 500-kV
.:_,.‘-|: buz is virtually steady only three seconds after the fault. The points at
- - § ——which the compensator becomes over-ranged are clearly seen in the lower

=

5 ~ o traces. Although these results are based on a simple model, more
tomprehensive studies have shown that such improvements are obtain-
ahle in other realistic power system configurations.

L
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Example 2. Increasing Power Transfer while

o i
W pU ¥r :

asol|l //\ -—The system studied iM dhitaaxiample anasetheSHikY transmission system

' =F—skown in Figure 27. This system typefies a transmission tie between a re-

_f - munlE generating plant and a major power grid system. The transmission

0.7%

: cirzuit consisted of two lines, 300 mi long, with an intermediate switching
e s E glakion, bus 2. There was assumed to be 500 MW of load at the remote
’ ' t, sec 1 Ecneration site. For the transient stability investigations, the system dis-

furbance was a zero-impedance, three-phase fault at point X, the faulted
fine being tripped in 5 cycles.

The objective of the study was to demonstrate the utilization of static
shunt compensators to increase the power that could be transferred over a
given (fixed) set of transmission lines without risking transient instability

FIGURE 15. Response of system m Figure 22 to a three-phase fault; na COMpoN= QL §.

71982 |IEEE.

— “f ~ Tor & specific fault. This would be analogous to an actual condition in
{ % ~t——which approval for additional transmission lines is difficult to obtain or in
& - : whizh-more economical aternatives are desired. In contrast to the fixed
n -t——fran=mission it was presumed that the generation capability (and asso-
~—ciated transformers) would be increased, consistent with the increased
60 - | puwer transfer capability made possible by the application of the compen-
T = 1 " sator.
- R T e | Theinvestigations were made using a digital power system stability pro-
P “1gram.'? Compensators were considered to be located at bus 1 and bus 2.
il .'.=._'|| " 2
042 a, I
Ly I.-- i it L EE W s BT B
I. ] II Y ks <
| . COH—ufo—atof
g s ]I o et _ | oy t00mi o . omi | Wy L
L L L ' ! ] 1 +_ —
0 05 1.0 15 20 25 30 -+ 500 MW
t, sec Laad | |
FIGURE 26. Response of system m Figure 22 to a three-phase fault; with static €O™MP! Compensator Compensator
sator. ™ 1982 |EEE. FIGURE 27. 500-kV system. 1982 |EEE.
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For a number of power levels P, and a number of capacitive MV Ar rai=|

ings for the compensator at bus1, multiple program runs were made &
determine the minimum capacitive MV Ar rating of the compensator al
bus 2 required to maintain transient stability for the stated fault. -Far
each P, the generator and transformer per-unit reactances were kept wii-

stant While the MVA base was scaled up. The ohmic value of the line ims &

pedance was kept constant. This gave the effect of trying to transmit the k
output of larger and larger generating stations through the same transmis: |-
sion line. #

The results are shown in Figure 28 and indicate for each P the comti- ;r
nation of capacitive ratings for the two compensators ‘that will maintain}
transient stability. For example, for a P, of 1100 MW, ratings o
600 MVATr at bus 1 and 230 MV Ar at bus 2 are required. The power le¥-i
els investigated ranged from 720 MW, which is the uncompensated tram=
sient stability limit, to 1250 MW, which is the limit with a third lime
(shown dashed in Figure 27) but no compensators. In al cases, thel
MVA rating of the generators and associated transformers was. maie
equal to the prefault power flow. The control settings for the compenss-
tors were modeled such that compensator output was zero under -issilis:
(prefault) conditions.

:

 :

1200

=]

 Compenzalge Fafing, Gapadcilive MYVAs
i
=

Birs

]
1400

i i 1
4011 o] B 1000 1200

Bus 2 compensator Rating, Capacitive MVAr

FIGURE 28. Minimum combination of compensator ratings required for transient stabilirs
at various prefault power levels P,. ©1982 IEEE.
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For the circuit investigated, the results show that the compensators in-
cfease the transient stability limit. The increase for this circuit

mpfiguration is approximately equal to 100 MW for each 200 MV Ar of
" added compensation, and can be used to achieve from two transmission
lines the power level associated with three lines but no compensators.

‘The results aso indicate the preferred location for the compensators,
that is, that which provides the greatest increase in power transfer capabil-
ity Tor a given combined compensator rating. In the application of com-
pensators to an actual system, a number of fault conditions and con-
lingencies must be considered, and the final choice of location(s) may be
o compromise. However, for the fault studied in this example, the pre-
frerred location for a single compensator is a bus 1. This is due to the
fact that bus 1 is closest to the electrical midpoint of the postfault circuit.
Withm compensators, this location experiences the greatest voltage dip
guring the generator angle swings that follow the fault clearing.

An approximate transient power-angle curve for the compensated sys-
{em isillustrated by curve bin Figure 29. This curve is contrasted to the
corresponding curves a and ¢ for the two- and three-line circuits respec-
fwely, without compensators. Since the effects on transmitted power (Py)
grz of most interest, the calculations for the curves were based on the as-
“samptions of no local load and a 1000-MVA fixed generation capacity,

The curves were calculated for the postfault circuit condition, with the
penerators modeled as a constant voltage behind transient reactance. The
discontinuity on curve bis the point at which the compensators reach the

Py, MW

Ty

Transmission Angle, 6"

FHMFURE 29. Postfault power/angie curves for the system of Figure 27: a, two lines with

T-compensator; b, two lines with compensator; c. three lines with no compensator. © 1982
IEEE.
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end of their control range and become essentially fixed capacitors for the

lower voltages associated with larger transmission angles.

Additional dynamic simulations were also performed to investigate tfe
effect of other compensator parameters on the compensator rating &
quired to achieve transient stability for specific power levels.

trol gain of 100 (voltage droop of 1% over the compensator's total cofitral
range) and a single lag time constant of 33 msec. (see Chapter 4). Twuo

variations from this were investigated and the results are shown in Fig

ure 30. One variation was a reduction in control gain to 20 (total contra g
range voltage droop of 5%). This reduction caused a slight increase Ifi |

the required capacitive ratings.
The second variation considered was a delay in the availability of reft:
tive power output from the compensator after the fault was cleared. |t/&:

during the first magjor angular swing and associated voltage depression thal

the compensator output is most important in preserving first-swing syi: |

tem stability. The compensator capacitors were switched on followin&®
three cycle (50 msec) delay after fault clearing. Such a delay might b=

obtained if the capacitors are switched with mechanical switches. As iif
shown in Figure 30, the switching delay required a 20% increase in thtE

capacitive rating of the compensators to maintain transient stability fif
the specific power levels examined in the simulation.

An additional consideration in the required compensator ratings is the

size of the line-connected shunt reactors. The circuit of Figure 27, &

modeled, included 81-MVAr shunt reactors permanently connected
Capacitor Switching
F 1400 2sn o D:”
= a
:
3 Ve
3
=]
[
3
(14
S
]
]
o
3
o
[£] A0 & o0 DD 0 1E00 1400
Bus 2 Compensator Rating, Capacitive MVAr ;
FIGURE 30. Effect of gain and delay on compensator ratings required to masaftssii tran-

sient stability at various prefault power levels P,.

In all previzg
oudly discussed simulations, the compensators were modeled with a eef—F
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zach end of each line section. This achieved 60% compensation of the
tine capacitance, as is typical for such acircuit. These fixed reactors were
meodeled in all cases, whether or not compensators were present. In prac-
tice, the location, rating, and switching strategy of shunt reactors must be
goordinated with the application of compensators. For the circuit studied,
such coordination might have resulted in a reduction of the required
capacitive rating for the compensators.

Example 3. Increase Critical Fault Clearing
Time for a Given Power Transfer

Another investigation of transient stability was performed on the 345-kV
system shown in Figure 31. In this example the first swing stability
enhancement of the system achieved by a compensator at bus2 was
guantified in terms of an increase in the critica clearing time. Zero im-
pedance, three-phase faults at either locations A or B were the system
disturbances. These two cases bracket the extremes of practical postfault
gystem conditions. The permanent fault at point B results in a line
nutige. The fault at point A results in the loss of a stub line carrying no
initial load. A fault a point B with instantaneous reclosing would yield
fhesame result as fault A. In dl cases, the ratings of the generators and
imnsfgrmers, and the prefault power (1200 MW), were the same.

The effect of the compensator capacitive rating on the critical clearing
iime for afault a A isshown in Figure 32 for various lengths of the total
franamission circuit. The curves show a definite increase in the critical
fault clearing time with increased compensator capacitive rating. Fixed

- high-voltage shunt reactors, normally used to compensate for line charg-

ing, were neglected in these studies.

Eg=

1 P Ep=1 pu Eg=1pm
Pz18py
E=001 pu [ o=~ A S=0.T pu
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| K
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FILURE 31. 1200 except for & of compensator.

345-kV system. Base MVA = (X7 was

.15 pu on varied static compensator capacitive rating) 1982 |EEE.
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FIGURE 32. Effect of compensator capacitive rating on critical clearing time for ¥ariouz

total line lengths (fault at A in Figure 31) 1982 |IEEE.

The results for a fault at B are shown in Figure 33. Here again, &
significant increase in critical clearing time is obtained through the stabi'-
izing action of the compensator.

3.4.4. Oscillatory Period
Just as in any control system, the effective gain and response delay in a
static compensator influence the modes (eigenvalues) of the power sys-
tem.
the compensator was described as having a high voltage-regulating gain
and a rapid response. These dynamic properties of electronically con-
trolled compensators can be modified or optimized to improve the damp-
ing of power swings beyond what is possible with a plain ** constant volt-
age'" reactive compensator. (Supplementary stabilizers are used on the
excitation systems of synchronous generators to the same end.) The use
of supplementary damping controls on a compensator regulator is best
illustrated with a simulation example. The system used in this exampl#
was structurally the same as shown in Figure 22.

Consider the damping controls illustrated in Figure 34 which &

designed to modulate the compensator reactive power in response to botfi

In discussing the damping of power swings in Figures 25 and 26, [~

3.4. Static Compensators Thh
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FIGURE 34. Supplementary damping
control for providing power-angle swing

350 MVAr damping.

¥Oftage error and deviation in bus frequency or the oscillations in ac
power fHow.

The comparison of simulated performance in Figure 35 shows that
damping of the angular swings was improved by feeding a properly condi-
itoned signal derived from power flow on the line to the voltage regulator.
The use of bus frequency has been shown to provide better damping in
peneral.  Notice that the voltage control capability was compromised
slightly in order to add damping to the power-angle swings. This

reompromise is necessary if stability enhancement is of primary impor-

19: Tl
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FIGURE 35 Damping Of rotor angle oscillations ustng supplementary damping controls.

3.4.5. Preventing Voltage Instability

with Static Compensation

A voltage instability can occur in the steady-state™*' if the reallive

demand of aload increases as the supply voltage decreases, causing a -

ther decrease in voltage. This voltage-collapse sequence can be triggered -
It can be particularly disruptive in the systemi :
exemplificd later, in which continuous-process industrial plants a'® |

by a sudden disturbance.

stalled, causing extreme penalties in lost production and loss of revenuss
to the utility company. .

The ability of a static shunt compensator to prevent this form of insta-
bility is best shown by the following simulation. A system that would
exhibit the voltage collapse phenomenon in the absence of dynamic ¥t
age support is shown in Figure 36. The system represents a mixed
residential and industrial load area with local generation available to serve
about half of the MW demand. The load area is thus dependent on
power imported over a transmission link. For the example, the distur-
bance chosen was to trip one of the 60-MW generators by opening
breaker a. At the time of this disturbance, the only transmission link in
service was assumed to be asingle 138-kV line.

Proper modeling of the load proved to be important in the simulation
of the voltage collapse phenomenon. The 220-MW load selected con-
sisted of 160 MW of induction motors, with the remainder evenly split

—

_ =

=T
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| AN gy FIGURE 36. 138-kV system. Voltage
O I-RVAS 220 MW instability (base MVA = 100). ™1982
Lompenzator Liosad [EEE

befwesn constant-current and Gxed-impedance load types. The induction
motor load was modeled in dewil, including its inertia.  In the initial
steady state the reactive power requirement of the motor load was
77T MV Ar, which was compensated to unity power-factor by afixed shunt
capacitor (not part of the compensator). The other load types were as-
sumed to have no reactive power requirements. Before the disturbance,
the local generators were operating at rated MVA and were supplying
reactive power to the transmission line in order to maintain 1 pu voltage
at the receiving-end bus. The local generators were modeled with rapid-
response exciters. The compensator was assumed to be operating initially
a zero current. It was modeled with a gain of 100 (1% voltage slope)
and a single time constant of 33 msec (see Chapter 4).

Figure 37 shows the effect of the generator trip with and without the
compensator. Without the compensator, the loss of one loca generator
precipitates a sudden voltage collapse and causes the induction motors to
stall. However, with the compensator this collapse is avoided.

The reasons for the voltage collapse can be understood in the context

of (me guasi-steady-state receiving-end voltage-versus-power characteris-
tic*™ of the transmission link, shown in Figure 38. (See Chapter 2, Fig-

ure 8.) Each curve is for a specific level of reactive power at the receiv-
ing end. The curves are plotted for fixed shunt capacitors or reactors in
increments of 256 MVAr (based on 1 pu voltage). The reactive power (or
power factor) at the receiving end greatly influences the maximum
transmissible power. Superimposed on the family of curves of Figure 38
are the trajectories of the system response, starting at point 1, for the first
3.0 seconds following the generator trip, with and without the compensa-
tor. It is obvious that the compensator (together with the remaining gen-
erator) provides the extra reactive power necessary to maintain stability
while the imported power isincreased.

3.4.6. Summary — Compensator Dynamic Performance

The dynamic response of compensators to typica disturbances on the
power system has been described in terms of fundamental-frequency, bal-
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osing veltgeScurrent characteristics and relaed conceply based on phasor
analysis,

The graphical approach of illustrating dynamic compensator perfor-
mance was reinforced and extended by oscillograms from actual tests and
comprehensive model tests obtained on a transient network analyzer, as
wel| as by digital computer simulations.

The ability of the static shunt compensator to aid power system stabil-
ity through rapid adjustment of its reactive power was demonstrated by
sgveral simulation examples. The speed of response and the capacitive
and inductive ratings are the key parameters which determine its benefit
I power syslem dynamic performance. The use of one or more compen-
salors can compete with the alternative of additional transmission lines in

| meeting the need for greater power transfer capability,

The controllability of TCR-based compensators permits the use of sup-

plementary damping signals to accelerate the settling of the power system
following disturbances.

35, SYNCHRONOUS CONDENSERS

" Synchronous condensers, or synchronous compensators as they are some-
. limes calied, &re synelironous machines designed for shunt reactive power

compensation. They fall into the class of active shunt compensators

tzscribed in Chapter 2. The synchronous generator also fals in this
eategory because reactive power is exchanged with the transmission sys-

tem_through the same electromagnetic principles. The application of syn-
chronous condensess is described in Chapter 8. Here we consider its

* hasic operalion & a0 active shunt compensator.

In the steady state the synchronous condenser with fixed field current
can be represented approximately by a generated emf E, in series with

the s¥fichronous reactance Xy S%ngre 39a). This equivalent circuit has
voltage/current characteristics shown by the series of steep lines in Fig-

ure 40. Each line represents a fixed value of field current or equivalent
Ifen-circuit voltage £o. The dope of these solid lines is proportiona to

%y r Xs Xy
L . T
| i | b .
| A | ha
€ K:‘:B U Er ol Vi
1 E 1 s E-:-1

fa) (b)
Fymenropous cordenser equivalent circuit. ) Steady-state conditions.
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X+ X7). These plicable on
current is fixed, such as under “maximum excitation limil
condenser overloading, . i
Under transient conditions the condenses behaves 2s though it syn-
SHronous feartance were teduced to-the-transient-reaclance X, which 15
much smaller than X, Even without changing the field current, thizre-
fore, the condenser tends to have a flatter transiens voltage/current
characteristic than the constant field current lines of Figurel-m. Tha s1fr_1}e
af the dashed transient characteristic is proportional 1o Xy + Xv). With

used to limit

a [ast-acting voliage regulator controlling V. the maching can be made

to operale confinupusly very near 1o the dashed transient tT:F.Tm:t:riSIil:.
The effective equivalent circuit for this period is as ghown in Figane 334

transient period). Because of this, it is impessible for trapsient voltage -

characieristics are normally applicable only when feld B

1
3,50, Transient Perlod _f'_ 3

The equivalent circuil shown in Figure 398 has a l'undamcm?l positives i
sequence voltage/current characteristic gimilar to that of & staiic compen- |
sator. However, there is one fundamental difference, which we now dis- B

cuss briefly. i .
The internal voltage E4 is a true cmf generated by the air gap flux :
linkages which tend to remain fixed in the short lerm {such as during the |
!

pycursions to deviate very far from the transient voltage/carrent r:ha.ra-:s-_
teristic shown in Figure 40, Indeed, the Taster the voltage tends o o
change. the flatter the slope of this characteristic becl:-rncls. as & result c_lf
the induced (subtransient) currents in the amortisseur windings. This &
the opposite of the behavior of the TCR compensator, whose
wnhtagescurrent characterislic lends to reverl Lo the much steeper shope of
the uncontrolled reactors during very rapld changes, and which must b
corrected by control actien that cannoi be inslantaneous. Even so, when
expressed in per-unit on the approprate sysiem ha:m:, L‘I!: _s]n-p-e of the
gynchronous eondenser’s vollage/current characteristic 18 limited (o a cer-

—_
i

2 Hai
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tlain minimum valwe by economics, in much the same way % in the
saturated-rencior compansalor,

Figure 41 llustrates a condenser operating initially at zero curreni.
point @ Consider a system disturbance that causes the load line 1o
change suddenly from | to 7, In the absence of the condenser, the voli-
age at the compensalor bus would decrease to £y With the condenser,
the operaling point follows the trajectory a—&, This trajeclory tends to
be 2 little fatter than the transient characteristic because of the subtran-
sient currents induced in the amortisseur windings. the effeet of which
dies out in the lew cyeles required to transition from poing @ o paint &,

The voltage at point b is higher than E,, thus illusteating the ability of
the condenser (o instantly supply additional resctive power, Al Bthe con-
denser is operating overexcited, but at jess than its original terminal voli-
age— The-voltage regulator witl automatically ifcrease the feld correni io
restore  condenser torminal voltage 1o operating peint . I (he
ﬂDII'-II'JEFIﬁET'!' rating is sufficient, point ¢ is the final steady state. However,
1I1|:’f operating point can often be beyond the condenser’s normal raling in
wl:lln_h case Operation at point ¢ would be limited to & minule or more
depending on the condenser's shori-time overload capability. If operating
point ¢ is beyond the condenser continuous rating, then Aeld current will
be reduced (normally by automatic adjustment of the voltage regulator sel
point} to a new operating point such as 4

As in _the cese of the static compensator, we have kept the discussion
confined to balanced three-phass efects. Depending on the nature of the
system disturbance, the voliage at the compensator bus may ba higher in
the first one or two half cycles, and it may be unbalznced during this time
also, If the condenser is the only means for limiting these voltage excur-

W
i .-:":-:: -
A — | e — T
Oege LIm s . J / E 2
behind Xj | == I_."'I Synchronoas Coraderanr =5-.-=In|m
Constant [ 1 e TakHSIEHT THARKCTERISEE I Load
field L - nchronous Lines
current L l' ondenser
Steady State
BLi 1 oEal P At
= T — (fixed .
= = FIGURE 40. Steady-state and ™% | field current) it ey
O .  voltage/current characteristics kU | =

chronous condenser.

FIGURE 41. Response of synchronous condenser to voltage drop condition
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at a given level of power transfer (Equati i
in th:_ peak synchronizing power is qu;a::n;i::lllﬁ;._ PR
; T:;s Intter effect can be seen with reference to the radial syslem in Fig-
re 44, &sgmme that the total reactance X, were reduced by 10% using
nnﬁl;apamms in the two parallel lines, The peak synchronizing pow :
xpahlmy (P ge in Figure 24a) would be increased by 10%. The mp:erst
P:E would have more stability margin for the same initial operating power
With a 10% Increase in peak synchronizin ili FBQ
dm.-,lml'altlpg energy (area A.) in Figure 240 wui]TEIZE”;E;:E; E}?:arh&
|ame initial power, fault, and fault clearing time, the system -wu Id h-:
mae atahlla an first swing with series capacitors than withoud, ;'Ju: il
xmpandmg increase in Fm,,_;, curve I, the sccelerating energy (aren 4 I]
: also decrease in the direction toward greater first-swing sl:al:.ili::I
pm:«ud:d that the capacitor is nol bypassed by its proteclive i o
during the fault pericd. Feme
| .‘:‘-e_nu: capacitors may be automatically bypassed (short-circuited) dur
g faults to protect them from damaging fault currents. The b :
ally Operates at a predetermined level of capacitgr voltage, this 'E:ﬂ e
Enmmﬂ to the current. For example, a wILaEI:-sl:nsJIi'l.':! splﬂ.rl; g'_::p;:tué
_]ine_irmi:];}l':&r ITIZEcrng & bypass swilch,  Allernatively, zinc-oxsde mom-
s can be used (see Chapter 7). Since the bypass only
E;I;dm?h?e:;:m[h: vuitlalige across the capacilors exceeds the pmdv.-n;-rzi
: » Dol all series capacitors in a plw 1
sarily be bypassed, bul only those close enough %EI Eegl?unu?ﬁnwl:gv:?ﬁﬂ
;:r:ug:;. For worst case faults, enough capacitors may be hrpamdlﬁu
Bna e the posifault szmtf;m too weak to avoid transien! instability unless
ome or ull of the capacitors are reinserted rapidly (by opaning th
circuit} after the fault is clearad. bt
F‘lg_.ur-e 43 illluﬂratcss the effect of series capacitor reinsertion o
:ii?n;stn!:lhty. Figure -1-3..:_- a_hm 8 worst-cose fault condition with |h:
g p;mnx h}:pm_* rémaining in gﬂ'n:: on the unfaulted lines long
¢ [aulted line is removed, This case iz clearly unsiable because

the accelerating energy 4, i ,
energy Ao BY A, s greater than the available decelerating

sions, it does 5o very quickly, in 2 period commensurile with its short- ~
cireuit armoture time-consiant. t

3.8,2. First-Swing and Oscillatory Periods G |1

Like other active shunl compensators, the synchronous condenser can e
reduce power and voltage swings following @ disturbance, and its
effectiveness in both the first-swing and oscillatory periods is shown by, ol i
examples in Chapter 8. Like the electronically controlled TCR compenss-  fi0
tor, its voltage regulator (which is gimilar to that of the TCR) can be sup-  f.
plied with sopplementary damping signals for improving the general
response of the system. i

1.6, SERIES CAPACITOR COMPENSATION

Series capacitors were discussed in Chapter 2 as a means of reducing the. -
elfective Inductive reactance of transmission lines, The benefits to

steady-siate operation included better vollnge (profile} control, reactive
power management, reduced losses and improved power transler capahil:”
ily. Chapier T discusses the series capacilor application in more delail I-___' i
This chapter extends the theory covered in Chapter 2 to deal with the &
dynamic behavior and transient stability of series-compensated systems. g 2
In keeping with earlier sections, the transient, first-swing, and oscillatory, B
perinds will be studied in order. B |

1.6.1. Transient Perlod

Y =

By reducing the equivalent serics reactance of a transmission line, the g
series capacitor makes the voltage less sensilive to most disturbances, An_
example of this is given in detail in Section 2.5.3 of Chapter 2 for steady- ko
sigte conditions, Provided the capacitor bypass (protective) equipment
does not operate, the performance in the transient petiod is much the |
same as i a range of powers in Table 5, Chapter 2, were swepl through in :
a shorl period. !
Dharing large disturbances (such as those caused by faults) the copaci-
tor profeclive equipment can have & very significant effect, This will be

discussed further in the next section and in Chapter 7. = BN
3.6.2. First-Swing Period and Transient Stability (’E’;‘%E— H_@
E, —o—f—p—]
Fauir =]
lezalion

The notion of line length compensation with series capacitors wag intro-
duced in Chapter 2. By reducing the clfective inductive reaclance of
those lines in which the capacitors are installed, they can increase ihe rel-
ative stability of the system generators by reducing the transmission angle

| " N

FIGURE 4z, Egng:.mmpgr“mgnj sysiemm,
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Legend:
51 — Prefault—all lines in
B —Deeing Fault

50 =initial angle

e —Angle at ime fault cleared
Jyy = ifr3tabls threshold .
=neak o stable angle swi

sl

iabilily Margin

ofmance

s —Pgas-Faull, capacitors Bypassed
S4 — Fosl-Failll, Bypass Removed

ng

(b}

FIGURE 43.
bypass M removil
margin, &, 8y

Figure 435 shows fhe same fault, bul now the capacitors i the” F

EFec of series capacitor bypass and reinsertion. .
(b) A2 = An citicaly stable, fpas™5, 01 42

6 (c}

infaulied lines are reinserted when the transmission angle reaches B

This example i chosen such that _the system i§
angulai swing By 15 equal to the critical value §,.

juzl stable: &
There is no ““slabilily

margin™ because i total available decelerating (synchronizing) EnerE i

fully utilized; that is, the total available A, jusl Egusks the

energy Ai.

Figure 43¢ is the same, except that the capacitors in the unfaulted [ines

are Feifgerted oven earlier. The angle at the fime of reinsertion, &z, &

less {han &, in Figure 430.

value 5, and while 42— 4% H )
ing ene'r‘gy‘ The unused portion of availabl

“margin” of stability as noted in Figure 43¢.
protective bypass scheme &

TELES &
IT {he series capacitor

In this final case, &, i5 [&55 1

device, the reinsersion is essentially insfantaneous. Moreo

tors are only partially bypassed during the
Figure 1#5%. The series capacitors in the unfaulted li

han the critickd

mplo¥s a rinc-oxid® .-

ver, the capac-

fault itself (S8 Chapter l» ..
ines are reinserted at  F-

y

the pea'l-' : -

cieraling _f

; is less than the total available decelera?-
e synchronizing cOnrgy GoiElE o

= tion periods tam Be reduced and damped by suitably controlled reactive
—COM e,
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the time of fault clearing (8 = §.). In such acase, an even greater stabil-
Hy margin than that shown in Figure 43¢ is achievable. In practice, this
Z%tra margin would be partialy used up by operating at a higher initial
power transfer, thus utilizing the transmission system more effectively.

3.6.3. Oscillatory Period

By the time this period commences, following a single fault and its initial
Ewings, most capacitor bypass circuits will have been reopened in the
remaining compensated line sections. The remaining series capacitors
tend to reduce the power and angle swings compared with the oscillations
that would take place without them.

Series capacitor compensation aids the system's generators in develop-

~ing synchronizing torque. This can be seen by comparing transient power

angle curves S3 and $4 in Figure 43. Curve S3 characterizes the postfault
system with the capacitor bypassed. Curve $4 results after reinsertion,

~ind it has a greater peak synchronizing power than curve S3. For any

gizen oscillation in power the angle oscillations are smaller in magnitude
far curve $S4 on curve S3.

3.7. SUMMARY

-This chapler has presented a description of dynamic syslem Fehavier fol

|'=_1“'i11|!; #oy disturbance while the system is in transition fréil one equilib--
[qum state t5 another. For convenience, the transition period was broken
up inld basic periods: the transient, first-swing, and oscillatory periods.
Tlhl: final equilibrium, when diSCUSSGd, was labeled as the quasi-steady-
state period

"-_’a riows forms of passive and controllable reactive power compensation
duvices were characterized by how they perform and effect system
dynamie performance during the basic transition periods. Included i fhis
fiscussion were shunt capacitors, shunt reactors, series capacitors, static

. tOmpEnsalors, and synchronous condensers.

Both passive sl active (controllable) compensators glay am important
role in ac power sVEIEM steady-state performance. Switched and/or com-

' frolled compensalors can serve 1o enhance the dynamic behavior of the

POWEr system 'during transitions between equilibrium states. The magni-
ihe swings in active Power, angle, and voltage during these fransi-

Field test oscillograms and computer simulations were used to illustraie

I effecls of compensation on system dynamic behavior. Later chapters

COVETINg static coMmpensalors, synchronous condensers, &fd series capidi-
irs contain additional evidence that dynamic performance of a power 5¥E=
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tem can be improved with proper application of reactive compensation
equipment.
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Chapter 4

PRINCIPLES OF
STATIC COMPENSATORS

T.J.E. MILLER and R. W. LYE

4.1, COMPENSATOR APPLICATIONS
The desirability of reactive compensation in electric power systems has
Bezn explained in Chapters 1 through 3. In this and subsequent chapters
wa Examine some of the principles by means of which compensators are
realized in practice.

This chapter is concerned with static shunt compensators. These com-

peasating devices fall info the class of active compensators (Chapter 2.

. deotion 2.3.2). Satic means that, unlike the synchronous condenser, they

have no moving parts. They are used for surge-impedance compensation
ind for compensation by sectioning in Tong-distance, high-voltage
Imnsmission systems. In addition they have a variety of joad-
“0mpensating applications. Their ez;r():f_)lications are listed in greater practi-
zal detail in Table 1. The main headingsin Table | will be recognized as
Ihe fundamental requirements for operating an ac power system, as dis-
Ffliged in Chapters 1-3. Other applications not listed in Table 1, but
which may nevertheless be very beneficial, include the control of ac volt-
agZ near HVDC converter terminals, the minimization of transmission
imses resulting from local generation or absorption of reactive power
[':hapter 11), and the suppression of subsynchronous resonance. Some
fypes of compensator can aso be designed to assist in the limitation of
dynantic overvoltages (Chapter 3).
4.1.1. Properties of Static Compensators

In Chapter 2 it was explained how a constant ac voltage could be main-
lained a the terminals of a controlled susceptance. Figure 30 in

iR1
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TABLE 1
Practical Applications of Static Compensators
in Electric Power Systems

Maintain voltage & or mear a constant |level
Under slowly varying conditions due to load changes

To correct voltage changes caused by unexpected events
(e.g., load rejections, generator and line outages)

To reduce voltage flicker caused by rapidly fluctuating loads
(e.g., arc furnaces)

Improve power systen stability

By supporting the voltage at key points (e.g., the midpoint
of along line)

By helping to improve swing damping

Improve Power Factor i

Correct Phase Unbalance

Chapter 2, showed this principle in terms of the voltage/current chafae- e =

teristic or control characteristic. Figure 1 represents an idealized static
reactive power compensator. The ideal compensator is a device capifii

of continuous adjustment of its reactive power, with no response dela¥,

over an unlimited range (lagging and leading).

The most important property of the static compensator is its abilif¥ 1@
maintain a substantially constant voltage at its terminals by continuaus
adjustment of the reactive power it exchanges with the power systef

This constant-voltage property is the first requirement in dynamic shust

]

b

FIGURE 1. Idealized static reactive power compensator
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(ompensation or compensation by sectioning (Chapter 2), and is equally
important in reducing flicker and other voltage fluctuations caused by
yariabie loads.

& second important property is the speed of response. The reactive
prwar of the compensator must change sufficiently quickly in response to
e small change in terminal voltage. It is hard to generalize about what
constitutes a sufficiently rapid response. In transmission systems the time
tostants governing the re-establishment of a steady state following a dis-
ierbance (i.e., the system modes or eigenvalues) depend as much on the
external power system as on the compensator, and they can vary with the

“system configuration. Although a fast response is generally desirable, it

tan happen that other factors limit the stability of the system in such a

=y that there is no point in specifying a compensator with the fastest

response that is theoretically possible. In load compensation, the reduc-
tion of flicker is possible @mii with the most rapid types of compensator,
The control characteristic usually has a small positive slope to stabilize
ihe-operating point (which is defined as the intersection with the system
load"line). The reactive current is limited in both the lagging and the
leading regimes by factors in the compensator design and its principle of
pperaiion.  Also, the characteristic can deviate from a straight line, have

§ essomtinuities, and change slope according to the rates of change of

current and vollage,

sgveral principles have been used to design static compensators with
control characteristics similar to Figure 30 in Chapter 2. We concentrate
gfi three main types: the thyristor-controlled reactor (TCR), the
thyristor-switched capacitor (TSC), and the saturated reactor (SR). These
and their variants account for the magjority of static compensator applica-
lioas in both transmission and distribution systems. The synchronous
cenddenser, which is the oldest type of controllable shunt compensator, is
described in Chapter 8.

4.1.2. Main Types of Compensator

Figures 2-4 show one-line schematic diagrams of the main types of com-
pznsator. Before examining each type in detail, afew general features are
woaith mentioning. First, it is common to find fixed shunt capacitors in
parallel with the controlled susceptance. The fixed shunt capacitors are
very often tuned with small reactors to harmonic frequencies which may
he of integer or noninteger order. The reason for the tuning is to absorb
harmonics generated by the controlled susceptance (TCR or SR), or to
Jvnid troublesome resonances (see Chapter 10). The fixed capacitors bias
the reactive output of the compensator into the leading (generating)
regime. A second common feature of the compensators in Figures 2-4 is
the step-down transformer. This is not aways present, but when it is it
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. can significantly affect the performance of the compensator, particularly
with respect to harmonics, losses, and overvoltage performance. The

" fixed shunt capacitors are sometimes connected on the high-voltage side
_§ _af this transformer, but more commonly they share the medium-voltage
——sampensator bus with the controlled element. Sometimes the compensa-

tar 5 connected on the terfiary winding of an existing transformer 16 the

power system. With TCR compensators, connecting the shunt capacitors

i the high-voltage side may require a larger step-down transformer and
W His can adversely affect the losses (discussed later), The same is true
with the thyristor-controlled transformer (TCT), a derivative of the TCR.
2" Finally, the similarity in the one-line schematic diagrams in Figures 2-4 is
largely conceptual, The subsiation layouwrs and appearances of (he
different compensators can vary quite widely. For example, the saturated
“reagtor is of transformer-type construction, whereas the thyristor control-
Im of the TSC and TCR compensators are physically separated from
- their capacitors and reactors, and are often housed in 2 simple building

0 far weather protection.

42. THETHYRISTOR-CONTROLLED REACTOR (TCR)
AND RELATED TYPES OF COMPENSATOR

421. Principlesof Operation

" The basis of the thyristor-controlled reactor (TCR) is shown in Figure 5.
~ The controlling element is the thyristor controller, shown here as two
~ oppositely poled Thyrisiors which conducl on alizrnate hall-cycles of the
-~ =upply frequency. If the thyristors are gated into conduction precisely at
_the peaks of the supply voltage, full conduction results in the reactor, and
~ the_current is the same as though the thyristor controller were short-

5' circuited. The current is essentially reactive, lapging the voeltage by nearly

i, E*.'J“ It contains a small in-phase component due to the power losses in
il reactor, which may be of the order of 0.5-2% of the reactive power.
—Fuil conduction is shown by the current waveform in Figure 6a.

P od
s

Carirollad

T2 ,Th . Suscepiarca

o FIGURE 5. Elementary thyristor-controlled
=Thyristor Controller  reactor.
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FIGURE 6. Phase and line current waveforms in delta-connected TCR. B
If the gating is delayed by equal amounts on both thyristors, a seriesaf }*

current waveforms is obtained, such as those in Figures 6a through &
Each of these corresponds to a particular value of the gating angle a,
which is measured from a zero-crossing of the voltage. Full conduction iz |
obtained with a gating angle of 90°. Partia conduction is obtained u.-|.h
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The instantaneous current iisgiven by
v (cos a — cos wt), a<wt<a+o
i - )]

{i; ato<wt<a+tw

where V is the rms voltage; ¥p=w L is the fundamental-frequency reac-
tznce of the reactor (in Ohms); o =12 and a is the gating delay angle.
The time origin is chosen to coincide with a positive-going zero-crossing

1 of the voltape. The fundamental component is found by Fourier anaysis

a5 given by

o — Sno

= . 2)
I, X, v A rms (
g is the conductiorzangle, related to a by the equation
e b ool = w {1
-We gain write Equation 2 as
1= BTV, )

where By le) is an adjustable fundamentai-frequency susceptance con-
irelled by the conduction angle according to the law,

Slno'

Bl = — TrXL

53

This control law is shown in Figure7. The maximum vaue of B, is

11X, obtained with o= or 180°, that is, full conduction in the thyristor
oomitoller.  The minimum value is zero, obtained with =0 (a=180°).

~ This contrel principle is called phase control.

gating angles between 90" and 180°. The effect of increasing the paling
angle is to reduce the fundamental harmonic component of the current.
This is equivalent to an increase in the inductance of the reactor, ‘reug::
ing its reactive power as well as its current. So far as the fundamental
component of current is concerned, the thyristor-controlled reactor s i
controllable susceptance, and can therefore be applied as a static compen
sator.

=180 deg. =90 deg.
T un} ¥) By fajm TN T -'Lﬂ /
# 08
. m[
" = i . e
& i - FIGURE 7. Comtrod lew of  elementary
T W M= i L R R E[UR LR L TCE.
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422. Fundamental Voltage/Current Characteristic H;

The TCR has to have a control system that determines the gating instaft=
(and therefore o), and that issues the gating pulses to the thyristors. dnpe

some designs the control system responds to a signal that directls - e

represents the desired susceptance Bp. In others the control algoritim - §
processes various measured parameters of the compensated system (e.g.
the voltage) and generates the gating pulses directly without using i
explicit signal for B (discussed later).
voltage/current characteristic of the form shown in Figure 8. Steady-stalz

operation is shown at the point of intersection with the system load lin&

In the example, the conduction angle is shown as 130°, giving a voltzzz

slightly above 1.0 pu, but this is only one of an infinite number of posi-
ble combinations, depending on the system load line, the control settimgs, |~
and the compensator rating. The control characteristic in Figure 8 canbe
.described by the equation

V=V +iXJ, 0< T <, {1
""""33’ v Spstem Load Line | R
T f Coffgmraalor Charetiislin | . bt
R TR Y T y g
LS Y Y Y Ye 3
= ."J__ | i i ! F ri 13 [

"qrg:fi%"fhff:—f_v/_l

L]® I;:'I- I I| ; l:" / .-l-l-__.-" [~ - |
Al [ | / 'y 4 .-___.-" E
[ I|I f A .___.-'f;"
Lid S / r.-‘ Ll o

Vrrae

[u] o2 e LB 0B 1.0 E

Fundamental Current |, pu ——m=
FIGURE 8. Formation of fundamental voltage/current characteristic in the TCR compei-
sator.

In either case the result is @ f=
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which has been used in Chapters 1 and 3. In Figure 8, I,,
lhe rated current of the reactors, shown here as 1.0 pu.

is normally

4.2.3. Harmonics

- Increasing the gating angle (reducing the conduction angle) has two other
. important effects. First, the power losses decrease in both the thyristor

controller and the reactor. Secondly, the current waveform becomes less
sinusoidal; in other words, the TCR generates harmonic currents. If the
galing angles are balanced (i.e., equal for both thyristors), al odd orders

— generated, and the rms value of the nth harmonic component is given

fry
4 V lsinipdlla - sin (n—De« sin na
=2 Y — C0Sia —— 7
" a X, | 2+D 2 (n—1) " n
n=3,57,....

Figure 94 shows the variation of the amplitudes of some of the major
flewer-order) harmonics with the conduction angles, and Figure 9b the
variation of the total harmonic content. Table 2 gives the maximum

. #mplitudes of the harmonics down to the 37th. (Note that the maxima

o mot al occur at the same conduction angle.)
The TCR we have described so far is only a single-phase device. For

ihres-phase systems the preferred arrangement is shown in Figure 10;
. lkat is, three single-phase TCR’s connected in delta. When the system is

halanced, al the triplen harmonics circulate in the closed delta and are
absent from the line currents. All the other harmonics are present in the
finz currents and their amplitudes are in the same proportions as shown

- in Figure 9 and Table 2. However, the waveforms differ from those of

ihz phase currents, and examples are given for particular conduction
angles in Figure 6.

It isimportant in the TCR to ensure that the conduction angles of the
woe oppositely poled thyristor switches are equal. Unequal conduction
sngles would produce even harmonic components in the current, includ-

i ._ ing dc. They would aso cause unequal thermal stresses in the oppositely

poled thyristors. The requirement for equal conduction also limits & to a
maximum of 180°. However, if the reactor in Figure 5 is divided into
twa separate reactors (Figure 11), the conduction angle in each leg can be
increased to as much as 360°. This arrangement has lower harmonics
than that of Figure 5, but the power losses are increased because of

——surents circulating between the two halves.



shown as a percentage of the fundamental component at full conduction. The pertsritag:

ot 4.2 The Thyristor-Controlled Reactor and Related Types of Compensator 191
4
% 3 :
% b
2 pu ® —4r_—
* 111 7th
0 1 ] i i 1 o
] ——— — =
% 'I e | 11tn
0
T
% 13th
10012074 . : e o e
- - : el
Conduction Angle o, deg. Conduction Angle o, dey. - g 3 3 3
(@) : Fnactas [ E' 2
ihe ;
FIGURE 9. TCR Harmonics. (@ Major harmonic current components of TCR. Eack = L
L

are the same for both phase and line currents. (5) Total harmonic content of TCR currea
as a fraction of the fundamental component at full conduction. The percentage is the sarrs

for both phase and line currents.

TABLE 2
Maximum Amplitudes of Harmonic Currents in TCR*

Harmonic Order Percentage
1 100
3 (13.78)
5 5.05
7 2.59
9 (1.57)
11 1.05
13 0.75
15 (0.57)
17 0.44
19 0.35
21 0.29)
23 0.24
25 0.20
27 (0.17)
29 0.15
31 0.13
33 0.12)
35 0.10
37 0.09

"Values are expressed as a percentage of the amplitude of

the fundamental component at full conduction. The values
apply to both phase and line currents, except that triplen

harmonics do not appear in the line currents. Balanced con-
ditions are assumed

FIGURE 10, Thres s TCR wivh shumi capaoions— The aphil-arrengemesd-of - Whe-r2ac-
fors in each phase provides sxim proteciion 1o the thyristor cestioller moihe ewenl of 4

FIGURE 11. TCR with more than 180" of

conduction in each leg to reduce harmonic
currents.

' As already noted, TCR harmonic currenis are sometimes removed by
b flters (Figure 10). An aliernative means for eliminating the Sth and Tih
* harmonics iS 10 Split the TCR into two parts fed from two secondaries on
the step-down translormer, one being in wve and the other in delta, as
5 i shown in Flgure 12, This produces a 307 phazs shill beiween the voltages
£ and currents of the two TCR's and virtually eliminates the 5th and Tth
i harmonics from the primary-side line current. It is known as a 12-pulse
o artangement becauss there are 12 thyristor gatings every period. The
0 sme phase-multiplication technique is used in HVDC rectifier transform-
i 2 for harmonic cancellation, and has affinities with the polyphase satu-
- mted reactor compensator of the frequency-multiplier type to be
i described later. With the 12-pulse scheme, the lowest-order characteristic
. harmonics are the 1lth and 13th. It can be used without filters for the
| fth and 7th harmonics, which is an advantage when system resonances
. _ocour near these frequencies. For higher-order harmonics a plain capaci-
" tar’is often sufficient, connected on the low-voltage side of the step-down
- tmansformer. Otherwise a high-pass filter may be used. The generation o
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Arrangement of 12-pulse TCR with double-secondary transfornier.

FIGURE 12.

third-harmonic currents under unbalanced conditions is similar to tha' in
the 6-pulse arrangement (Figure 10).

With both 6-pulse and 12-pulse TCR compensators, the need for filtETs
and their frequency responses must be evaluated with due regard to
possibility of unbalanced operation. ;
banks and sources of harmonic currents in the eectrical neighborhood ™
the compensator must also be taken into account.

sary to cover quite alarge portion of the interconnected power systemi:
The 12-pulse connection has the further advantage that if one hall &

faulted the other may be able to continue to operate normally. The = §
trol system must take into account the 30° phase shift between thé lwa=

TCR’s, and must be designed to ensure accurate harmonic cancellatiar.
A variant of the 12-pulse TCR uses two separate transformers instzai cl'
one with two secondaries.

4.2.4. The Thyristor-Controlled Transformer

Another variant of the TCR is the thyristor-controlled transformer {TCT,
Figure 13). Instead of using a separate step-down transformer and linesr
reactors, the transformer is designed with very high leakage reactarce,
and the secondary windings are merely short-circuited through the thyris--
tor controllers. A gapped core is necessary to obtain the high |eakige
reactance, and the transformer can take the form of three single-phase
transformers. With the arrangements in Figure 13 there is no secondary

bus and any shunt capacitors must be. connected at the primary voltage =

The influence of other capacitar —§

Harmonic propagatidi’ §i
computer programs are used for this purpose, and sometimes it is neess——f

=
{
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FIGLIRE 13. Alternative arrangements of thyristor-controlled transformer compensator.

ol With wye-connected reactors and delta-connected thyristor controller.

(b) With wye-
wennected reactors and thyristor controller (4-wire system).

—unless a separate step-down transformer is provided. The high leakage

reactance helps protect the transformer against short-circuit forces during
secondary faults, Because of its linearity and large thermal mass the TCT
can usalully withstand overloads in the lagging (absorbing) regime.

4.2.5. The TCR with Shunt Capacitors

It is important to note that the TCR current (the compensating current)
=i be varied continuously, without steps, between zero and a maximum

.- —walue corresponding to full conduction. The current is always lagging, so
i1 reactive power can only be absorbed. However, the TCR compensa-

0% tan be biased by shunt capacitors so that its overall power factor is

kading and reactive power is generated into the external system
I hapter 1). The effect of adding the capacitor currents to the’ TCR

furrents shown in Figure 8 is to bias the control characteristic into the
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second quadrant, as shown in Figure 14. In a three-phase system the firz-
ferred arrangement is to connect the capacitors in wye, as shown inFig:
ure 10. The current in Figure 14 is, of course, the fundamental positive: -
sequence component, and if it lies between I¢ma, and Iy .. the contrs
characteristic is again represented by Equation 6. However, if the valtzge
regulator gain is unchanged, the slope reactance X, will be slighly
increased when the capacitors are added.

T
L=

As is common with shunt capacitor banks, the capacitors may B §

divided into more than one three-phase group, each group being sem:-
rately switched by a circuit breaker. The groups can be tuned to partice:
lar frequencies by small series reactors in each phase, to filter the hat-

monic currents generated by the TCR and so prevent them from flawing f ( > | CR
shunt capacitors depends critically on the method of switching the capaci-

in the external system. One possible choice is to have groups tuned in
the 5th and 7th harmonics, with another arranged as a high-pass-filtas. |
The capacitors arranged as filters, and indeed the entire compensztx,
must be designed with careful attention to their effect on the resomn#ics
of the power system at the point of connection (see Chapter 10). .

It is common for the compensation requirement to extend into hq:h
the lagging and the leading ranges. A TCR with fixed capacitors canmal”
have a lagging current unless the TCR reactive power rating exceeds 1
of the capacitors. The net reactive power absorption rating with. ths es
pacitors connected equals the difference between the ratings of the IEJ!“
and the capacitors. In such cases the required TCR rating can be 'n:f]"
large indeed (up to some hundreds of MVAr in transmission syslem ap:
plications). When the net reactive power is small or lagging, large rea:
tive currents circulate between the TCR and the capacitors withotil pal-
forming any useful function in the power system. For this reason the &
pacitors are sometimes designed to be switched in groups, so that the de-|
gree of capacitive biasin the voltage/current characteristic can be adjusied

i
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—wzample is shown schematically in Figure 15, having the shunt capacitors
+ @iwided into three groups. The TCR controller is provided with a signal
representing the number of capacitors connected, and is designed to pro-

#ii-a continuous overall voltage/current characteristic. When a capacitor
group s switched on or off, the conduction angle is immediately adjusted,
iong with other reference signals, so that the capacitive reactive power
addedi or subtracted is exactly balanced by an equal change in the induc-
live reactive power of the TCR. Thereafter the conduction angle will
—miry-continuously according to the system requirements, until the next
‘apacitor switching occurs. An example of the effect of switching the ca-

—mcitnr is given in Chapter 7, Figure 13.

‘e performance of this hybrid arrangement of a TCR and switched

lors, and the switching strategy. The least expensive way to switch the
rapacitors is with conventional circuit breakers. If the operating point is
“qontinually ranging up and down the voltage/current characteristic, the

ik rpidl accumulation of switching operations may cause a maintenance

~lhere may be conflicting requirements as to whether the capacitors should

proilem in the circuit breakers. Also, in transmission system applications

be switched in or out during severe system faults. Under these cir-
rmstances repeated switching can place extreme duty on the capacitors
and circuit breakers, and in most cases this can only be avoided by inhib-
“lling the compensator from switching the capacitors. Unfortunately this
prevents the full potential of the capacitors from being used during a

..period when they could be extremely beneficial to the stability of the sys-

lem:

HV CamMpaniakia Bue

M% Compensator Bus

Egirfi
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in steps. If this isdone, asmaller "interpolating’™ TCR can be used. /¢
11k
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FIGURE 14. Voltage/current characteristic of TCR.
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FIGURE 15. Hybrid compensator with switched capacitors and **
reitches & may be mechanical circuit breakers or thyristor switches.

interpolating™ TCR. The
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In some cases these problems have been met by using thyristor can-
trollers instead of circuit breakers to switch the capacitors, taking adwai-
tage of the virtually unlimited switching life of the thyristors. The tirning -
precision of the thyristor switches can be exploited to reduce the severiiy
of the switching duty, but even so, during disturbances this duty cante
extreme. The number of separately switched capacitor groups it
transmission system compensators is usually less than four. f

4.2.6. Control Strategies

For application purposes the primary characteristic of a'compensator .is s

voltage/current characteristic, the properties of which have been #i §

cussed in Chapters 1-3. A typical TCR characteristic is shown in Figurz=i |
(solid line). For al voltages the TCR current is determined by the induz:

tance of the reactors and the conduction angle o. Each point on the s

line represents a particular value of By, according to Equations 4 and i,
It has already been shown (Chapter 1) that the compensator will operas:
at the point of intersection of the V/I; characteristic and the system laai..
line. The control system automatically adjusts the gating instants [and
therefore o) so that this condition is satisfied. B

The two basic types of control which can be used are closed-loop ani |

open-loop control. **Closed-loop™ implies the classical feedback systerz,
Figure 16a. ""Open-loop" implies a system W|thout feedback, Fif-
ure 16b. Here the feedforward transfer function Gis" preprogramm-:ni

to produce a certain value of C given a certain value of R. There s §
measurement of C made to check the result. In other words, al condi |

tions must be taken into account in advance by the function Gi i
unforeseen circumstances change the characteristics of the external =y
tem, then C will not turn out as planned. The main advantage of the
closed-loop system is accuracy. The main advantage of the open-lom
system is rapid response.

Open-Loop Control.  This has been used successfully for flicker redie £ i —I
tion applications where rapid response is essential. Several algorithmic |
s |

A a - H—.—_E-]— [ w]

H

[l (b)

FIGURE 16. Control strategies. [«1 Closed-loop, C = RG/(+GH); (b) Open-koay,
C = RG. H= feedback transfer function, G = feedforward transfer function, R = pefis.
ence, C= controlled variable.
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- minciples have been applied in designing circuitry to generate the thyris-
" mr gating pulses, and some specific examples are described in Chapter 9.

In gzneral terms, the open-loop arrangement can be described in terms of
i Figure 17. The susceptance calculators SC compute the desired compen-
mling susceptance from input signals representing the measured voltages
md currents of the load and the required compensator characteristics.
The desired compensating susceptance may be expressed in a number of
. &fferent ways (Chapter 1). The signal representing it is processed by a
ronduction angle calculator (CAC) to produce a signal representing the
reguired conduction angle according to the equation

T B = R [EJ"}'—B(:, (8)

“where I (o) is given by Equation 5 and Figure 7. In effect, this pair of
algcbralc equations must be solved for a. Equation 5 is nonlinear, and
mme workable method is to construct a circuit with the transfer function

a0y e —— 1
1

: | — ‘
I L T
+ BE = E TGhR

Foied Capacibor L{ggz? , . |

ST

eele

—

FIGERE 17. Open-loop flicker compensator control. TFS = thyristor firing (gating) sys-

"} 1rm, CAC = conduciion angle calculator, SC = susceptance calculator.

e
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Eiwlloe — sin o). When this is put in the control loop ahead of thf
transfer function of the TCR itself (Equation 3), the result is a linear pz
lationship between the desired susceptance signal and the actua compen-

sating susceptance. This isshown in Figure 18 for one phase. K, and fj |
are adjustable gains. It should be pointed out that the explicit generaiian;

of asignal representing the desired value of B; is not performed ‘in all

compensator control systems. This step is bypassed in certain alternasive
approaches, some of which are described in Chapter 9, :

The open-loop control strategy described so far is suitable for joad
compensan on where the desired response of the compensator is expresssi_
entirely in terms of admittances computed from the instantaneous vol gz,
and current of the load. There is no explicit voltage-regulating func;m
in this control strategy.

Closed-Loop Control. The open-loop control strategy just described
cannot be applied at an intermediate point on a transmission network .
mote from loads and sources. In these cases the objective is usually I,

regulate the voltage, and for this a closed-loop control is used. A voltsg: |

error (i.e., the difference between the actual system voltage and a refer-
ence applied to the compensator) is measured and used to cause the i
ceptance of the compensator to increase or decrease until the voltage &

ror is reduced to an acceptable level. Figure 19 shows the operation o} ;-;I

this type of control.

KBy = i B i 1
1 L By rragld — & a| -'_>/ \IP— By

=
=

The ratio of the compensator current to the voltage error determines
=ine-slope of the voltage/current characteristic. The speed of response and
slability are determined by the total loop gain and time constants of the
“fegulating system. The loop gain is proportional to the source (or sys-
~gm} impedance. This means that as the system impedance increases the
Lpmpensator will have a faster response, but will aso be less stable.
“Since the relationship between voltage error and compensator current is
not maturally linear, a linearizing network (similar in principle to the sus-
‘meptance calculator) is required if a straight characteristic is desired. The
#curacy of the regulating scheme will depend on the linearity, stability,
“and accuracy of al the components shown in Figure 19 except the system
mpadince. This means that the impedances of the capacitors, the reac-
-tars, and the transformer must al be known and constant.

The accuracy can be improved by using two control loops (Figure 20).
_An _nner control loop in the form of a current regulator is added to the
mzic voltage regulator. If the gain of this loop is very high then the
Lmrent error is negligible.  This means that the controlled reactive

current will be proportional to the voltage error, independent of the
waluzs of Xy, X¢, and X1, and independent of the gains of the conduc-
- tindangle calculators, the linearizing network, and the gating pulse gen-

- erator. The slope of the control characteristic is determined by the gain

The current error amplifier (K;) may be an integrator so that the

-} zurrent error is essentialy zero.

. Londuc e I5|'|;Iu Liresmar J'!'I-:
Calculaior h Mabweork

1 i

Galig Pulss

i Benealor
L ;

e MR
Linearizing Function TCR Function g Varialik
L Bats ooy nireoa
u Wty W T 1| E
¥ {er=sisr 1 - L System Voliga &
] Feedback 1= S |
- 1 Processor |
L, XF N £ - - 4 '|'
System
= KB, Impedance
FIGURE 18. TCR block diagram. KlBy = signal “represenimg Teguired compensaiing

susceptance (calculated from load voltage and current).

FIGURE 19. Compensator with voltage regulator.
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Re lhan 180°. This extremely rapid response is rarely required in high-

FIGURE 20. Compensator with voltage and current regulator. ' wcliage transmission systems applications, where the stability and accuracy
- of the control system are usually more important. Even so, the response
Combinations of Open-Loop and Closed-Loop Control. The two bk § time of a TCR with fixed capacitor can be as little as 2 cycles of the
types of control are often used in combination (Figure 21). For exampi, f=—=mmwes frequency (or even less) for the largest voltage disturbances. In
in aload compensator (which may have an open-loop control system & | arc-furnace applications fast response is of overriding importance, and the
the form shown in Figure 17) it is often desirable to add a closed-lacp. . astuzz of the response of both the TCR and the TSC types of compensa-
control to maintain some quantity at a prescribed average value. e | e i discussed in detail in Chapter 9.

possibility is to regulate the overall average power factor (of the load plus
compensator). Another possibility is to regulate the net compensation ta
an average of zero MVAr. This strategy means that for a steady loaf |
there would be no compensation, but rapid compensation would beag
plied by the open-loop control for changes in load. The spesd &
response of the closed-loop power factor or reactive power regulsior
would be slow compared to the open-loop control. Typically the opgn::
loop control might respond in around 1 cycle whereas the closed-fuca
control might respond in 1 sec.

Independent Phase Control. It is inherent in the TCR concept that the
ihree phases can be independently controlled. The TCR can therefore be
~ —used Tor phase balancing, as described in Chapter 1. The plain TSC is

ilsn capable of individual phase control, but since only discrete steps of
" 'reacdive power are possible, the accuracy of phase balancing would not be
~quite as good. Shunt capacitors-used with the TCR do not limit the phase
~kalancing ability: on the contrary, they may enhance it, since the com-
_ § pensating network (Chapter 1) may in general require either inductive or
" @paciive admittances in any phase. The unbalanced TCR may generate
~mare harmonics than under balanced conditions, increasing the filtering
requirement.  In particular, triplen harmonics will appear in the line
currents.

4.2.7. Other Performance Characteristics of TCR Compensators

Speed of Response. It is clear from Section 4.2.1 that the conductian I
angle in any phase of the TCR can change by any amount between si;-
cessive half-cycles of the supply frequency, provided that o remains les

~Response to Overvoltage and Undervoltage. Another important charac-
. leristic of al static compensators is their performance under conditions of

mmi
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from the systems point of view in Chapter 3. Referring to the steady
state ¥/1I, characteristic in Figure 8, if the system voltage rises above (i«
point corresponding to the maximum conduction angle, the controls will,
be at their limit, and as far as the fundamental current is concerned it
TCR will behave as a plain linear reactor.
be too high to limit the rise of system voltage under the most extremz

The reactance of the TCR g |

4.1 The Thyrister-Conirelled Reocior and Eelaied Types of Compensober In3

B e lLE

very high or very low voltages. This question has already been discuss:d ¥

Powear r
Lonse

conditions, and it may eventually be necessary to start reducing the can:
duction angle to protect the thyristors from excessive junction tempezt
tures due to the high currents, particularly if these currents are sustai

Some thyristor controllers have temperature transducers and/or Simiuli =~
tion circuits to monitor the junction temperatures (Chapter 5). At higi |
junction temperatures the risk of damage from overvoltage is increased |:
The current-limiting feature of the control is shown in Figure 8. At sl L

higher voltages than those shown in Figure 8, the step-down transforms[
will begin to saturate and its magnetizing current will increase rapidly." &l
the high-voltage bus this will have a beneficial effect in helping to holc,
down the voltage. The same principle applies in the TCT. The saturatia

knee-voltage of the transformer must not be set too low, otherwise gat=f-

lems with ferroresonance can arise. At higher voltage levels still, probes.
tive measures are necessary, involving the operation of circuit brr:m:r
and surge arresters. The provision of an inherently large overload mu.fm

on the normal control range of the TCR is a possibility, but this wouli 'h; :

expensive.

When the system voltage fals below the control range of the comper |

sator, it behaves as a fixed capacitor, the thyristors being “‘phased off." |

If the shunt capacitor is absent or aready switched off, the TCR iy itself |
has no effect. There are circumstances in which the voltage can ri:I:l:I'r'g.'.'ﬂ:r_
after fault clearing to an initially excessive value, and in such cazes the

TCR will be of benefit in limiting the overvoltage; indeed it may-havs
been installed partly for that purpose. Subsequently the entire leading
and lagging capability of the compensator may be used in damping pawer
swings (Chapter 3), and the TCR controls may incorporate specia ree._
back signals to enhance this effect.

Power Losses. The power losses in a compensator are an importani

S
-
2
]
;r“\
LY

b —j i JTC

Compensator Reactive Power
FIGIRE 22. Power loss characteristic for TCR compensator with fixed shunt capacitorl

and conduction, switching, and other losses in the thyristor controller.
(Transformer and auxiliary losses are not included in Figure 22.) The
kaszs Increase with decreasing leading reactive power and with increasing
‘lagging reactive power. The opposite trend is obtained in the hybrid com-
mensztor where the capacitors are switched in groups and the TCR is
smaller. The loss characteristic for this type of compensator is of the
= fozm shown in Figure 23. This example is for thyristor-switched capaci-
fors. With mechanically switched capacitors the characteristic has the
-szme general form but the losses in the leading (capacitive) regime are
‘—:_:u:h fower,

consideration. Because of the high cost of energy, the capitalized valug.

of the losses can be comparable to the capital cost of the compensator. In- E

a TCR compensator with a fixed shunt capacitor the losses increase-wilk
conduction in the TCR as shown in Figure 22 as a percentage of the caps-

citive reactive power rating. They include resistive losses in the reaetar, ¥

Power N
= Losses | [1%
v Tota
3
5. ________
t -"'df -
g |
Thyristor Switched keggZ - -4 777777 [ i
Capacitors ._.a"‘ Csf-' ‘IQﬁma
ar Smitched et 4" Capacitor
mcilar . ‘1 1
1t o

Compensator Reactive Power

FIGURE 23. Power loss characteristic for TSC/TCR hybrid compensator.
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4.3, THE THYRISTOR-SWITCHED CAPACITOR*
4.3.1. Principles of Operation

The principle of the thyristor-switched capacitor (TSC) is shown in Fig=
ures 24 and 25. The susceptance is adjusted by controlling the number ol
parallel capacitors in conduction. Each capacitor dways conducis far
integral number of half-cycles. With k capacitors in parald. zach con-

trolled by a switch as in Figure 25, the total susceptance can be equal & §-

that of any combination of the k individual susceptances taken 0,1,2,...
or k a atime. The total susceptance thus varies in a stepwise manner.
In principle the steps can be made as small and as numerous as desied;.
by having a sufficient number of individually switched capacitors. Fara-
given number k the maximum number of steps will be obtained when i

two combinations are equal, which requires at least that al the individul

susceptances be different. This degree of flexibility is not usually soughi
in power-system compensators because of the consequent complexity &l
the controls, and because it is generally more economic to make muost of
the susceptances equal. One compromise is the so-called binary systemia.

which there are k—1 equal susceptances B and one susceptance B/2. Thi f

hal f-susceptance increases the number of combinations from k to 2k.
The relation between the compensator current and the number o

capacitors conducting is shown in Figure 26 (for constant terminal valt: |

age). Ignoring switching transients, the current is sinusoidal, that is, i
contains no harmonics.

4.3.2. Switching Transients and
the Concept of Transient-Free Switching

When the current in an individual capacitor reaches a natural zero-
crossing, the thyristors can be left ungated and no further current it -

flow. The reactive power supplied to the power system ceases abruply

The capacitor, however, is left with a trapped charge (Figure 2Tal -
Because of this charge, the voltage across the thyristors subsequerti |

alternates between zero and twice the peak phase voltage. The only
instant when the thyristors can be gated again without transients is when
the voltage across them is zero (Figure 274). This coincides with pr.-,al-:
phase voltage.

"

* WIFIETal o e eeclicen i§ rereineEl By KEnd pErmiEsion of (e Tnscionen of Elecoricl

Enginsars. (&= Millar, T E and Chadwick, F., "An Analsn of Swilchang Traneenes i
Thyristor-Swilched-Capacilar Compenialed Seetena,” 1EE Codiference Publicatinmn Mo, M4, § -

CFlrissir— el Varabde Ssaic Roaipmesdlar &C and O Transmession,™ Londag,
November/December 1981.) =

=

=
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- FIGURE 25. Principle of operation of TSC.
e F Each phase of Figure 24 comprises a parallel
combination of switched capacitors of this

type.

205

i 3 FEGURE 24. AIternaIlve arrangements of three-phase thyristor-switched capacitor.
"I (gl Delta-connected secondary. delta-connected TSC, (5} Wye-connected secondary, wye-
' comnected TSC (4-wire system).
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i

current |

s _ﬁ—':; :" —:'.- ,I._ FIGURE 26. Relationship befween cornenl)
and number of cagaioss conducling in the
No. of CapacitorsConducting TSC.

g =

ER

‘| tamee-with a portion across the thyristor switch.
o With these restrictions, that is, dv/d¢ = 0 and Fg==*=9v a t = 0, we

)

FIGURE 27. Ideal. transient-free switching waveforms. [@l&winclig on. (515w chmg ol'I"_:.F

jgrr_'..

4.3. The Thyristor-Switched Capacitor W7

T :
FIGURE 28. Circuit for analysis ol tran-
sient-free switching.
dv -
i wo¥ cos f{mpi+al = 0. (9

Fating at any other instant would require the current /=Cdv/dr to have a
discontinuous step change at t=0+. Such a step isimpossible in practice
—hezause of inductance, which is considered in the next section. To per-
_.mit analysis of Figure 28, the gating must occur at a voltage peak. and
with this restriction the current is given by

= f% = Vgl oos (wgrital, (10)

where ¢ = £w/2. Now woC = B, is the fundamental-frequency suscep-
of mance of the capacitor, and X =1/B. its reactance, so that with

a=twfl
i = = 9B, sinwgt = +ig sinwgl, (11l
where i, is the peak value of the ac, i,. = 7B, = PIX,.
In the absence of other circuit elements, we must also specify that the

“rapacitor be precharged to the voltage Vo = = ¥, that is, it must hold the
“prior charge += 3/ C. Thisis because any prior dc voltage on the capacitor

£ annot be accounted for in the simple circuit of Figure 28. In practice

{his-voltage would appear distributed across series inductance and resis-

4= lsve the ideal case of transient-free switching, asillustrated in Figure 27.

This concept is the basis for switching control in the TSC. In principle,

Ideal Transient-Free Switching. The simple case of a switched capatk: Ei'ﬁ_ r ¢ : :
a4 lem peak voltage, it is possible to switch any or al of the capacitors on or
- off for any integral number of half-cycles without transients.

tor, with no other circuit elements than the voltage supply, is used first
describe the important concept of transient-free switching. Figure2i
shows the circuit. :
With sinusoidal ac supply voltage v = ¥ sin {wyr+al, the thyrisirs
can be gated into conduction only at a peak value of voltage, that is, Whes |

ante each capacitor is charged to either the positive or the negative sys-

Bwitching Transientsin the General Case. Under practical conditions,
il is necessary to consider inductance and resistance. First consider the

i
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addition of series inductance in Figure 28. In any practical TSC cirestits—=
there must aways be at least enough series inductance to keep di/di.

within the capability of the thyristors. In some circuits there may b=

more than this minimum inductance. In the following, resistance will b¢ |
neglected because it is generaly small and its omission makes 1%

significant difference to the calculation of the first few peaks of voltage
and current.

The presence of inductance and capacitance together makes the tra-

sients oscillatory. The'natural frequency of the transients will be s 4=

to be a key factor in the magnitudes of the voltages and currents afler
switching, yet it is not entirely under the designer's control because "-'-"_'3
total series inductance includes the supply-system inductance which, i

known at al, may be known only approximately. It also includes the in- |

ductance of the step-down transformer (if used), which is subject to other
constraints and cannot be chosen freely.

It may not always be possible to connect the capacitor at a crest valu?
of the supply voltage.
supply-voltage cycle can be detected and used to initiate the gating of thz
thyristors, and what will be the resulting transients.

The circuit is that of Figure 29. The voltage equation in terms of the =

Laplace transform is

Vc()
Bk

I(s) +

|
Vis) = {LS'I' =

The supply voltage is given by v = ¥ sin (wg ¢ + a). Time is meaﬁumd;.:':-
from the first instant when a thyristor is gated, corresponding to the 28gie —§=

a on the voltage wave. By straightforward transform manipulation and
inverse transformation we get the instantaneous current:

2
- 1 a" . :
i(1) = iy coslagl + o) — U8, | Vo — ~——'1_ Vsinal Sinawgyt
n—1

— iz COS @ COS wy! ,

where w, is the natural frequency of the circuit,

wy,= 1/VLC = nwy,
and :
n =XKL, (15

n is the per-unit natural frequency.

It is necessary to ask what other events in ths._

1L
{11

(14} .
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r.ll..

,l —_

FIGURE 29. Circuit for analysis of practical
capacitor switching.

The current has a fundamental-frequency component ;,. which leads
the supply voltage by =/2 radians. Its amplitude i, is given by

(16)

and iz naturally proportional 1o the fundamental-frequency susceptance of
the capacitance and inductance in series, that is, 8.n% (n*~1). The term
4 (n*-1) is a magnification factor which accounts for the partia series-

= tuning of the L-C circuit. If there is appreciable inductance, » can be as

fow as 1.3, or even lower, and the magnification factor can reach 1.2 og

7 higher. If is plotied in Figure 30.

-—The last two terms on the right-hand side of Equation 13 represent the

prSAES (RSP0 SRS G S ERBb Y SRS il
ers the behavior of the oscillatory components under important practical
conditions.

fiz) Necessary Conditionsfor Transient-Free Switching. For transient-
free switching, the oscillatory components of current in Equation 13 must

1.8 I

1 -|| [k
Vi o Y :

FIGURE 30. Voltagze and current

. i ————
increasing L, C magnification factor %/ [a*=1k.
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He zero. This cam happen only when the following two conditions are i
multaneously satisfied:

(A) cosa =0 (i.e.,,sina==1)

nt
ni=1

(B) Vo= =19 - =X 0. (18]

The first of these means that the thyristors must be gated at a positive af ]

negative crest of the supply voltage sinewave. The second means that the
capacitors must also be precharged to the voltage % {n?-1) with the

same polarity, The presence of inductance means that for transient-free "

switching the capacitor must be '"overcharged'* beyond % by the
magnification factor n% (n?>—1). With low values of », this factor can be
appreciable (see Figure 30).

Of the two conditions necessary for transient-free switching, the "

FTE

precharging condition B is strictly outside the control of the gating-cont it

circuits because ¥, n, and v can al vary during the period of noncor-

duction before the thyristors are gated. The capacitor will be slowly

discharging, reducing ¥.; while the supply system voltage and effecti®s—:

inductance may change in an unknown way, changing #. In generil,
therefore, it will be impossible to guarantee perfect transient-free recan-
nection.

In practice the control strategy should cause the thyristors to be gat od -
in such a way as to keep the oscillatory transients within acceptable limils:
Of the two conditions A and B, A can in principle aways be satisfil.
Condition B can be approximately satisfied under normal conditions. Faf—
a range of system voltages near 1 pu, condition B will be nearly satisfitd
if the capacitor does not discharge (during a nonconductmg period) to o

low a voltage; or if it is kept precharged or ""topped up' to a voltags
near = % (n’-1).

(b) Switching Transients Under Nonideal Conditions. There are some
circumstances in which conditions A and B are far from being satisfied.

One is when the capacitor is completely discharged, as for example when

the compensator has been switched off for awhile. Then V= 0. Thefe

is then no point on the voltage wave when both conditions A and B are -

simultaneously satisfied.

In the most general case V. can have any value, depending on the
conditions under which conduction last ceased and the time since it did
so. The question then ariccs, how does the amplitude of the oscillat@®¥
component depend on ¥,? How can the gating instants be chosen-i
minimize the oscillatory component?

Two practical choices of gating angle are (a) at the instant when ™=
V., giving sina = ¥,/¥: and (b) when dvidt = 0, giving cosa = .

=

e

E

:':'.-Eﬂtching a Discharged Capacitor.
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~Thefirst of these may never occur if the capacitor is overcharged beyond
__4i. The amplitude i, of the oscillatory component of current can be
~détermined from Equation 13 for the two alternative gatmg angles.
Figures 31 and 32 the resulting value of I, relative to i, is shown as a
- funttion of Vo and . for each of the two gating angles.

=~ From these two figures it is apparent that if ¥, is exactly equai to ¥,
“fw-oscillatory component of current is non-zero and has the same ampli-
tude for both gating angles, whatever the value of the natural frequency
x. For any value of V less than v, gating with v = ¥, always gives the
._smaller oscillatory component whatever the value of n. [
= The conditions for transient-free switching appear in Figure 32 in

termz Of the precharge voltage required for two particular natural fre-

quensies corresponding to » = 2.3 and n = 3.6.

In

In this case V4= 0. The two gat-

ing angles discussed were (a) when v= V=0 and (b) when dvldt =
1 feas a = 0).
sulisfied. From Equation 13 it can be seen that in the second case (gating H
when dv/ds = 0) the oscillatory component of current is greater than in |
the first case (gating when v = Vo= 0). An example is shown in Fig- '
*—ares 33 and 34. The reactances are chosen such that ;,, = 1 pu and the

ol malural frequency is given by n= X./(X,+ X) =

In the former case only condition B (Equation 18) is |

3.6 pu. In case (a), i

the amplitude of the oscillatory component of current is exactly equal to I

e In case (b)), the oscillatory component has the amplitude #i,. and -

- much higher current peaks are experienced. The capacitor experiences
higher voltage peaks and the supply voltage distortion is greater.

4.3.3.

Voltage/Current Characteristics

~ In a TSC for transmission system application the cost of the thyristor
switches and other complications make it desirable to minimize the

; FIGLURE 31.
- ‘F_ﬂ-
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“LI™ Gating impossible when -.-._,_.1.-':"
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Amplitude of oscillatory current component.

Thyristors gated when
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FIGURE 32. Amplitude of oscillatory current component. Thyristors gated whET

gl = 0, ducting. With two capacitors conducting, operation would be at point A.

« Im order to obtain a smoother voltage/current characteristic it is usual
~ tr-have a paralel-connected TCR which "interpolates’ between the

—wamacitor characteristics. If the TCR characteristic has a small positive
~_slape, the resultant characteristic is shown by the heavy-line segments in
= Figure 35. This construction shows that the TCR current rating must be

~alittle larger than that of one capacitor bank at rated voltage, otherwise
- deedpands arise as shown by the shading in Figure 35. The increase in
—§ TCE rating enables the heavy segments to be extended to the left

~=1lrough the deadband.

~ | With fixed TCR controls (i.e., fixed knee voltage and slope) the
- wuliage/current characteristic of this hybrid TSC/TCR is still stepped, giv-
ifng-rise to the possibility of bistable operation. It is therefore necessary
“Ia-mifust the TCR knee voltage and slope by a small amount every time a
eapacitor s switched in or out. This can in principle be done either by
. cpea-lopp or closed-loop (current feedback) modification of the control
~=ystem giving a continuous VI characteristic as in Figure 14. A further
l'u.‘.'mphistication in the control system is to incorporate a hysteresis effect so
—thet the capacitors are switched in at a lower voltage than that at which
- Lhey are switched out. This helps to prevent a "hunting' instability

Source Transformer o,
Xg=0.04 Xr=0.08 3

L T

FIGURE 33. Switching a discharged capath: “f—
tor; circuit diagram. =k

number of parallel capacitor units. A figure of 3 or 4 is typical of exisiing
or presently planned installations. With so few capacitors a smo':'Fh.
voltage/current characteristic is unobtainable, and a stepped charactenh'hf
isobtained (Figure 35). The capacitor characteristics 1, 2, and 3 mterse..'.‘"’.
the system voltage/current Characteristic at discrete points, and operation
can be at any of these points depending on the number of capacitors ¢a0-
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System Load Line

Voltage
":r'lsu + TCR7/

7--TCR only

=i

ST
T o

FIGURE 34.

gooidinace

Effect of para eling 8§ TSC apel TCE belore comipg] spsleme are propedp

which can anse if the sysltem characteristic inlersecis the compensator
characteristic near the junction of two segments,

44. SATURATED-REACTOR COMPENSATORS

A variety of saturating-iron devices have been used for voltage Stablllld-'-._ .

tion. At least four basic principles have been applied, but only one has.
been developed for transmission-system applications, the remainder far-_
ing been employed only in smaller sizes and at lower voltages. This ia thz
so-called polyphase, harmonic-compensated, self-saturating reactor. Ti-s
closely related to, and was developed from, the phase-multiplying type f
frequency multiplier, of which many different versions were developei
both in the United States and in Europe since about 1912.

Other classes of saturated-reactor voltage stabilizer include the fer
roresonant constant-voltage transformer, the transductor, and the tagped-—{—

reactor/saturated-reactor compensator. The ferroresonant constant-
voltage transformer is manufactured in the United States only in k¥#

sizes. The transductor has dc control windings and works as an adjustabis
Its speed of response compares unfavorably with other types |
The tapped-reactor/saturated-reactor compensator iz »
essentially single-phase, and has a series as well as a shunt element. Itis

susceptance.
of compensator.

therefore suitable only for load compensation (e.g., small arc furnaczsl,

and cannot be connected to a power-system busbar for voltage stabiliza:
tion.

44.1. Principles of Operation

The principle of the saturated reactor is shown in Figure 36. (It &

interesting to compare this with Figure 5 for the TCR). The controlling [
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FIGURE 36. Principle of elementary saturated reactor. (a) Elements of saturated reac-
tor. (&) Flux, current, and voltage waveforms. (c) Variation of fundamental voltage with
gifrent (assumed sinusoidal).

glemenl is the saturable magnetic core, whose idealized magnetization
characterigtic is shown in terms of flux and current (Figure 365).

~hzsume that a sinusoidal current flows in the winding. Then the flux and
~oltage waveforms (v = Ndd/di) are as shown in Figure 36b. The flux

——waveform is approximately square, the flux alternating between the satu-
TEiion levels +¢..

The voltage is amost a series of impulses, but
gcause the flux waveform is nearly independent of the current the fun-

darmenta component of the voltage is constant. In practice the magneti-
aaiien characteristic is not perfectly flat, but is nearly linear above ¢, with

- slope proportional to the permeability of free space. The result isa fun-

damental voltage/current characteristic of the form shown in Figure 36¢,
®ith 3 small positive slope. The constant fundamental voltaq1 propert
fallows directly from the saturation transitions of the core, each of whicl
induces a fixed voltage impulse (volt-seconds) in the winding, no matter
ko rapidly the transitions take place. The fundamental voltage lags 90°
hehind the current and reactive power is absorbed.

The plain saturated reactor just described is unsuitable for use in

“ransmission systems because the voltage, or the current, or both, are too

distorted. In transmission-system compensators the harmonics are re-
duced to an extremely low level by internal compensation. The tech-

e il ——
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niques are in principle the same as used in phase-multiplying transform- -
ers or magnetic frequency multipliers, and a simple explanation is gi¥en

in terms of Figure 37, which shows a three-phase saturated reactor ha¥iti: =

an additional winding in the form of a closed delta. In the absence of the
secondary winding, the primary currents are highly nonsinusoidal. How-

ever, if the secondary winding is closed, by three-phase symmetry it wilk..
be found that most of the necessary triplen harmonic components of ‘#he==
magnetomotive forces in each limb can be provided by the secondary _

current. The primary current is free of these harmonics. The secondiry
currents are predominantly third-harmonic, and the circuit is thus an k- -

mentary frequency-tripler, which shows the generic relationship betwesn -

this type of voltage stabilizer and the magnetic frequency multiplier. I~
frequency multipliers the high-frequency power is transferred to a load =
ther by direct series insertion in the secondary circuit, or by transformar,
coupling.) '

The primary currents, under balanced conditions, contain no harman-—
ics lower than 5th and 7th. It was found in the 1930s that by ins=srting 4|

reactor of suitable value in the secondary circuit, even these harmonizz
could be reduced. This phenomenon of partial harmonic compensati@n
has been exploited particularly by Friedlander.

The harmonic performance and the voltage/current characteristics of

the plain frequency tripler are not good enough for application in powsr |

systems, and much better characteristics are obtained with frequency mul-
tipliers of up to nine times, such as for example the treble-tripler reactar,
This shares with the plain tripler the open-mesh secondary windfiig =
which carries predominantly 9th harmonic, but in order to generate this
from a balanced three-phase system a phase-multiplying arrangement i *
necessary, as shown in Figure 38. There are nine limbs in the magnsiic
core, and in common with other magnetic frequency multipliers only-umz-—
is unsaturated at a time. Each limb saturates aternately in both direc-
tions, giving a total of 18 unsaturations per cycle. In the terminolagy ol
the TCR, this corresponds to 18-pulse operation and helps to explain thz
high speed of response of the reactor by itself. The lowest-order charsc-
teristic harmonics of the treble-tripler reactor are the 17th and 19th, tul

‘:I' L] Suiyrasie
| - oNagnata Coen

j ] Frimary Winding

i H =&} Secondery Winding
?'_\r:' W |

i ]

FIGURE 37. Elementary frequency trg-
ler having approximately constant voltr#s
characteristic.
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Phase Terminals

Balurptis Majnelic
]

FIGURE 38. Polyphase treble-tripler reactor. Arrangement of magnetic care Gl wind=
nEs (part of the winding is omitted for simplicity).

by appropriate design of an inductive load in the 9th harmonic mesh ¢j;-
cisit; these can be reduced to around 2% by partial harmonic compensa-

~tiow.- Plain shunt capacitors can normally be used to absorb these residual
barmonics.

442. Voltage/Current Characteristics

Thy vo,ltaE_eIcurrent characteristic of the saturated reactor by itself is
ghown in Figure 39. There is a slope of between 5 and 15% “(based on

™ yeactor rating), which depends on the reactor design and in particular
n-the after-saturation inductance of the windings. lower slope reac-

ol lmgn

—

FIGURE 39. Voltage/current  charssiessin

o T —— — ~
for polyphase saturated reactor.

Cursani
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tance requires a more expensive and larger reactor design. The charac:

teristic is very linear above about 10% of rated current. i
A lower slope reactance is sometimes obtained by connecting a capi&i——
tor in series with the saturated reactor. This slope-correcting capaciior
can be sized to make the slope zero or even negative, but typica slopes. =
are the same as would be specified for a TCR. The effect of the slops-
correcting capacitor is shown in Figure 40.
Just as in the TCR compensator, the volt
be biased into the leading power-factor region :
tors. These may be designed as filters if the system resonances require ' -
although this is usually not necessary for the characteristic harmonics #t—
the reactor. :.
A step-down transformer is normally used for EHV connectiof. -
because it is uneconomic or impractical to design the reactor for direct
connection above about 132 kV. The transformer may have a load taii.
changer that can effectively alter the knee-point voltage of the compens:
tor on the high voltage side. It is possible to insert capacitors in serit#
with the transformer as well as the reactor, to obtain flat stabilization @f
both the EHV and the compensator busbars. In other respects the step-
down transformer would be similar to the one used with the TCR co™
pensator. A general arrangement is shown in Figure 4. :

e-stabilized operation &4

The slope-correcting capacitors can make the saturated reactor comp#f=" £ with respect to specific operating criteria. For example, it is meaningless

sator susceptible to subharmonic instability especially on weak systems,

and it is normal practice to have a harmonic damping filter in parallel with |~
the capacitors. This filter as well as the capacitors must have a vo'lSe |

rating compatible with any transients which might occur during energi#: -

tion or other system disturbances, and their overload capability limits th—

otherwise substantial overload capability of the saturated-reactor comp®is -
sator, unless the capacitor is bypassed by a spark gap or some oth#l
device. The slope-correcting capacitor aso slows the response of the
compensator.

B

With Shunt and
slope-Correcting
Capecifan

Voitage

means of shunt capaci-_ |

Amacior Cnly
\"-.\. f‘#i_
L )
ith Slope-Correcting
Capaciiors

Je

o

Current

FIGURE 40. Voltage/current characteristics for saturated reactor compensator with seri®
(slope-correcting) and shunt capacitors.

1

4,5, Summary ALl

Energization is by direct closure of the compensator circuit breaker,

-—lihugh the shunt capacitors need not be energized simultaneously.

Losses are comparable to those of similarly rated transformers, and their
variation with current is not unlike that of the TCR. Noise levels can he

guite high near the reactor because of high-frequency magnetostrictive
farces, and a brick enclosure is sometimes used. Reiability is comparable

. with that of similarly rated transformers.

45. SUMMARY

Teble 3 summarizes the comparative merits of the main types of compen-

womtor. Note that some specidized types are omitted. For example, the

thyristor-controlled transformer has many properties in common with the
thyristor-controlled reactor. The dc controlled transductor is probably not
compeliiive because of its dow response. Breaker-switched capacitors are
alao omitted. They are less flexible than the TSC, although they have
been more widely used and they certainly have lower losses.

The comparisons in Table 3 are not hard and fast, because each type of
tompensator can be designed with a wide range of properties. There is
therefore no general way of deciding that one type is better than another.
amparisons can be realistically made only in specific circumstances and

i say that the TSC has lower losses than the TCR, unless the reactive
pawer is specified at which the losses are evaluated. This reactive power
should be representative of the average operating point of the compensa
tof throughout its lifetime.

Again, it is often pointed out that the synchronous condenser has a

~ slow speed of response. But the speed of response can be increased by

icreasing the exciter celling voltage: this has actually been done on
mme synchronous condensers to the point where they have sufficient

F 3peed of response to perform comparably with static compensators. Other

criteria, such as cost and reliability, then determine which type of com-

““pznsator should be used.

Faor the ultimate flexibility of control, with present-day technology, the
TCHE compensator is the best type. The TSC, which may be combined
with the TCR, generally results in a loss characteristic which is lower in
ihe lagging regime, and may enhance the control flexibility. The TCR
rampensator can also be designed to have some useful overvoltage-

- limiling capability which is not available in the plain TSC.

For an absolute minimum of maintenance the saturated reactor com-
peznsator has advantages, but it has amost no control flexibility and it
mey require appreciable expenditure on damping circuits to avoid any

i&sibility of subharmonic instability. It does have overload g:apabilit¥
which s ‘useful in limiting overvoltages, although the full exploitation o



TABLE 3

Comparison of Basic Types of Compensator

Quality

Synchronous Condenser

TCR (with shunt
capacitors where necessary)

TSC (with TCR
where necessary)

Polyphase
Saturated Reactor

Construction

Rotating machine

Thyristor equipment
with static reactors
and capacitors

Thyristor equipment
with static capacitors

Transformer type with
shunt capacitors

transients

transients

Reactive Power  Leading/Lagging Lagging/Leading Leading/Lagging L.agg.ing/ Leading
Capability (indirect) (indirect) (indirect)
Control Continuous Continuous Discontinuous Continuous
(continuous with
. vernier TCR)
. Response Time  Slow Fast, but system- Fast, but system- Fast, but system.,
dependent dependent dependent and
slowed by slope-
correction capacitors
Harmonics Very good Filters may be Good, but filters Good, up to 17th
necessary depending may be necessary and 19th
on system conditions with TCR
-."'—l'.ﬂ-.rf. - - — - - — — — —
I Losses Moderite Lrnnd, nar ierease - o - Good, but increase Good. but increase
with lagging current with leading current  with lagging current
FIeX|b|I|ty Good within Excellent Good; excellent Poor
(=program- limitations of’ if TCR is added
mability response speed
of control)
Phase-balancing  Limited Good Limited Limited
Ability
Overvoltage Good Moderate None (or very Good, within
Limitation limited with limitations of
vernier TCR) slope-correction
capacitors
| Rotating Inertia  Yes No No No
| Accuracy of Good Excellent Good; excellent Good
Compensation if TCR is added
Direct EHV No Reactor — No No Saturated reactor — no
Connection Capacitors — Yes Capacitors — yes
Starting Slow Fast, with minimal Fast, with some Fast, with some

transients
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fhis capability may involve bypassing the series slope-correctin® ##a&iot -
with a spark gap, or other device.

The synchronous condenser aso has a useful overload ¢apability and
giad harmonic performance. In addition, because of its inertia, it iuiE.—ﬂ
measure of waveform stability which is useful in some applications.

Chapter. 5

DESIGN OF
THYRISTOR CONTROLLERS
4.6. PUTURE DEVELOPMENTS AND REQUIREMENTS

R. L. ROFINI
Although the demand for electric power in the United States is in“ #2318,
only slowly, (he trends in worldwide generation and transmission SUERES
thit reactive power compensation will become increasingly “'I"Flﬁ”“ :
This follows from a wide commitment to ac transmission, TogEther Wil sy
economic factors which necessitate the maximum utilization of geﬂéﬂlﬂln
and transmission facilities. In addition, there is no evidence thl |3'EEJ
irregular loads like arc furnaces will become |ess common. |
As far a3 bulk transmission is concerned, the continued developmenl_}
of remote hydro resources worldwide should continue 1@ Fmﬂ'ﬂt.#
demand for EHV compensators. Among the competitive issites in
field are power losses and harmonics, and innovations that impro¥® ""“l
formance in these areas are greatly to be desired. Overvoltlza? e perlor:
mance is another area where improvements are desirable. Most stalic

compensators, including the polyphase saturated reactor, are [Iﬁll'fﬂ_'ﬂ in ‘The disBiplings ysed in applying thyristors to reactive power control are
their ability to hold down the system voltage under emergency comiditi = " = reisled 1o those used in thyristor valves for high-voltage dc transmission.

Developments in HVYDC transmission also generate reactive power 'I'"- ~{In the HVDC field, thyristor valves have completely replaced mercury-
trol requirements which compensators can help to fulfill. ! ~are valves in new installations.)

51. THYRISTORS

“The ﬁppﬁmﬂﬂﬂ of solid-state technology to resctive power conirol (com-
-pensation) was made possible by the increase in the vollage and current
i mstings of thyristors as shown in Table 1.

5.2. THE THYRISTOR AS A SWITCH; RATINGS

i Il'is not the intent of this text to provide an in-depth description of ffie
.rrlstr:-r Such in-depth descriptions are readily available from applicas
" lion notes and descriptive manuals isswed by the thyristor manufacturers.
" This section s written 1o enable the reader who lacks previous knowledge

- of the thyrisker to understand its application in the thyristor controller.

-} Aswould be expected, the most important component in the thyristor

l:IJr'LLTD]l-EE is the thyristor itself. The thyrisior, when introduced in the
7 e 19308, was known as a “silicon-controlled rectifier”™ (SCR). The
e __'dm‘ll:“ Correct name, as later determined by industrial committees, is

A Vreverse- hlockmg triode thyristor.”" But the name in common usage is

£ lyristor,

: _5 i The thytistor is a three-lerminal semiconducior devics Symhbolically.
ooy s as shown in Figure 1. It comprises four tnyers of alternately p- and
¢ n-doped semiconducting silicon, having three p-n junctions.'" Function-
ally, the thyristor is & upidirectional switch. In general it will conduct
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- Design of Thyristor Controllers 5.2.  The Thyristor as a Switch; Ratings o5
TABLE 1 FORWAZD
. . . LUHEENT
Progress in Thyristor Ratings __P__._--"' HIGH CONDUCTION REGION
REVERSE BLOCKIKIG
Wafer Peak Repetitive Average REELOK Frem—— o OPERATION ("on” STATE
Diameter ~ Voltage Rating  Current Rating ¥ NORMAL (on™ STATE)
Y ear? (mm) V) LAl BAKIMA ASVERSE ;
WOLTAGE  ——o 1|| _
1958 14 200 80 N b —
1960 24 o REVERSE T — e —
VOLTAGE
1963 28 1488 458 i 5 - L1 II". eryAge
1963 28 1800 225 LI o IEEEHJ.EIE-H II'.
1965 33 1800 550 BT earon o HaHE—] FEATE] \  OFF-STATE
1969 40 1800 750 e l \ BREAKOVER
LA i VOLTAGE
1969 40 2600 600 l".
1973 53 2600 1000 \ ANGRIMARTHE)
1975 53 2900 1000 |
1977 77 3800 1600 BEVRAAE " BFECRNMIE
1980 77 4500 1350 FURRER REGION
1985" 100 6000 - ] FIGURE 2. Thyristor characteristics without applied gate voltage.
i N . - .
- f  The reverse voltage blocking capability will be at least I
" Year of availability f ial application. '@ c . st equal for fhe
st éthb?égic’drg;nggg“ngp preation “ 1" minlmum forward breakover voltage. The thyristor has a voltage rating
Introduction of neutron-irradiated slicon. =T tlfﬂl corresponds @ the pesk off-state blocking voltage — a voltage mag-
Estimated. ~f ‘mtude at which the thyristor will not go into conduction unless gated.
I‘lu: blocking voltage capability is related to gate circuit conditions, junc-
current (@ closed-switch function) only when baih fhe anode and the gate | on temperature, and rate of change of appllﬁc!yoltage- These relation-
are made positive with respect to the cathode. Once ihe thyristor isin _f “ships are discussed in detail in the literature.™* If voltage i applied o

conduciion, fhe gate has no further control — the thyristor “-'i!i “ﬂ,,
conduction only when the current flowing through the external circuil #-
reduced to zero. 25T

AWIDE

GATE I

FIGURE 1. Thyristor circuit symbol.

CATHIDE
Figure 2 shows g voltage-current characteristics of & thygistor when :__
ihe gate—cathode voltage is zero. The figure shows Ewin regions thz:*
voliagercurrent characteristics that are not within the normal operaling
range. Ome region is that of the reverse avalanche erea where the
u'ﬁllagcfcurrcnl product (watts dissipation in fhe thyristor) becomes -
cessive, The other area is the off-state breakover voltage arza where ”"-;
thyristor wemt info the "closed switch™ function without the fupply of
gate current. Dpetation i elther of these two regions can cause degrada: g

tion or failure. E
1

-}? iae. gate while the thyristor isin the off-state (i.e., forward-biased) block-
— I8t region, the thyristor state will change from the off-state blocking

region 0 the high-conduction region. The applied gate voltage causes the

“ihyristor fo change function from an open switch to a closed switch, In

iypical applications, the voltages applied to the thyristor are well below ifs

ml-stakz and reverse voltage ratings.

Thyristor manufacturers issue detailed specification sheets for their

|- commiercially available thyristors. In specia circumstances a mannTac-

lurer may provide @ “‘custom’ thyristor that is particularly suited for a

lkyristor controller application.

Az the ratings of thyristors have increased over the years, it has be-

s reome common i find a thyristor described not only by its voltage rating,

bl alsg by a dimensional parameter that is an indication of the size of
i _|::u:. silicon wafer. There is no uniform definition of this dimensional pa-
* mfmgter, but typical parameters used by manufacturers are (1) the diame-

ter of the silicon wafer, (2) the diameter of the thyristor package, and
(3} the conducti ng area of the silicon wafer. The dimensions af the wafer

bl 1.

= gdeiermine its current rating, and a typica relationship is shown in Ta
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Figure 3 is an outline of a typical thyristor used in thyristor controllers.

The two surfaces defined as **mounting surfaces' are placed against a |

surface capable of being cooled. The heat-dissipating element within the
ceramic housing is the silicon wafer. Each side of the silicon wafer dissi-
pates heat through metal slugs to the mounting surfaces.

OIBMETER

(50-125 mni

.-.____.- l.||;|_|'|||__'\-||§ SIRFACE
- LA THODE!

L ATE LEAD (COMMON TO
s CATHODE )

GATE LERL

\ ™ CERAM C HOUSI NG

- MOUNTI NG_SURFACE
( ANODE)

FIGURE 3. Typica thyristor outline.

5.3. THERMAL CONSIDERATIONS

The thyristor specifications describe the electrical characteristics at certain
junction temperatures. The word junction refers to a theoretical boundary
layer within the silicon wafer, and the expression jurnction temperature is
commonly used to describe the ""hot spot' temperature of the layer
within the silicon wafer.

Figure 4 represents a simple equivalent thermal circuit that allows cal-
culation of the junction temperature. The watts magnitude is the total
rate of heat generation within the thyristor. The product of watts and the
thermal resistances expressed in °C/watt results in a temperature
difference. Given the thermal resistances from the junction to the case of
the thyristor, the thermal resistance from the case to the heat sink. the

5.3. Thermal Considerations 227

TEMPERATURES :

JUNCTI ON QASE HEAT Sua Z0GLI NG MEDI UM

— J—'—-'._r—w—L::—T

HATTE r H" \L "J/ I

RESI STANCES l
[T e

FIGURE 4. Thyristor thermal circuit—steady-state conditions.

thermal resistance from the heat sink (or heat dissipator) to the cooling
medium, and the cooling-medium temperature, it is possible to calculate
the junction temperature for any operating condition.

The equivalent thermal circuit of Figure 4 is for a steady-state condi-
tion. The combination of the thyristor and its heat sink does have a heat
storage capacity; in other words, the combination has a thermal time con-
stant that allows overload currents for brief periods of time. Typica ther-
ma time constants for air-cooled thyristors are of the order of 3 min.
For a fluid-cooled thyristor, the thermal time constant is generaly less.
The thermal time constant, of course, is influenced by the heat sink mass.
This thermal time constant allows the thyristor controller designer to pro-
vide for overloads lasting for milliseconds or even seconds (especialy
with an air-cooled thyristor heat sink), The designer will consider the
operating condition (current flow through the thyristor controller) to
determine the wattage dissipation in the thyristor controller. The cooling
system will determine the thermal resistance from the heat sink to the
cooling medium. By a proper selection of the cooling system parameters,
the junction temperature can be kept within predefined limits during nor-
mal and abnormal operation.

The operating junction temperature must be less than the maximum
specified by the thyristor manufacturer. As the junction temperature
increases, the thyristor's capability to withstand voltage during its noncon-
ducting state decreases. This is just one example of a degradation of per-
formance due to an increased junction temperature. Also, an increased
junction temperature causes an increase in the thermal stress within the
thyristor assembly, owing to differences in thermal expansion of the
materials in it. The designer must choose a low enough junction tem-
perature to ensure reliable operation. Typical maximum operating junc-
tion temperatures for thyristor controller applications may be up to 120°C
or more a maximum design current with maximum cooling-medium
temperature.
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5.4. DESCRIPTION OF THYRISTOR CONTROLLER

5.4.1. General

The voltage and current ratings required in a complete thyristor controller

are usually greater than those of even the largest individual thyristor. In

addition, for ac oPeration it is necessary to connect oppositely-poled
thyristors in paralel to permit conduction in both directions. The

required voltage and current ratings are achieved respectively by series

and paralel connection. A typica thyristor controller circuit used in a -;ﬁ

TCR system is shown in Figure 5. Only one phase &I a three-phase delta
is shown. The thyristors are connected in several series "*voltage levels,""
each with two or more thyristors in paralel. One phase of the thyristor
controller is sometimes called a thyristor switch.

The functions of the components are as follows:

1. L1 and L1A are the air-cored reactors, external to the thyristor

5.4. Description of Thyristor Controller o

Ll | THYRTSTOE CONTROLLER CIRCULIT

; [a1f corel l .
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controller. Together they make up the total reactance of one phase; they
are split into two to protect the thyristor switch against certain types o

electrical fault.
2. Q1, QlA, Q2. ... and QNA arethe thyristors. They are connegied

anti-parallel for the bi-directiona current flow. Figure5 shows #a

thyristors per voltage level (one in each direction). The current fhraugh 4

the external reactors L1 and L1A is controlled by causing the thyristo™ '”
conduct current during a portion of the cycle.
3 L2 and L2A are smal reactors. They are physicaly located near
the terminals of the thyristor switch, and their function is to dela¥
discharging of the stray capacitances through the thyristor switch ¥hen
the thyristors are gated. This limits the initial di/d¢ (rate of rise ©f

current) in the thyristors.

4. The capacitances Cy,, are the stray capacitances (such o bus-ia-

ground, bushing and/or standoff insulator capacitances, and termif2i-ic-

terminal capacitances). Depending on the current rating, more th#T ne

thyristor may be used to carry current in one direction. As many # €Ight__§

thyristors per voltage level (four carrying current in one direction ="
nected in parallel with four carrying current in the opposite direct™""
have been used in high-current TCR systems.

The series circuits of resistors and capacitors (R1, R2, ... RN, &nd
Cl1, C2, ... CN), one across each thyristor level, limit the transient vali:

age that appears across the thyristor switch when the thyristo® ceases—f=

current conduction. The R-C.circuit is called a** snubber'* and is g edm-
mon feature of thyristor and diode circuits. :
series of R-C circuits also equalizes the voltage distribution among e

thyristors.

! At powsg-frequency the | liave an indicalion of such a failure. Its effect is to increase
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6 When a thyristor fails, it becomes a short circuit. If is necessary -
on @l the remeining thyristors. The design parameters af :‘fzh Erhlﬁlu'l:'ﬁ:

: L1 be gsuch fhat & small number (usual]y fewer {han .H:I':!lll &l

shori-circuited thyristors can be tolerated. Onic_way_1 o failed
Lmnnlor—iate
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thyristors is o conngct & sialus lamp circuit across a voliage level for
across the snubber capaciter). Such circuits draw currents only of the or-
der of milliamperes. Since a ghort-circuited thyristar cannot withatand
voltage, its failure extinguishes the corresponding status lemp, The status
amp circuit is, of course, a the same high voltage to ground 45 is the
whaole thyristor switch,

In some instances A remoie stAlLE indication |z desired, Remote indi-
cation can be oblained by fber optics. The initial light source io the fiber
optic is energized by a portion of the voltage existing across the thyristor
level. The fiber optic isolates the remote indication circuits from the high
voltage of
status monitoring circuit i to wse the snuhber capacitor as a source of
voltage. This would be the function of circuits Al, AZ, ... AN

T There are additional conirol citcuits for giling the thyristors inta
conduction. These circuits, not shown in Figure 5. are discussed later,

5.4.2., R-C Snubber Clreuit

An important characteristic of thyristors and diodes is recovery cufrent f

Recovery current occurs during ihe time when the thyrister i funclion-

ally changing from a closed switch o an open gwitch. Typical thyristor
current and voltage waveforms during {his transition time are shown in '

Figure 6. The recovery current is a transieni phenomencn and can be

ascribed to the removal of charge-carriers from the thyristor when it 5

changing (rom the gonducting 10 the penconducting state,

1
[

TH-rnL:.'r-m:!
cuRRenT Lall

b
//_,_.- TIHE
I

REVERSE
WELTAGE ACEQSEE
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FIGURE 6. Thyristor recowery currenit and reverss vallage.
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Iransient '-I:lltng;g |I: ‘i::‘!l]ﬁ; l:mmr.“m] thT magnitude and waveform of the
; . clice o - : 5 :
cult across the individual viliage ]|z|'|.'r:|3|.:I PRSI TRAl TR B
;I:E: resultant ?qui'u.-ulr,m circuit is shown in Figure 7,
almost ::::Jltinfllz'm;:n?:;ihﬁ ?Egm and capacitor is such that the circuit is
Figure &. + BIVINg the lypical voltage waveform shown in
Th ;
A l:hir:si:: l;':m""'i'f"-'i‘- articles {H:_. for exarmple, Reference 40 wrillen
troller desi values of the capacitor and resistor. The thyristor con-
overshoot ,:m r will base a choice of capacitor and resistor on th
S d-i:;:ude- the rate -|:_nF change of the voltape across the 1h]-ri5'f
tan:':-e Th derighond of having a minimum value of snubber capaci
Inss::-. of ;Mj;sh{‘:r dm-n’“ a minimum capacitance is that the w.a:.:p;;.,-:
discharge the ca °f resistor are due (o the currents that charge und
Currents ameon IP;:fI-'.EII'.. There are differences in the peak recovery
differences t-l!r'lglj o thyrisiors installed in a thyristor controller. These
capacitors.  This i cause bias woltage differences among the snubher
o b Bt s by rcent Uy, consimuelog. iy curan!, loops
gure § in a circuit of just two series thyristors. The loops P
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and i, represent the recovery currents of the individua thyristors Q1
and Q2. The differences between the recovery currents i...; and feea will
cause a corresponding difference in the voltages on C1 and C2 and will
lead to a deviation from an ideal voltage distribution between the series
thyristor voltage levels. It is the usual practice to minimize the recovery
differences between the thyristors by careful manufacture and by the
matching of thyristors with closely similar characteristics.

In addition, the tolerance on the capacitances of the snubber capacitors
must be alowed for in determining the maximum deviation from equal
voltage-sharing between the voltage levels at power-frequency.

5.4.3. Gating Energy

The gating of the thyristor controller into conduction is initiated by coF".-“_-_'
trol signals from circuits which are at ground potential. The usu® —§

method of transmitting the gating signal from the control circuit to fAe B
thyristor controller (which is usualy at 13.8 kV or higher potential) i# I¥

a pulse of light transmitted by fiber-optic light guides. Light guides Fri= |~

vide a high isolating impedance between the thyristor controller int
ground potential. Ay
The thyristors used in most thyristor controller applications require !
electrical gating signal. Therefore most thyristor controllers contain ale*:-
voltage electronic gating circuit that provides the gating signal to &

thyristors in response to a light pulse. The power required by the ©#% —F

voltage electronic circuit can be obtained from three sources:

1. The voltage across the thyostor controlter when the thyristor cor-— §-
troller is nol conducting,

1. The current ithrowgh the fiyrister controller when the tyristor—
contralier 18 conducting.

3.  auxiliary trapsformers Trom ground povemntial

One type of circuht 15 shown-in Figure- 9 Thyristors- Q1 through QNA__ 5
represent a portion of the total series thyristor circuit for one phass

Capacitor €1 -i5-capable-of being charged from a sngle-phase (ull-wave fi

bridge circuit through resistor R1 when voltage exists across the noncon-
ducting thyristoss. Alsp, C1 will be charged from the current transformer -
T1 when the thyristors are conducting. The fenction of the rencr dicds
actoss C1 is to repulate the voltage on capacitor C1. The charged capaci-
tor C1 is used as the low-voltage energy source for the galing circiils.
These types of cireuit lend themselves 1o redundancy in that the gating

L

2L

.-.-.;',-'nnages gre

~—Esigned-so

(| tarcuits n::I‘ 8 Series circuit of thyrisiors
__af a portion of the Eating circuii does

5.4. Description of Thyristor Controller
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FIGURE 9. Gating energy circuit.

fin be interrelated so that a Failure
AoE-result to-the elintifntion of the

roviding the Edling energy dissipate
arcontrolier losses

kating control funcrion, The circuits p

it ik _ clopment will
BnErgy Larcuils as individual thyristors wi
via-the fiber-aptic LEht guides,

5.d.4, Overvoligee Proteciion

aler ¢ ;
it l_‘l;;m1 the voliage raling of the thyristor may cauge (he
thar mlﬁ.mlng short-circuited). Although the conirglle
F p i%
& nofmal applied voltage is well within the thyristor

Ibyresior 1o

rating, it is
idegral part
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is activated when abnormal voltages (due k& switching transients and so ==

forth) occur across the thyristor controller. S
The typical operating sequence of the overvoltage protective circuit is

as follows:

1. A overvoltage occurs across the thyristor controller.

The overvoltage reaches a magnitude (below the voltage capability
of the thyristor) that activates the overvoltage protective circuit.

3. The protective Circuit initiates a gating signal to the thyristors: |
Thus, the thyristors are caused to go into conduction. This rapidiy
reduces {he Voltage across the thyristors i the tit-#tate value of | !
to 2 volts and prevents damage.

There are two approaches in implementing the protective circuit. One
approach is to monitor the voltage across the total series circuit of thyr'™

signa is initiated to cause the series circuit of thyristors to go into co™™ =

tors of the phase. When the voltage reaches the protective level, a gati™* %

duction. In the other approach, each thyristor level has its own indt* Bl ;24

overvoltage protective circuit. The first approach has to alow for the p™ .
sibility of unequal voltage distribution among the individual thyristor 1**"

els particularly when a transient voltage appears across the thyristoT_':--i] 2

switch. Otherwise the transient voltage across an individua voltage lev®' .

may exceed the thyristor capability before the overvoltage protective a'
cuit across the total thyristor switch is activated. E

T

5.4.5. Variation of Thyristor Controller Losses during Operation :
The voltage and current waveforms of a thyristor controller for a F&&

system depend on the duration of current conduction during ti% hafr,_:J
cycle. The waveforms shown in Figure 10 are for minimum, maxi 48—

and an intermediate length of current conduction. =

—

THIGTRE 10, (w) ©
e ¥rrefrm;

YOLTAGE w

The maximum loss dissipation within the thyristor controller o“Fr* _}
during maximum conduction. The snubber circuit losses are then #lsm st f

their peak because voltage swings on the snubber capacitors are at =" _
grestest magnitude. For the minimum-current condition (Figure/Tiiiss

both the thyristor and the snubber circuit losses are reduced.

During dynamic operation of the thyristor controller, the 1588 #i&—ge

vary from half-cycle to half-cycle. In quoting the design paramﬂt'_“b: F'r___ !
the thyristor controller, a steady-state operating condition at m™**™!mM
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standby equipment so that the thyristor controller may continue opera-

tion.
The following are descriptions of various cooling systems that have

been used on thyristor controllers. =l .ﬁ ! .I'/.fn' I =

5.5.1. Once-through Filtered Air System

A once-through filtered-air system is a cooling system wherein outside air
is drawn through a filter and then through the thyristor controller, and
the heated air then exhausted to the outside. Figure 11 shows an air

schematic of the cooling system.
The following is a summary of the schematic and the functions of the

components. ;

BACKDRAFT DANPER

.-_,.-"'

LOUVER AND

/.r"

-
AlR

L. Outside air isdrawn through a wall-mounted louver into the build- i
ing. :
1. The ar passes through a roll-type filter and then through a bsg-— i
type filter (both of these filters are widely used in industriti
plants). 7
3.~ The air is then drawn into the intake of the operating blowe: _'.:
Only one of the two blowers is normally operating, the other
blower being on standby. o
4. Air is exhausted by the blower through a counter-balanced back-
draft damper into the thyristor controller. .
5. The heated ar leaves the thyristor controller and is exhausted ] .;;!O—I:_'___W --
from the building through a counter-balanced backdraft damper to : Co | ke

THYR[BTOR
CONTROLLER

[HE

HU.'LEIIHE- OUTLE

the outside. i : E
- - " ;I

5.5.2. Variations of the Once-through Filtered Air System

R

When ambient temperatures are well below freezing during the winter
season, a set of temperature-controlled dampers can be used to allow - 5
some of the exhausted heated air from the thyristor controller to reenter :
the intake duct of the blower. The controlling temperature can be thz
intake plenum temperature or the thyristor controller room temperature:
This variation alows the thyristor controller room to be held at a com- t
fortable temperature for personnel as well as limiting the minimum term- J {
perature for the thyristor controller. It is possible to use a portion of ths e e s 870 O .-'I-"f fr
=
=

BaAG
FILT

FILTER

ROLL

exhausted heated air from the thyristor controller to heat adjacent rooms
through a small wall-mounted damper and fan.

"When using the partialy recirculated air method, a choice has to be
made on the nonenergized position of the dampers. The damper motors
should be equipped with a spring return that automatically brings the
damper to the nonenergized position when the motor control power is
removed. One practice is to have the nonenergized damper position be

ATR

e

o

LULNTERBAL SN
BALEDRAFT DAMPERS

Opee-through filtesed air spsien
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FIGURE 11.
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that for which no recirculation occurs. Therefore, if the control power is
inadvertently disconnected during operation, the system is designed such
that excessive temperatures do not occur in the thyristor controller room
under any abnormal operating conditions.

5.5.3. Recirculated Air System

Thyristor controllers can be built with a completely recirculated air sys-
tem. The heat is removed from the circulating air by water coils. A
make-up air system is often used to maintain a positive air pressure
within the thyristor controller room with respect to the outside,
prevent excessive dust lesking into the room.

5.5.4. Liquid Cooling System

Thyristor controller cooling can be done by liquid cooling. The thyristors
and other heat-dissipating components are mounted on liquid-cooled heat

sinks. A standby coolant pump should be available to alow continuous
operation in case the running pump malfunctions. Automatic changeover

from the running pump to the standby pump can be done by using check
valves. The cooling media most usually considered are water and Freon.
The use of liquid cooling requires the controller design to be safe in the

FIGURE 12.  Ajr-cooted thyristor controller. 13.8 kv, 40 MV Ar

unlikely event of a coolant leak. However, this technology has been suc-
cessfully developed and it is likely that in future the trend will be towards
the use of liquid cooling.

5.5.5. General Comments on Cooling Systems

The choice of the type of cooling system is influenced by the ambient
conditions and the user's preference. An air-to-water heat exchanger is

often used when the ambient air conditions would require frequent .

changing or cleaning of the filters. A liquid-cooled thyristor controller

offers a lower cooling-system power loss than the air-cooled system. The .

effect of possible liquid leakage within the high-voltage thyristor control-

ler must be considered, however. The advantage of an air-cooled system

is its simplicity in operation and maintenance.

5.6. AN EXAMPLE OF A THYRISTOR CONTROLLER

Figure 12 is a photograph of an operating air-cooled thyristor controller.
The light guides are shown near the center of the structure. The cooling
air is drawn in from a plenum below the structure and the heated air is
exhausted from the top of the structure. The heated air leaves the room
through the dampers shown at the end of the room.

Figure 13 is a photograph of a similar thyristor controller with one of

DN
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raller with power medule paddly wirhd rne
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shown near the cenief of the module.
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Chapter 6

AN EXAMPLE OF A MODERN
STATIC COMPENSATOR

R.W.LYE

6.1. INTRODUCTION

This chapter provides a detailed description of a modern, thyristor-
comirolled static compensator, the Rimouski compensator installed on the
Lransmission network of Hydro Québec at 230 kV. The compensator is
typical of many such installations on high-voltage transmission systems,
but many of its design features are reproduced in load compensators also,
particularly in supplies to electric arc furnaces. The thyristor controllers,
rzactors, and capacitors are essentially the same in both cases. The main
ditferences are in the control strategy and the system voltage.

The Hydro-Québec system has many long-distance, high-voltage
iransmission lines. Prior to 1978 synchronous condensers were installed
io provide reactive compensation. The Baie James project, a magor exten-
sion of the system exploiting hydropower resources in the north of the
province, will involve the transmission of more than 11,000 MW of
power at 735 kV over a distance of about 1000 km, and it will have
dynamic shunt compensation in the form of static compensators at five
locations. Planning studies, which considered various alternative forms of
compensation, led to the decision to install two static compensators for
performance evaluation, at locations not on the Baie James system. One
of these was installed near Rimouski, Québec, on the 230-kV system of
the Gaspé region. It was commissioned in 1978 and serves as a represen-
tative example of a transmission system compensator.

6.2. BASIC ARRANGEMENT

The compensator is a thyristor-controlled reactor (TCR) with a fixed
capacitor. Figurel is a simplified one-line diagram of the main com-

241
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voltage change of + 3% produces an

inductive reactive power of
B8 MVAr (Figure 2). This slope was chose
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The nominal rating of (he rompensator is summarized in Table 1, and
shown graphically in Figure 3 In terms of a hypothetical loading cycle
which would wilize the compensator's full capability. This loading cycle

was derived from system performance studies including lead rejection and
fault recovery studies.

TABLE 1
MNominal Rating of Rimouski Compensator

Beactive Power  730-kV Bug
7 = Generation Vaoleage
— = Absorpilion (pul Druration
+ 84 Q.97 Caontinuous
a L.00 Continuous
|- =120 b S mim
=300 L.0GE 1 sec
Vil W | DN g
- :'ﬂl]-_'hlum Wl 0 pu
| {— 1200 Mvar -y
) L_' ] ¥ 1.0 pu ’ L_J'
| | 0 ddisar
! —— .
Y ol Camilinganim Dhly
e = T
JBE El'.l':r-' Flepeat

h}-—E.m-fq —18 me———n]

FIGURE 3, Compensazor raled loading cyele,

6.3. DESCRIPTION OF MAIN COMPONENTS

The compensator |
Figure 4, and in th

_ Main Power Transformer.

ayoul in the substation is shown in the plan

drawing,
e photograph, Figure 5.

This 15 rated 60,80/ 100 MV A with QNN
| ONAF/ONAF cooling; 65°C lemperature rise, 230-kV wye, 24-kV delta:
thres-phase; 60 Hz, The impedance is 11%. A [oad tap-changes 15 con-
nected in the HY neutral and provides =+ 10% adjustment in 13 steps.
~ The tap-changer automatically regulates the 24-kV bus voltage with a
response lime of about 3 sec per step.

i
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5 WhiFistor Controller.
. Chapters 4 and # (see Figure 7) and the current rating is the same as that
. of the reactor bank. Each phase of the controller consists of four thyris-

pr—r paralel for each polarity and 36 in series. The thyristors are
__maunted on insulating panels, together with heat sinks, resistor-capacitor

& of 31.2 MVAT, separaiely swilched ard con- i
g-wye (Figure K

~Capacitor Switches.  Each
‘three-phase, 1000-A, 34.5-kV vacuum switch. A reactor of 30 uH is con-

 necied in series wilh each pole to limit dildt. The switches are operated
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i

Heuiral belana e L
CT ard ralery e

|;_E||:-

] L}
FIGURE 6. 31.2-MVAr capacitor bank.
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%f 2 units m series;]
I v 13 i paiplel |

necied petween the neutral points of the two wyes to detect unbalance.
Eich phase of each wye consists of 26 capacitor units arranged in two
series groups, each having 13 units in paralel. Each unit is rated

T 200 KVAT, 6930 V.

wye of each capacitor bank is switched with a

manually, or by certain protective relays, but are never operated by the

| =ampensator voltage regulator (as would be the case in a hybrid compen-

salor, see Chapter 47,

Reactor Bank. The main power reactor bank consists of six air-core

- reactors shown in Figure 5 and connected as in Figure 7. They are laid
oout &N i hexagomal Plan (Figure 4). This arrangement is designed to

squalize the magnetic coupling between the reactors. Each reactor has a

- moariance of 249 0hmg ot 60 Hz and is rated 1300 A continuously;
_ JBDD A fer 1 sec; and 2790 A for 5 min. These are the currents required

e the rated loading <yele (Figure 3). The values are rms values for the
fundamental component, The reactors also carry the harmonic com-

~ ponents 3rd, 5th, Tih, and so on (see Chapter 4).

The thyristor controller is of the type discussed in

demper circuils {snubbers) and gate drive circuits. A lamp monitors the

voltage across each series voltage level. The thyristor panels are dl
muunted in a steel cubicle which forms a support structure, an air plenum

_thember, and a " deadfront’* grounded safety barrier.
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L)

36 thynstors 10 sernes

4 m parallel X; =2.49 Ohm
N\

FIGURE 7. Reactor bank connections

Thyristor Controller Building. This contains the three-phase thyristor

controller together with its control system and protection; the station ser-

vice supplies; and the thyristor cooling system (except for the evaporative
cooler, which is located outdoors nearby). The building is metal-

sheathed, thermally insulated, and can be electrically heated when neces-
sary. Inside dimensions are 40 ft ® 37 ft x 25 ft high.

Thyristor Switch Cooling. The thyristors are forced-air cooled. The

closed-cycle ar recirculates after passing through air-glycol heat ex-
changers. The glycol is in turn recirculated through an evaporative

cooler. Figure 8 shows the cooling system schematically. The total ar

flow required is 100,000 CFM which is supplied by six fans, each rated
for 20,000 CFM. One of the six fans is redundant, for reliability. Each

Air recirculates in building

f T ThpTskr 3
| E— -I 1 il sinks
I'-:l- K_}J Sp— Y e
-ioEA L
]

I—l- ' | _.,_ - fpoy | Oudoor
| -,;. F [ Egprpmeni I| Equipmant
! 1
| - i o ff—r
oERH -
!. 1 Exggitralive ool

ﬂ (_—'l {“_"* o & Surgn M,
1 I""". . i Tadmi, j —— Thalw Spray
OB =l
T &
: | = y |:'-:: +——+— Hear Exchanger
=R EH |

] 1 - Cendansn
Filmp Fani

r l:l.r:-n:l,'.l'.'.ﬂ.'dl wolution

Pump

1
Fan

FIGURE 8. Schematic of cooling system
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fan has its own associated air-glycol heat exchanger and one of these also
is redundant. In case the glycol system or evaporative cooling system
must be shut down for any reason, an emergency system is provided
whereby outside air is blown through the building by wdl fans. This
emergency system is satisfactory for outside air temperatures of up to
about 30°C.

Compensator Protection (Figure 9). The 230-kV and 24-kV buses are
protected by voltage differential relays with overcurrent back-up. The ca
pacitor banks employ neutral unbalance current detection to avoid capaci-

Zig-zag
Grounding
™ Transformer

24 kV Bus

' Thrpmtor
Bwiich

il

-
~a
=4

-

o0y

]
e ; —H‘TE—-— e ZanEw

FIGURE 9. One-line diagram showing protective relay system. Protective relay device
function numbers from ANSI Standard C37.2-1970 (as used in this figure): 21, distance re-

lay. functions when circuit impedance increases or decreases beyond predetermined limits;
49, thermai relay, functions when the temperature of a power rectifier exceeds a predeter-
mined value; 51, ac time overcurrent relay; 51G, ac time overcurrent relay monitoring
ground current: 52, ac circuit breaker; 60, current balance relay, functions on a given
difference in current between two circuits, 87, differential protective relay, functions on a
difference of two currents or some other electrical quantity.
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tor unit overvoltages due to failed capacitor elements. Fault protection is
provided by inverse time/overcurrent relays.

Ground faults on the entire 24-kV system will be detected in the neu-
tral of the zig-zag grounding transformer, and if not cleared by one of the
primary differential systems will result in a shutdown via the ground over-
current relays.

Fault currents associated with the power reactors and thyristor control-
ler are detected by inverse overcurrent relays, and if the thyristor control-
ler is unable to turn itself off and eliminate the fault, the compensator
will be tripped off-line by the 230-kV circuit breakers.

Overload protection for the thyristor controller includes continuous
monitoring of glycol temperature and flow, air temperature and flow, and
a specia thermal overload relay which monitors thyristor junction tem-
perature. This relay is programmed with the thyristor heating/cooling
characteristics and can calculate junction temperature from a measure-
ment of thyristor current.

6.4. CONTROL SYSTEM OF THYRISTOR CONTROLLER

Referring to the block diagram in Figure 10, the control system consists
basicaly of a voltage regulator, a current-limit, and thyristor gating cir-
Cuit.

Thie voltage reguwlator i8 = conventional closed-ioop system, with feed-
back from potential transformers on the 230-kV bus. The feedback is
threz-phase ac rectified, and so represents an average of the three-phase
£30-k% gystem vollage,

The currens-finit circuit is also closed-loop, with feedback from current
transformers in the rcacior circuils. Thres-phossé curmenls sre summed
and rfectified (o represent average reactor current. The value of the
current limil s set by a Joad cpcle condrad circwil, The load cyele control
ensures that the ticne-current rating of the thyristor controller is not ex-
ceeded, To perform this function, electronic circuits monitor the ampere-
second integrals applied to the thyristors., The load cycle contrel should
ensure that the allowed (hyrisfof juiiction temperature is nover exceeded:
However, & thermal overiosd relay is alse menitoring the thyristor junce
tion temperatures. I a2 mallfunction of the load cycle control allows the
junction temperature fo exceed the allowed value, then the overload relay
will cause a shutdown of the compensator. ;

The thyristor gating circuil begins with an error signal from the voliags

regulator, which defermines at what paint in time the thyristors are to-be—

gated, and ends with current pulses being delivered to the gates ol the

thyristors. a

The phase control block shown in Figure 10 compares the voltage error
signal to timing ramps generafed by the vollage scross the thyristors, At

~ insulation between the control cirguits and ihe thyrrisiogs.

~ lors and thus the total reactive =
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MVAr or Voltage Adjust
Operator controlled. motor driven

System |
s L] r
FT
) e
Fre————] Rectifier e
Current limit
level adjust

i
§

i

Thyristor Controlled
Reactor Bank -
FIGURE M. Cantiol block dizgram.

the crossover of the ramp and error si i i

ug ; | M signal 8 gating signal Is generar

EE:& energizes light emitting diodes (LED's} which transmit tight '|I1mu:gl-;1
er optics (light guides) to the Bate drives. The light guides form the

The pate drives
Energy for the gate drivas
¥ristors of currend in the
e (see Chapter 51,

d by setting the proper rela-
d the gating instanls of the
- hnmlm the currenl in the reqr-
urrent of i ;

salor current is naol W linear function of the E:!I;EST:;::.“:: Ilizsr:-zl:: D:.H_-
Cuils are included (see Chapter 4), The resull is a linear r-.:leuiu:-n'tlug hI-;-
tween system voltage change {voltage error) and com pensalor cur;: n1FI

convert the light signal 1o a gate current pulse.
i5 u!:-ta.ined from either vollage across the th
thyristars, whichever is available at a given tim
_ 'Ihr.f vodlage) current slope of 3% g obtalne
tmn;lnp between the voltage error signal an
thyristors. The thyristor Baling instants dete

Start-Stop Contral,

fa}
contr
miae),

;’i:l-:_rr:ng. . The compensator can be siarted either from the thyrisior
s uilding '!:i.ﬂ-::ﬁi}. or from the substation conirgl reom (Re-
0 automatic slarling sequence is provided for starting from aj-
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ther location (Auto Start). In addition al the starting functions can be
performed individualy by control switches in the thyristor controller
building (Manual Start), The normal starting mode is Remote-Auto.
The Local-Auto or Local-Manual modes are used only for maintenance
procedures or in an emergency.

The automatic starting sequence has two main sections. The first starts
al the auxiliary motors in an orderly timed sequence. The motors
operate fans and pumps associated with the thyristor cooling system. The
second section connects the compensator to the 230-kV bus in a manner
which causes the least disturbance to the system.

The starting sequence can be summarized as the following steps:

1. Start auxiliary motors.

2. Close 230-kV breakers.

3. Remove the gating suppression signa from the thyristors. The
reactor will be energized and if the operator's setting called for the
existing system voltage, the voltage regulator will cal for zero
current in the reactor.

4. Close the capacitor bank switches. For switching purposes the
three sections of the capacitor bank are energized in sequence. As
each section is energized, the voltage regulator automaticaly ad-
justs the reactor current to maintain zero net current from the
compensator.

(b) Sopping. A complete stop, or shut-down, can be accomplished by
operator control from either Local or Remote locations, or by various

protective relays. Whether the stop is initiated manually or by a protec--

tive relay, the following occurs in quick sequence:

Trip 230-kV circuit breakers.
Trip al capacitor bank vacuum switches.

Suppress gating of thyristors.
Stop cooling system motors.

rpPwpdp-

6.5. PERFORMANCE TESTING

An extensive series of tests was made, during and after commissioning, |

e check the performance of the compensator. These tasis included mea-

surcmenis of

Hegulaior iransier funciions,

!P-,ﬁmw — 12 MVAr
i
lrhmmnm-,.-,.'- =t
— +87 MVAr

ML—‘— Reference

—H-.—"q,.-—_ Current Feedback
—-—-“i—-_______ Input to Linearizing

FIGURE 11. Compensator performance. Sudden change NWYE My Ar in response to a
step change m reference signal.
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FIGURE 12. Compensator performance olfage b curren? Waveforms corresponding
to Figure 11.
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Accuracy of phase-to-phase spacing of thyristor gating (commonly
known as ""tracking'").

Slope of VI | and V/Q characteristics.

Harmonic content of reactor current, 230-kV and 24-kV bus voltages.
230-kV and 24-kV line currents to compensator.

Oscillograms were taken of a number of response tests including:

Injection of sinusoidal reference signals at frequencies from 0.01 to
10 Hz.

Injection of step changes of reference. These were of various magni-
tudes and from various starting points, to fully test the response of the
compensator. Some representative examples are shown in Figures11
through 13. It can be observed that the response time of the reactor
current and the reactive power of the compensator is about 1 cycle.
Also the response is well damped with very little overshoot.

by

Finaly the loading cycle of Figure 3 was performed. This was donethe
injecting a continuous high-reference signa into the control causing :qon

compensator to go to the —200 MV Ar current-limit. The load cycle Cim-

tenl alows this for 1 sec, then allows —120 MVAr for 5 min, then
poses a limit at the continuous rated current.

Chapter 7

SERIES CAPACITORS

L. E. BOCK

7.1. INTRODUCTION

Rights of way for transmission lines have become increasingly difficult
and costly to obtain. This. coupled with concerns for our energy
resources and spiraling energy costs, forces utilities to operate transmis-
sion systems at maximum possible efficiency. .
Both series and shunt capacitor banks are useful tools in improving
system efficiency and power transfer capability. Both have had growth
rates significantly greater than the rate of growth of active power genera-
tion. Shunt capacitors generate reactive power and help to reduce the
amount of reactive power that flows through the network. For maximum

~ffectiveness in reducing line losses and voltage control. they are typically

installed near the load. Series capacitors are appiied to compensate for
the inductive reactance of the transmission line. They may be installed

remote from the load, as for example at an intermediate point on a long
transmission line. Their benefits include:

Improved system steady-state stability.

Improved system transient stability.

Better load division on paralléel circuits.

Reduced voltage drops in load areas during severe disturbances.
Reduced transmission |osses.

Better adjustment of line loadings.

Plmis wpp

The theory of series capacitors as a means of *'line length compensation™
hias been developed in Chapter 2. In this chapter we focus attention on
the design, application, and performance of series capacitors.

bt X e ]
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7.2. HISTORY

One of the first installations of a series capacitor was in 1928 at a New
York Power & Light substation in Ballston Spa, New York This was a
1.25 MVAr bank on a 33-kV circuit using capacitor units rated 10 kVAr
each, and it was applied to control the division of load between paralel
circuits.

Since that time, successful installations have been made at line volt-
ages up to 550 kV, with bank ratings of up to 800 MV Ar. Capacitor unit
ratings likewise have increased, so that ratings essentialy the same as
those for shunt applications can be provided. Figure 1 shows the growth
in installed capacitor unit size in series capacitor installations since 1920.

Thi
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FIGURE 1. Series capacitor trends since 1920, showing sustained growth in installed ¢
pacity, maximum bank size. m# unit size.
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7.3. GENERAL EQUIPMENT DESIGN

7.3.1. Capacitor Units

Capacitor design economics till dictate the use of individual mmrs assem-
bled in appropriate series and parallel connected groups to obtain the
desired bank voltage and reactive power ratings, both in shunt and series
capacitor equipments. Figure 2 is a cutaway view of a typicad power
capacitor unit. Series capacitor duty usualy requires that a unit designed
for a series application be more conservatively rated than a shunt unit,
but basically there is no significant construction difference.

Since the first production of power capacitors in 1914, the construction
has undergone many stages of improvement. The introduction of thin
Kraft paper to replace linen, and askarel to replace ail in the early 1930s,
made possible individual unit ratings up to 15 kVAr. By the early 1960s
the 100-kV Ar rating was introduced, evolving from a series of compara-
tively small, very costly refinements in the basic paper/askarel dielectric.
In 1965 General Electric designed the Magvar unit, a 150-kVAr unit
using a papet/polypropylene film/askarel dielectric system. Further
refinements led to single unit ratings up to 600 kVAr, although the most
economical unit rating today is in the 200-300 kVAr size. Replacement
of askare! in 1976 with non-PCB fluids did not have an immediate
significant effect on unit sizes or ratings. The newer al-polypropylene
film dielectric units offer distinct advantages in reduced losses and proba-
bility of case rupture, as well as some improvements in unit size and rat-
ing. Tablel illustrates the effects of these changes on the capacitor unit
ratings, volume, density, and price. Without the advent of these larger
capacitor unit ratings, the physical equipment size and site area require-

ments would make the larger shunt and series banks impracticai or
uneconomical.

7.3.2. Fusing

In the United States most series as well as shunt capacitor banks have
been designed using external fuses, one for each unit. This contrasts
with the widespread use of internally fused units in many other places.
Internally fused units have the advantage that failure of a single element
or "'roll" within the unit does not cause the entire unit to fail. However,
since there is no visual indication of a blown fuse, frequent maintenance
checks involving detailed and accurate capacitance measurement are
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TABLE 1 o ary
Improvemeiis on Capacitor Dinit Characterlstlcs
ENet o Diesigi

Maximum Eait

Ratin Volume Density Price
Date (kVAg (InVEVAR  (bfEY AL ($/kVArD)
1929 10 130 8.6 18.70 4
1930 10 65 4.4 18.20 b Oy
1931 15 43 3.2 16.00
1959 50 32 20 3.30 ]
1962 100 19 12 1.50
1965 150 11 0.7 Hﬂ

0.6 :

1977 300 18 0a 180

1980 300
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required. These are usually performed annually. T7se of internal fuses
also limits the voltage rating of the capacitor, typically to 5 EW or less, =0
{hat there is less flexibility in the overall bank design. This voltage res-
friction is duc o limits in the number of parallel connected elements
withifi the anil o keep the overvoltage on remaining elements reasonably
low when one element fails. There are, however, severa] 500-kV series
capacitor equipmients with internal fuses that have mzen in service 5130-
cessfully for over 10 years.

External current-limiting fuses, with a physical disconnect Eo avoid
traclfgver #nd provide a visual indication of operation, are commonly
s_nvzn:zncr:[. Suitable ratings ol this type &f fuse for series capacitor applica-
{ion have been available since the early 1970s. These fuses must be capa-
ble of clearing al voltages wp fo the maximum 0ap sparkover levels, often
thrcn:_ times rated voltage or more, and must be sized fs withstand all
transient overload and discharge duties without damage.

7.3.3. Compensation Factors

Line compensation becomes economical for distances typically more than

E_EIEI mi, although series capacitors can be found in shorter seciiniis al

line. Ecomomic loading or longer distances is in fhe neighborhood of tha

SUTEE impedance loading of the line (see Chapter 2 ind Reference 17
If resistance is neglected, maximum ac power transfer is given by

E\E,
XL—XC ? (l)

“-'*":I':_ Ey and E; are the line terminal voltage magnitudes. X, is fhe
?ndn:tw-:- fEACHIE between the terminal voltages, X is the reactance of
the compensaling capacitors. Typical EBV applications are i ihe 25-70%
tompensation range. There are other factors that may place limits on the

sempensation fevel, such as subharmonic stability, subsynchronous reso-
namnce, and switching transients.

Pmax_

7.3.4. Physical Arrangement

aeries capacitor banks ate built in one or more discrete segments or sTEps

Fffdphase+ eich wiih several components mounted on a platform insu-
Wmted from ground. Small distribution class banks may nsz ground-
IT:II'.Il'.‘I_]'llEﬂ hardware, buf the larger transmission class eguipmzais are all
Patform-mounted.

FiE'{!: 3 is a photograph of an EHV series capacitor equipment, g
approximately 318 MVAr. The bank is located on the Pacific W -5W
Inferfie a1 Pacific Gas and Electric's Tesla substation peas Tracy, Califor-
min, and was energized in January 1968. The dimensions of the bank are

sbout 95 = 124 = 41 feet high. With the improvements previously men-
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- withstand all abnormal voltages produced by al possible excessive line
and fault currents. The equipment is therefore designed to withstand cer-
tain less severe abnormal voltages and currents that occur during some
system disturbances, particularly when series capacitors are functionally
necessary at the time, (for example, when they are necessary to maintain
transient stability). Although there are industry standards for series
capacitors (ANSI C55.2 and IEC-143), each application is sufficiently
different that equipment design is specifically tailored for each case after
thorough studies on the transient network analyzer or by computer.
Equipment is provided to automatically and instantaneously bypass seg-
ments when design voltage levels are exceeded, as might occur during a
_ : line fault. Traditionally this has been accomplished by sparkover or
1l Rkt | triggering of a gap in parallel with the capacitor. New zinc-oxide varistor
!"tﬂ: \ technology offers improvements over this method of overvoltage protec-
L ol tion, and is discussed later. After fault clearing, control circuits initiate
'y the reinsertion of the capacitor. For equipments in unfaulted line sec-
tions this means that the protective gear must interrupt current and with-
stand without sparkover a combination of voltages generated by reinsertion
T S A e ML e of the bypassed capacitor bank and the electromechanical system distur-
| B gt ' . 1 pance.™
FIGURE 3, SISSMY¥AR 500-kV transmission-line series capacttor. o e For a bank which has been installed primarily to improve transient sta-
- ; approximately | bility, rapid reinsertion after fa_lult cl_earmg and_rapld fa_lult clearlng time
it is now possible 10 @ F'h he il are both essential for substantially increased line loading capability, as
me space. Each " | iliustrated in Figure 2™ The results shown are based on two paralel
b ¢ caused considerable dam- ] 300-kV lines with 50% series compensation. For the case where the fault
; carihquake in February 1971 that ¢ Water | is cleared in five cycles, the effects on line loading capability for reinser-
Priof-to-a0 - of the Los Angéles LFpartment ol ¥ tion delays of five and eight cycles are also shown. [Line loading capabil-
age to the Sylmar 5.;.1331311:111 s itor equipments usually required ; &y gnt cy | y ¢ h hg hap
and Power, specifications for Senies capac however, requirements ity here means the maximum prefault power transfer for which the sys-

tioned in capacitor and Tua? design, il Ao
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w e ; ihen., ! : Xi | ich .
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:.rcua. particularly in the wesiern United Stutﬁ.inﬂuﬂ: a ground motien Figure 5 is a Ell“hn-:n?auc dingram of & typieal e i
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response spectrum and dynamic analyss Ty be designed as rigid strse 4 sensiag cicwl s m::lu!.lad to-compare the currentsin t_he two sirings and
clly 0.55. BEIV eauipments TrCl o s I:l shout 25 Hez, so the | detect any failed capacitor units. Often two ievels of pickup are used in a
tures -.,..i|h natural resonant frequencies a ﬁ?dam]}.‘“ in the supporl fllﬁ'-:n:m'.ai ekl g 00 gis e Al v ol 2 aliabt nbalrse i
designer must-lake into account Tn:-:luen‘f‘-"'“:‘m_l:q1L acceleration MavE Bis0 ists; - one- toclose the bypass switch when the Fll'cr'r'l:-lLag:e o
siructure consiruction. Rt-‘:l.mremmtt‘i{;‘bﬂ f the horizontsl value These | remaining units is excessive. If possible, an alarm Is signaled for one
: -
fed as Tl=H0% ©

blown fuse, and a bypass is initiated for overvoliages wsually above 10%.
“Where there i§ @ large number of paraliel wnits, control circuits may not

been added, usually specl

ek
m g.

struciure R bz senszitive enough o detect a single blown fuse, bul then these condi-
tions also give smaller overvoltages. Transmission cliss equipments Lypi-
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The main gap isset to spark over at a preset level to protect the capaci-
tors during a line fault. Usual protective values are 2.5-4 times normal
operating voltages. A typica control sequence is for the presence of gap
current to be detected by the gap CT, and a signal sent to automatically
close the bypass switch. When the switch closes, current is diverted from
the gap, and when the line current as measured by the switch CT returns
to normal asignal isgiven to automatically open the switch, so reinserting
the capacitor into the line. The above sequence is used for a nonself-
clearing gap. A variation for an air-blast gap is to monitor line current
with the gap CT, and turn on the compressed air to extinguish the gap
when the line fault is cleared. Reinsertion time following fault clearing is
dependent on switch operating speeds, control circuit timing, and gep
deionization and recovery withstand time.

For air-blast gaps, faster reinsertion is obtained if the air is turned on
4% soon as gap current is sensed. The disadvantage of this procedure is
that the gap current will extinguish at every current zero, and reignition
at voltages above the sparkover setting usually follows due to increased
Bir pressure in the gap. This is a more severe duty on the capacitor than
# single sparkover followed by asingle reinsertion.

The discharge reactor is necessary to limit the magnitude and fre-
gquency of the current through the capacitor when the gap sparks over,
This prevents damage to the capacitor units and fuses as well as easing
ihe duty on the gap. In Figure5 the reactor is shown in the bypass cir-
cuit. It is sometimes located in series with the capacitor such that it still
limits the discharge, but does not have to withstand the full power fre-
guency fault current.

Overload protection is usualy provided to protect the capacitor from a
sustained overload below the gap sparkover setting. Frequently this is a
T with several current relays and appropriate timers to approximate the

- iime-current withstand capability of the capacitor. Industry standards

specify overload capabilities for series capacitors (higher than for shunt
units), but again each application generally has unique requirements.
Crperation of this circuit signals the bypass switch to close and protect the
tapacitor. The switch will automatically open to reinsert the capacitor
when the overload circuit senses that the current has returned to a safe
level A thermal analog to simulate capacitor unit temperature is some-
limes used in addition to the shorter-timelhigher-current protection of
ihe timers and relays. This then protects for relatively low overcurrents

~ (l=s= than about 150%), taking ambient temperature into account. Over-
~ Mad circuits are normally provided on only one phase, and operation
: 1:: ranses bypass of the complete bank. This assumes that phase currents

wili_be essentially balanced during system conditions leading to sustained
I¥ercurrents.
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One end of the capacitor segment is usually connected to the platform.

This keeps the platform from floating at some unknown potential, and
also alows the use of CT’s rated at lesser voltage, as well as reduced BIL
on one side of the platform-mounted gap and switch. A fault detection
CT located in the connection to the platform is used to sense an insula-
tion failure or sparkover from any point on the equipment to the plat-
form. Operation of this circuit will signal the bypass switch to close. In-
sulation between components on the platform must be carefully selected
to assure withstand at al transient voltage levels, particularly the max-
imum gap sparkover level. |IEC Standards relate all insulator BIL ratings
to gap sparkover, whereas U.S. standards only specify values for capacitor
units.

Many of the operations previously discussed require that a signa be
sent from the platform to the ground control circuits, either to signal an
alarm or to relay a command to close the corresponding bypass switches
in the other phases to maintain system balance. Communication between
platform and ground is usualy made through a signa column, whose
channels can be solenoid-operated insulated rods, coiled compressed air
tubing, or fiber optics. Equipments are in service with all three types of
communications.

Usualy a source of power on the platform is aso requir%.to og]era[t)g
the bypass switch and the platform control circuits. c
compressed ar with a compressor at ground level, or a platform-mounted
battery with a charging system using line current as a primary source. A
prototype system using solar power to charge the battery is aso in service.
It is normal practice to detect low platform power and close the bypass
switch. Often an intermediate power level is also detected to send an
alarm to ground.

Except for response to a gap sparkover, bypass switch commands are
normally made on a three-phase basis to maintain system balance. This
would include operation due to capacitor differential, overload, platform
fault, loss of platform power, and remote manua operation. Automatic
switch closings, except those due to gap sparkover and overloads, are
usually designed to lock the switch in the closed position until the prob-
lem is corrected and the switches are manually reset.

Figure 6 is a copy of an oscillograph taken during a field test on a
series capacitor equipment at Pacific Gas & Electric Company's Table
Mountain substation in 1971. The capacitor current when the line circuit

breakers close into a fault is sufficient to initiate a gap sparkover, causng
immediate gap conduction. The switch travel indicator shows that
bypass switch starts to close a few milliseconds after gap conduction, anc
is fully closed less than 16 msec after sparkover. Note the high frequenq
discharge current, and its transfer from the gap to the switch. The switct
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FIGURE 6. Series capacitor field test. Capacitor rating = 9 Ohms, 1800 A.
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current trace also shows the 60-Hz current superimposed on the high-
frequency discharge current. After the line current is reduced from about
5700 to 2060 A rms, the control circuit opens the switch to reinsert the
capacitor after 2.5 cycles. Of particular interest is the transient voltage
upon reinsertion, at one point being completely offset. The non-60 Hz
component is the subharmonic oscillation of the series capacitors and the
system. and this is amost large enough to cause the gap to spark over
again. even though the steady state 60 Hz voltage is well below the gap
setting.  Switched capacitor shunting resistors can be used to substantially
reduce the reinsertion transient voltages. Note too the increase in line
current from 2060 to 2340 A rms when the capacitor is reinserted, owing
to the change in net impedance of the test system.

In asystem having two parallel lines such as shown in Figure 4, severe
swing currents and voltages. overload currents and reinsertion transient
voltages can occur when capacitor segments are bypassed due to a fault
a parald line section. Upon clearing the faulted line section. these
equipments must carry the full system swing current following reinsertion
againg more than double the normal line current. Sustained overigad
current following the swing may be about twice the prefault loading.
These overload current requirements often determine the required con-
tinuous current rating of the bank. A typica line current profile for a

series capacitor bank in a parallel line section of a two-paralel line syster
isshown in Figure 7.

-
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7.5. REINSERTION SCHEMES

As previously T :
capacitor is reinserted nto the line can be critical

tion. The shorier the delay, the higher the transient stability limil as Cr

discussed, the time delay following fault clearing until the

to proper system OpeTs-

shown in Figure 4. This reinsertiion time delay is dependent on control

relaying speed, bypass switch opening time, and the proteclive gap veliage il

recovery characteristics.

- i i system iypically uses nonsell-clzaring gap, |
K e typast b h when sparkover OCCURS. Ader l'tu_u _
the gap and allow it e
is reopened. Reinsertion

and starts to clese the h:.r!:lass ew.:Et: =
clearing, sufficient delay 18 provided to dm:umy:
recover its dielectric strength, then the swiich

times on slow systems are usually gne second of more. . gasial
A high speed reinsertion system is one thai reinserls the caps

within a few cycles following

fault clearing. This can be achieved with

high-speed switches and controls and paps that rapidly recover diglectric

strength, such a8 & vatuum gaps o self-clearing
gap could use cither high- or low-pressure a

the Fault is cleared. Reinsertion times with zelf-

tion of the faull currend mal@.ui.md: a
affect the recovery characleristics.

Instantaneous reinsertion has been achieved by imitiatbng air

gap when sparkover OCCUrs, to guickly build up

air paps. A self-clearing

ir with air flow initiated when
clepring gaps are a func-
nd duration since those paramelsrs.

flow to l:_h;t
insulation strength. The

gap will then récover and attempt to insert the capacitor at every cwrren

zero during the fault, until capacitor

voltage folls below the gap withistanl

This has the disadvaniage of subjecting the capaciter units 1o repeated

high voltoge pulsas every time the gap reignites,

and in fact may allow the
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capaciter voltage (o rise dan

] gerously above (b i : .
air fow is on. e sparkover seiling while the

T.6. YARISTOR PROTECTIVE GEAR

Sla:usfu.-:[ur_l.r equipment operation has been achieved with all of the
4_j|ﬂ'|:ra_n|. ¥pes of protective gear components previously  discussed
including nanself-clearing gaps, high- and low-pressure air blast gaps -.-.a::
uum gaps. and several types of switches. Each new generation of ¢1ql..|jp-

ml::t has olfered impmv-_&mc.ms in characteristics over previous designs.

S ﬂi:i:dq; d:l:-:'n_al::rpmsm;n SeTIes capacilor protective equipment ulilizes
- nsvars, o Iorm of nonlinear resistor. 1o limi

i nOCE, 4 _ : 5 imit the woltage

o ni_slifle -cap_-amn?. The exceptionally nonlinear resistance charncteris-

i & varistor js used to limit the voltage on the capaciler and offers
& advantages of practically Insfayianeois reing

] ally . ertion while eliminati
:_EE need for high spesd switching and rapid recovery gap E!I'Btnctnlrni:t;‘?sg
igure & shows a typical varistor valtage/current profile. .

The basic cir_cuil for this new type of protective gear is shown in Fig-
ure 9. T_h: vanstor |15 connected direcily in parallel with the capacit
The s_tah_]llul of zinc oxide allows the wvaristor Lo withstand :unmuum
:g:n;;;?itmuatgﬂh; the kne-_: voltage witl'l-l}_l.:l significant deterioration, and
i¥; nal:.?s RWDHEZ.EI'::D'IDMl nonlinearity, the need for a complicating

'l'.l:l:re i5 & _tdgm:r-}d air £ap :ﬂ.huwn in the disgram, bul in this cguip-
:J;EEI ihe EAP is not used to Jn:n:t capagitor voliage —the varistor performs

il_l I'uncl:u:!u. Rather, the firing of this Eap is inifinted by conifol losic
w!:i:h monitors the energy absorbed by the varistor. Therefore for E—fr-
:.i_!.ll:'l ']"’I“Em"'* syElemy J'nultg where the varistor current magnitude or -:h:m
t||:u:| I excessive, the gap is triggered to short circuit the varistor and pre-
ect it from further duty. A bypass switch s still necessary in this profec-
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tive system to allew manual conirol of inserlion, s Trell as to bypass the
capacitor for abnormal system of eguipment conditions. The discharge
reactor is likewige still needed to limit the /
the capacitor current when cither the gaps spark over or the bypass s-.mt:ln_
closes. :

Typically the varistor will have insignificant conduction at mltagn: lev-
els up to the maximum system swing condition, I:u!.u will still l|m_|1 _v-:r]!a.;g:
to @ vilue within the capacitor capability. The varistor characteristic {Fig-
ure §) is determined by the : ] : _
parallel connections. For a particular application the major considerations
for the waristor are its required voliage and energy ratings. The wvoltage

rating and the related voltage/current characteristic are established by the 8

maximum nonfault voltages that are expected across the capacitor.

tial features of the zinc-oxide varistor protective system cafl .- 2
The essential lea Mapiiier
theone-line diagram-in Figure 10a.
has @ protective level of 2 pu (erest)

be described by reviewing simulations of its operation on
60-Hz idealized system Dlustraled by
The varistor indicated for each phase
of the rated capacitor veltage for a fault current of 25 kA (crest). The
capacitor roted current Wwas pssumed to be 1600 A rms. The sysiem at
each end of the compensated line section Wwas rapresented by an
pivelent inductive reactance of 16 Ohms. :
" I:_I]ndnr normal system conditions, line current flows through the series
capacitor and negligible current fows

first cyele of the wavelorms shown in Figure 10k,
A fault on the system increases the capacitor current and varliage,

ther vollage increase, If the fault is gxiarnal to the line section :jn _-.r‘ru':h
the capacitor is installed, the line [ault current is modes| because it is im-

magnitude and frequency of '.

in the varistor. The bypass switch s 4
open and the gap is not conducting. This condition fs illusteated in (he 22
Ir -4
the capacitor veltage rises enough, the varisior conducts and limits fur- =

fumber of zinc-oxide disks and their series- - ]

- view of the protective gear platform and a ph

ed by the impedance of the toral fine. The action of the varistor for (G - *F/ully conducted
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such & case s illustrated in Figure 106 for a three-phase fault, These

wavelorms were calculated on the digital compuier
Program. As shown, the varistor limits (he valtage on
the_ current alternates between the capacitor and the
vanstor clamps the voltage. dw/de is reduced which
carrent w & fow level. The capacitor-
ues until the fault is clesred by the
direcied by their own relaying, The i
fault level, reducing the capacitor vol
tually ¢cease conduction. Thus the

using n simulation
each hall-oycle and
varislor, When the
reduces the capacior
variglor shared conduction contin-
svslem breakers {Figure 10a) as
ne current then drops to the posi-
tage and causing the varistor 1o vi-

line curren! flow is fult
. ) ( _ ¥ restored 1o the
= ey

fies capacitor. This reinsertion or restoration is inslantaneous and au.

lomatic, and can markedly increise Power system fransient stability and
pawer transfer a3 was previously discussed. o

A prolotype of a complete protective Ecar
Varislors was installed on an existing series ¢
Day substation on the Bonneville Power Ad

s:.-_slcm UEing rimc-oxide
dpacitor at the North John
mimistration system. A plan
alo of the installed protoiype
: _ { staged fault tests were suc-
tn April and May 1979 on this prototype installation,

are shown in Figures 11 and 12, A serics o
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7.7. RESONANCE EFFECTS WITH SERIES CAPACITORS

A capacitor in series with the inductance of the transmission iine forms a
series-resonant circuit with a natural frequency given by

1 Xy
T o L @
f ITI"\!E f X

where Xc, is the reactance of the capacitor in each phase and X, is the to-
tal reactance of the line at the power frequency f. Since the degree of
compensation, X¢,/X;, usualy isin the range 25-70%, f; is usualy less
than the power frequency, and we say that the system has a subharmonic
resonance or "*mode." X, must include the equivalent series reactance of
the generators and loads connected at the ends of the line. In practice
these have complex frequency-response characteristics, as does the line it-
self, and for accurate estimation of the resonance phenomena a more de-
tailed circuit model of the power system must often be used.

The first effect of a subharmonic resonance is that during any distur-
bance, transient currents are excited at the subharmonic resonant fre-
guency f. These currents are superimposed on the power-frequency
component, and are usually damped out within a few cycles by the resis-
tances of theline and of the loads and generators connected to it. An ex-
ample is shown im Figure 6. In this case the damping is said to be posi-
tive, and the subharmonic mode is stable. It should be noted that the
subharmonic mode is only one of the natural modes of a power system.
Other natural modes have resonant frequencies above the power frequen-
cy, and these can be troublesome if they occur at or near integer-order
harmonic frequencies when sources of harmonic currents (e.g., large
rectifiers) are connected f{mzz Chapter 10). In genera any disturbance,
including any switching operation, will excite al the natural modes of the
system, in different degrees. Usualy al the resulting transient currents
are positively damped, again in varying degrees.

Under certain conditions the subharmonic mode associated with series
capacitors can experience a destabilizing influence from polyphase ac
rotating machines. In extreme cases it can even become unstable in the
absence of corrective measures. The destabilizing influence shows itself
& a negative resistance in the equivalent circuit of synchronous and
induction machines. If saliency is neglected, the per-phase equivalent cir-
cuit of a synchronous machine is of the form shown in Figure 13. The
generated (power-frequency) emf has been omitted from this circuit
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while we consider the subharmonic frequency alone. Also the field wind-
ing has been omitted for simplicity. Suppose that subharmonic currents
have been transiently excited by a disturbance in the external system. In
general they will be unbalanced between the three phases, but if we
resolve them into symmetrical components the positive-sequence com-
ponents flowing in the machine stator will set up a magnetic flux which

rotates in the same direction as the rotor, but at the angular velocity 2+ f,
electrical radians per second. The rotor is rotating at 2#f elec rad/sec,
faster than the subharmonic field. It is said to be dlipping relative to this

field, the dlip s being given by

= (3]

Since £, < f, the dlip is negative, and the rotor behaves much like that of
an induction motor running above synchronous speed. The resistance of
the amortisseur (or solid rotor in the case of high-speed synchronous
generators) referred to the stator is R';/s, as in the induction motor
equivalent circuit, and this is a negative quantity which contributes nega-
tive damping or «undamping”” when added in series with the stator and
external system resistances, The machine is therefore capable of converi-
ing mechanical energy into electrical energy associated with the subhar-
monic mode. a-
If sisvery small, as can happen when the degree of series compensin
tion is large and f; approaches f. then R',/s can become large enough e
overcome the positive resistances in the system. The subharmonic m@g=
is then unstable, and will grow to dangerous levels of current and vograc-
as a result of the smallest disturbance. This situation rarely arisesin ‘o
tice, but when it does. corrective measures are necessary. These can i

7.7.  Resonance Effects with Series Capacitors o7

clude any or al of those which are applied to prevent subsynchronous
resonance (discussed below).

The éectrical subharmonic natural mode is rarely troublesome except
where subsynchronous resonance (SSR) can occur. As it rotates in the
backward direction relative to the rotor and the main field, the subhar-
monic field produces an alternating torque on the rotor at the frequency
S~/ If this difference-frequency coincides with one of the natural tor-
sional resonances of the machine's shaft system, torsiona oscillations can
be excited. This condition is known as subsynchronous resonance. SSR
is a combined electrical/mechanical hatural mode or resonance. Like the
purely electrical subharmonic mode. it can be stable or unstable. depend-
ing on the degree of damping. Although the negative resistance effect in
synchronous machines can have a destabilizing influence. instability of
the subsynchronous mode is more likely to be a result of phase shifts in
the circuit external to the generator whose shaft is oscillating. The oscil-
lation produces a frequency modulation of the power frequency with
subharmonic and harmonic sidebands, and the subharmonic sidebands
may be made unstable by these phase shifts.

The machines which are most susceptible to SSR are large multiple-
stage steam turbines, which typicaly have four or five torsional modes in
the frequency range 0-60 Hz. The lowest torsional frequency is the
"swing'* freguency in which the entire system of turbine cylinders g
the generator oscillates about synchronous speed as one inertia. Torsiona
resonances at higher frequencies involve the twisting of the shaft in
different mode shapes, and resonant frequencies can extend up to hun-
dreds of Hz. The damping of these modes is generally extremely small.

The consequences of an SSR condition can be dangerous in the short
term, if the oscillations are unstable and build up sufficiently to break the
shaft. But even if the oscillations are relatively wel damped, disturbances
(like switching, fault clearing, etc.) can use up the fatigue life of ife
shaft. This slow deterioration is called *"low-cycle fatigue,”* and in recent
years considerable effort has been made to understand it quantitatively.

The corrective measures for SSR are:

L. Tripping sections of line, or bypassing series capacitors, using pro-
tective relays sensitive to very small incipient levels of subhar-
rnonic current.

1. The installation of specia subharmonic filter circuits. These can
take the form of blocking filters (parallel-resonance type) in series
with the power line; or damping circuits in paralel with the series
capacitors. )

3. The use of excitation control (modulation of field current) in
turbine-generators phased so as to provide increased positive
damping at the subharmonic frequency.
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4. The use of a static compensator whose reference voltage is modu-
lated with such a phase as to provide increased positive damping at

the subharmonic frequency.

I some severe cases-a combination of methods (1) through _[.3]' has heen
ised-succossfully with as many as four parallel-tuned h-]uckmlg filters to
provide damping for-cach of four subsynchronous resonances in 2 syatem
squipped-with-& large number of series capacitors, deployed al many

points throughont the network.

7.8 SUMMARY

Series capacitors have been and continue to be an economic means ol
enhancing the technical feasibility and efficiancy of power ironsmission on
EHV systems, The applications are net simple, and o geeat deal of study
is required to assure proper operation. Continuing adm_lnn:s i both
capacitor unit and protective gear designs have played an important role
in maintsining the growth rate of series capacitors, and this Iiim:-, compen-
sation technique should be a key factor in future EHY transmission sys-

T
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Chapter 8

SYNCHRONOQUS CONDENSERS

P. G. BROWN

B.1. INTRODUCTION
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FIGURE 1. Growth in hydrogen-cooled condenser ratings

8.2. CONDENSER DESIGN FEATURES

Functionally, a synchronous condenser is simply a synchronous machine
that is brought up to speed and synchronized to the power system. After
the unit is synchronized the field is controlled to either generate or absorb
reactive power as needed by the power system. The synchronous con-
denser fdls into the class of active shunt compensators discussed in
Chapter 2.

The magjority of synchronous condenser installations are outdoor design
and operate unattended with automatic controls for startup. shutdown.
and on-line monitoring. Historicaly both air-cooled and hydrogen-cooled
condensers have been used extensively; however, nearly all of the large
sizes in the United States are hydrogen-cooled. There is in addition a
large (345 MVA) water-cooled unit in service.™"

Figure 2 shows a 167-MVAr hydrogen-cooled condenser together with
major auxiliary components. In addition to the automatic control and
protection equipment, the control building houses the excitation control
equipment and motor control equipment.

The condenser is contained entirely within a gas-tight enclosure, with
no running seals. which makes it inherently suitable for outdoor installa-
tion. All leads required outside the shell are through individual bushings.
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FIGURE 2 167-MVAr, 900-rpm hydrogen-cooled synchronous condenser. Control
building and cooling tower i background.

The dlip rings for excitation power and the starting motor, if one is used,
are contained in a separate compartment within the main shell, with an
inflatable seal for use when the unit is at rest. This permits brush-
changing without the necessity of purging the entire condenser.

The condenser pit area directly below the condenser, houses a number
of auxiliaries, including the lube oil system, high-pressure bearing lift
pump for reducing friction during starting, hydrogen accessory equip-
ment, carbon-dioxide purging equipment and the neutral grounding
equipment.

Figure 3 shows the saiient-pole type of rotor construction generaly
used. In addition to providing damping of rotor oscillations, the amor-
tisseur bars carry the rotor circulating currents during startup where re-
duced voltage starting is used. For that type of starting ' complete amor-
tisseurs'™ are required, with interpole connections of the arnortisseur bar
groups as shown in Figure 3.

A number of fundamental design advances, including higher operating
speeds and higher hydrogen pressures, have accompanied the extension
of ratings to the larger sizes. Large condensers of the type shown n Fig-
ure 2 are typicdly rated 900 rpm and operate with 30-psig hydrogen pres-
sure.

Figure 4 shows the essential elements of the condenser installation.
These include connections to the system and auxiliary systems, discussed
later. A key element is the excitation control equipment which to a large



FIGURE 3. Synchronous condenser rotor.
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measure determines the condenser performance on the power system.
This is done simply by voltage regulator, as in the excitation control of
most generating stations. A major system disturbance results in abnormal
voltage which the condenser and its excitation control respond to correct.
Voltage sensing may be either from the condenser terminals, as shown,
or from a transmission bus. Where direct sensing of transmission bus
voltage is used, some droop in the control circuit will generdly be re-
quired to provide stable operation. In Figure 4 this droop is provided by
the step-up transformer reactance, and can be increased or decreased by
the control.

The total full-load losses of the condenser, including its auxiliary sys-
tems, are of the order of 1% of the condenser rating, about two-thirds of
which are a function of the loading.

8.3. BASIC ELECTRICAL CHARACTERISTICS
8.3.1. Machine Constants
Typica values of the mgjor electrical constants are given in Table 1, along

with those of steam turbine-generators and hydro generators for compari-
son. The reactances and time constants are similar to those of 4-pole

TABLE 1
Typical Machine Constants
Synchronous
Turbine-Generator Hydro Condenser
Constants 2-Pole 4-Pole
Xy 20 2.0 1.0 2.0-2.5 pu
X'y 0.22 0.33 0.32 0.35-0.45 pu
Xy 0.16 0.22 0.21 0.25-0.30 pu
T 4 9 5-10 9-10 sec
H 25 4 3-6 1.2 kW-sec/kVA
L 2 2 0.6 1.2-1.6 pu
X»p (Potier reactance) 0.30-0.40

Note: transient and subtransient reactance values are for rated voltage
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turbine-generator units. The inertia constant H, which is a relatively
unimportant characteristic for a condenser, is much smaller because there
is no connected turbine.

8.3.2. Phasor Diagram

The phasor diagram for a condenser is very simple because, except for a
very small loss component which can be neglected, all of the current isin
quadrature with the terminal voltage either leading or lagging. Figure 5
shows the phasor relationships corresponding to the two directions of
reactive power flow. From a no-load condition, an increase of excitation
(i.e., ""overexcited" operation) generates reactive power into the system
(Figure Sa). The corresponding phasor relationship based on the con-
vention normally applied for generators is also shown. Reactive power
flows into the system with overexcited operation, just as that which is
produced by a shunt capacitor. A decrease in excitation from the no-load
condition (i.e., "underexcited™ operation) absorbs reactive power from
the system with the phasor relation shown in Figure 54, just as that
which is absorbed by a shunt reactor.

Figure 6 shows a more complete phasor diagram for overexcited opera-
tion. The voltage E; represents the per-unit field current, neglecting
saturation, and E; the total field current derived as shown. Since the con-
denser current is only reactive, the conventional generator reactive capa-
bility curve is not applicable and other curves such as the V-curve are
used to portray condenser operation.

B.3.3. V-Curve
A synchronous condenser provides stepless adjustment of the reactive

power in both the overexcited and underexcited regions. In the overex-
cited region there is both a continuous " nameplate’* capability and short-

(a) OVEREXCITED (b) UNDEREXCITED
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.

It
FIGURE 5. Basic definitions of excitation and reactive power flow.
(AFNL 1s no load excitation.)
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FIGURE 6. Phasor diagram for overexcited operation.

time overload capabilities. Stead?/ -state c%peratmg characteristics are
shown by a V-curve, such as that of Figure 7. The right hand portion of

the V-curve represents overexcited operation, as for a shunt capacitor
bank. The left hand portion of the V-curve represents underexcited
operation, in which the machine is absorbing reactive power from the sys-
tem, asfor a shunt reactor bank.
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FIGURE 7. Condenser V-curve. Base (1.0 pu) field current as defined in Figure 6
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Normal continuous operation may be at any point on the curves below
1.0 pu or rated stator current. The dashed portion to the right represents
short-time overload operation obtained by increased excitation.

The condenser underexcited capability is obtained by operating at field
currents below no-load excitation. As indicated in Figure 7 this operation
may theoretically extend even into the negative field current range.
Operation at negative field currents (within limits) is possible without
pole slipping because of the reluctance torque associated with the salient-
pole rotor construction. The limiting condition where a pole would be
dipped in steady-state operation occurs in Figure 7 at approximately
0.6 pu underexcited reactive current, corresponding to Et/Xq, A dc
commutator type exciter may have its polarity reversed to provide nega
tive field currents and many condensers in service inherengrhy have tfheﬁ
capability. A conventional static excitation system (transformer-
thyristor) cannot provide reversed current even though it will have fuli
voltage-inverting capability for transient field forcing. This static system
permits operation down to a minimum exciter voltage of about 10% of
the no-load excitation requirement. Typicaly, this underexcited capabili-
ty as shown in Figure 7 is about 35-40% of rating. A static exciter with
negative current capability can be provided by using additional thyristor
bridges and associated controls, so that the underexcited capability of a
condenser can be increased to its stability limit.

8.3.4. Simplified Equivalents

While the published V-curve usafully describes normal operation, it 18 m‘-'l_
very helpful for unusual operating conditions where for shorl periods o
time wvoltages are not normal. Transient stability compuler programs
should be used for such studies. For g5slimating, I1Inw-:1.-¢r_ i sun-p_]u
equivalent circuit consisting of & veltage behind @ machine reaclance as [
Figure # can be useful in understanding the machine performance in con-
tingency situations, and in providing checks of compuier rﬁt_:lLE.

For example, with the condenser initially runnimg at hall _rau!.:l oulput
as in Figure 7, consider a $udden sysiEm eMETEEncy *OSing from-the loss
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of critical lines or generation, which reduces the transmission bus voltage
at the condenser location to 70%. Assuming the lower-band reactance
values of Tablel and a 10% transformer reactance, the immediate
response of the condenser (neglecting the first few cycles) would be a
step increase in reactive current output to 113% of condenser rated
current. Subsequent response is a function of the excitation system
action, as discussed in the following section.

For the same voltage disturbance shunt capacitors would experience a
sharp reduction in output current. Assuming a corresponding case with
the same available nominal capacity of switched capacitors the reactive
current would be only 80% of rated. This shows that in comparing alter-
nate means of emergency reactive power supply, it is important to con-
sider equipment ratings derived from system studies that demonstrate
equivalent improvement, rather than smply the nominal ratings.

8.4. CONDENSER OPERATION

In recent years the major applications of synchronous condensers have
been for the following purposes:

1. Power system voltage control.
(a) normal voltage control.
(b) emergency voltage control.
2. HVDC applications.

B.4.1. Power System Voltage Control

"Nu:m.'all" operation of a power system is characlerized by a continual
-:Ita_ng: In_transmission line loading, between light load and peak load
periods; under the changing demands of pool interchange agresments
E_n-:t ag a result of network changes arising from maintepapes ouiapas -'_:-I:
bnes, and so on. Such changes in loadings translate into similar continual
changes in the reactive power requirements throughout the system. In

~the stribution amd su h[fﬁﬂ‘il‘ﬁf&&ii'ﬂn areas [I‘Iﬂ fhﬂ.l'lging reaciive requre-

ment are generally satisfied by switched capacitor banks supplemenicd
with load tap-changing transformers and feeder voltape regulators [ar
1-'l'IIIu_E.I: control, On the transmission network wide variations in reactive
requirements cxisl between the case of light e foadinps twhers fines
behave like reaciive sources), and heavy line loadings (where lines appear
s reactive joads). The nat result iy be an inability to malntain correct
voltage levels, or o adeguately control reactive power inlerchange wilh
neighbaring utilities.  Switched shunt capicitor banks and shunt reacior
banks are commonly used for transmission voltage control. and their ahil.
ity e accomplish this is a funclion of the size of switching steps.
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Synchronous condensers have a technical advantage in this role in that
they:

1. provide a continuously adjustable (stepless) reactive power which
enables close control of transmission voltages,
2. have the capability to provide both capacitive and inductive reac-
tive power in accomplishing the requirements of (1).
8.4.2. Emergency Reactive Power Supply
The ability to provide emergency voltage control during magor system dis-
turbances is probably the primary incentive for most recent utility con-
denser applications. Such needs arise for contingencies such as the
occurrence of a fault and sudden loss of major transmission or major gen-
eration. In extreme cases this can result in system breakup, or islanding.
Major system upsets are generaly characterized by abnormal voltages.
at least initialy. Voltage extremes in either direction may occur, particu-

larly where an area becomes islanded. Synchronous condensers under
voltage regulator control automatically change their output in a direction

to alleviate the voltage excursion. Figure 9 shows the short-time emer-
gency reactive power output with reduced voltage available at one instalta-

e

-"'.f._.-_l_':"'-’.-._.-._.-"'r"_.-'_.-_.:.-"":-"'.-’_.f -

e s

A AT A

= {;,{fr’f.ff":ff.f:::jjf;’f -".-'.':;-__,.'.ﬁjf,.-':-"-".-'.-' "
s o i’ - =
3 #;‘i’jg,-"f-’;ff’ _.__-.:;:_E'. ;-'.;-_.,.-___ .-'.-'__.-.l:.:.__-".-_.-__.-’ ERERG
o

-

i R R _,.-"’_.i.-_. o .-'_.-'.-'.-'__.-__, CUTPUT
F:f’j__":-’:ff%f m;JI."-_\.,,"Fp f:__i-_.-____:__:;___;!;-’ f__.-"

S
l‘"’-"j’f__"’-".-’.-f__.}_,.-’ -"-.::: .-"_,-"". i .-'.-,.-"'--'-. "‘:-"j é
Ik .-""-’.-__.-ij:,'.-':___-f_,.-}.f,-__,__,.-"' ""'__,.-""-'::..-.- .,.-".-""-""-.vj"'""'#jf-"'f
Ll >
L1l lil L _(_"'\_____‘:L‘:Lu -'.-'_.- _l_,-’-f,-’_a’.a,-"'f;je’.-;_,._,f__.;f};:
"'—i-—|.._._, ""-I.-".-".-""---

—% COKT

0.5

0t i
1.4 a9

(]
[
-

P.U. VOLTAGE

FIGURE 9. Emergency reactive power support.

Lep—————— e |

8.4. Condenser Operation 283

tion. As shown, condensers have short-time capabilities wel in excess of
their nameplate ratings. Typically they may have a short-time rating of
150% of rated current for 1 min. In actual operation, the condenser out-
put is, of course, afunction of the system voltage and excitation ceiling
available rather than assigned ratings. Figure 10 illustrates the effect of
excitation system design ceiling on the condenser response to a depressed
system voltage. In this example a step change to 0.8 pu of the HV bus
voltage is assumed. For extreme system conditions very high condenser
output occurs automatically and it is therefore important that the control
design provide for adequate stator winding as well as rotor winding over-
load protection for a wide range of conditions. Reduction of the field
current to its rated value by a maximum excitation limit is not sufficient
to guarantee protection of the stator winding which could still be consid-
erably overloaded.

The time period during which the condenser overload capability s
available during a system emergency is adequate to allow reclosing of
transmission circuits and action by some prime-mover controls. For
example, gas turbines and some hydro units in a spinning reserve mode
can pick up their full capability in a matter of less than a minute.
Automatic line reclosing is usualy initiated within 10-20 sec.

The importance of providing reactive support in a load area, on the
receiving end of the transmission system, is illustrated by Figure 11,
which is taken from Reference 4. This illustrates the importance of reac-
tive support at the receiving end to improve the capability of the
transmission network to import power into a generation-deficient area.

] — e
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FIGURE 10. Synchronous condenser transient performance. gy citer ceiling given m per

unit of rated full load exciter voltage.
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8.4.3. Minimizing Transient Swings

The use of chunt reactive compensation al intermediate switching stations
ie one means of improving the transient stability of remote generation
{see Chapters 2 and 3 and Reference 5). Synchronous mnch?m:m ar_u:l
controlled stalic compensators can coniribute to improve transient stabil-
ity in thess cases. Aside from conditions of stability a prt:-hltrp of abadr-
mal voltages ot intermediate load arces ancumpaln;.-in;. fransient swings
may also be a problem. The situation [lustrated in Figure 12 shows the
application of a condenser for reducing veltage swings following a faull.
A synchronous condenser has a large feld time-constant, huw_l:-.-tr. 50
that in order to be effective in improving the transient voltage swings, the
excitation system should be equipped with a supplementary contrel pro-
viding an errer signal proportional to the rate of changs of woltage.

This lead function offsels the inherent phase lags in the condenser, so
that the reactive oulput is in phase with the transient requirements. Fip-
ure 13 shows a stabilizer function added to the excilation compuler
representation. Figure 14 shows the effecliveness af the 5upp1ernentarl_v
control in improving the condenser performance for a simulated cychic
swing in system voltage. )

The necessity for voltage regulator supplementary control to obtain Lhe
maximum condenser bepefits during transient swings is more specifically

8.4. Condenser Operation
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“demaonstrated by stability studies of a large interconnected system. An

example uf simulation results is shown in Figure 15, The utility system s
mamclgnznd by major generating units remote from the Josd aren. In
occupying & location between widely separated generators the load areas
ang sulfjen:l o wide woltage wvariations during transienl swings. A
140-MV Ar sl:.rlmhmnuus condenser is used to provide voltage control and
helps to maintain transient stability during disturbances, The particulur
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case shown is for a 3.5-cycle three-phase fault on a mgjor EHV circuit.

which resulted in transient instability of the system. Despite the addition

of the condenser with a high-ceiling static excitation system, this case i
shown to be unstable without the supplementary control. One reason far
this is delay in the voltage regulator control. Figure 15¢ shows the phise
lead and MV Ar output increase provided by the supplementary contrtl,
which results in maintaining system stability.

Emphasizing a point made earlier in regard to the low-voltage capabili-
ties inherent to the condenser, it is interesting to note in this practicd
example that despite a voltage reduction to about 80% at the condenser
location the MV Ar output is substantialy above its nominal rating.
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k.4.4. HVDC Applications

Figure 16 shows the use of synchronous condensers at the receiving end

of a high-voltage dc line. In this application the condenser fulfills several
needs:

1. It provides a portion of the reactive power requirements of the
converter.

2. It permits the dc converter control to maintain acceptable control

of the ac voltage where the receiving system short-circuit capacity
islow.

When the receiving system does not in itself meet short-circuit require-
ments, additional short-circuit capacity from synchronous condensers can
fill this need, as well as providing a portion of the reactive requirements
of the inverting process. Of the available reactive power supplies. the
condenser has the unique ability to provide short-term voltage stability in
the subtransient range. One demanding condition is the sudden blocking
of the dc link for fault clearing which results in a sudden release of reac-
tive power loading of the converter and corresponding instantaneous rise
in the ac system voltages. These considerations establish the condenser
capacity required for acceptable operation, with the remaining normal and
post-subtransient reactive requirements being provided in the most
economic manner. A fixed block of reactive power is available from the
capacitor banks associated with filter banks. Additional controlled reac-
tive power supply will generally be provided by a controlled compensator.
With a strong ac receiving system, that is. a high short-circuit level, al of

the variable reactive requirements may be supplied by the system or from
switched shunt capacitors.
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FIGURE 16. HVDC application of synchronous condenser.
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8.5. STARTING METHODS

Practical starting methods for large condensers include reduced voltage,
starting motor, and static starter. Full voltage or across-the-line starting
is not generally used for large condensers because of the magnitude gf
system voltage dips and also the severity of condenser duty. Generall
starting will be infrequent, the units being shut down only when requir-
for maintenance. Likewise, starting time is generaly not critic*
15-20 min being acceptable.

8.5.1. Starting Motor

This method uses a wound-rotor motor with one less pair of poles th™"
the main condenser to accelerate the unit to rated speed and synchroni.
to the line. It has the advantages of eliminating any voltage dip on t
system. as well as stator or amortisseur winding stresses during 11
startup. There is aso a considerable background of experience with t
starting method which has been used extensively for startup of both s/u
chronous condensers and pumped hydro units. A motor rating of abo
0.5% of the condenser rating is used.

Torque control of the motor during startup is by meanslg a lig
rheostat controlled as shown schematically in Figure 17. “2uring t"'*
acceleration period the control positions the electrodes to maintain c
stant torque. At approximately 98% speed, the control responds to th
pulsed output of speed matching relays to bring the dip to a very sma
value and dlow the automatic synchronizing relay to initiate breake'
closing.
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FIGURE 17. Starting motor control.
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Where the condenser has a direct-connected dc exciter, this may be
used as a driving motor to bring the condenser up to speed and synchro-
nize to the line. Two 250-MVAr condensers presently in service use dc
exciter starting, in an automated system. Torque control during starting
in this case is through a controlled dc voltage to the exciter/motor.

8.5.2. Reduced Voltage Starting

Two arrangements for reduced voltage starting are shown in Figures 184
and b. Various switching arrangements, particularly with respect to auto-
transformers, have been used. The choice is a matter of economics

rather than any practical difference in performance. This includes auto-
transformer connections which utilize tripping of a neutral breaker with
the series winding serving as a reactor during the start-run transition,
sometimes referred to as the Korndorfer method. The magnetizing
impedance of the usua starting autotransformer under these cir-
cumstances is so high that there is practicaly no difference in perfor-
mance from the open transfers of the arrangements shown in Figure 18

The reduced voltage tap of the transformer delta winding of Figure 18a
may be a symmetrical center tap for half voltage or a corner-delta connec-
tion for a lower voltage 1zp."™ The corner-delta tap introduces unbal-
anced impedances which result in unbalanced current flow during starting.
However, the unbalanced current flows are generally small and of primary
interest to the relaying designer with regard to sensitive ground relay set-
ting. The transformer design should recognize the need to avoid exces
sive unbalance of the tap voltages.

The short-circuit current on a tap tends to be higher in amperes than
that of the full winding. Where this may exceed the interrupting or
momentary rating of the planned breaker a current-limiting reactor
(CLR} as shown in Figure 18a may be required.

i )
FIGURE 18. Reduced voltage starting. {a) Transformer tap. (#) Autotransformer
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The unit is started as an induction motor on the reduced voltage tap.
Excitation is applied when full speed is reached and the unit pulls into
step. Because of the reluctance torque, the unit may pull in on the
"wrong pole' initially. As part of the automatic starting sequence,
sufficient field current is applied to insure that if necessary an intentional
pole-slip will be made. A check is made using a reactive power relay to
be sure that the condenser has the correct pole orientation before
proceeding further. Following this check, the transfer to full voltage is
made by tripping the start breaker and closing the running breaker. At
the. same time that the starting breaker is tripped, full field forcing by the
excitation system is used to minimize the transient current and resultant
voltage dip. Typicaly the starting tap voltage is 35-50%. Where a partic-
ularly low tap voltage is used, the transfer transient can be much larger
than the initia transient unless control means are used to reduce this.
Figure 19 illustrates a case where a slight delay in closing the running
breaker reduced the second voltage dip to a small walue.™

Heavy amortisseurs of the type illustrated in Figure 3 are required for
this starting method. As unit sizes increase, it becomes more difficult to
provide amortisseur bars of adequate thermal capability and a different
starting method is required. Hydrogen-cooled condenser ratings above
about 170 MVA will generaly require a non-amortisseur type start such
as a starting motor.
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853. Static Starting

Static starting shown schematically in Figure 20 is basically a synchronous

r " back-to-back™ type of start in which the condenser is accelerated to
rated speed in synchronism with the static equivalent of a starting genera-
tor. The static starting equipment is a self-contained static equivalent of
not only a starting generator but also its excitation, governor, vaves, and
synchronizing controls. The major elements of the static starting system
are the following:

1. Satic Starter Cubicles which contain the power thyristor elements
and associated control.

2. Commutating reactors and the smoothing reactor located adjacent to
the starter cubicles.

3. Power switchgear for supply to the starter and for connection to the
unit to be started.

Basically the starter is like the converter equipment of a HVDC terminal
except that the receiving "system' into which the power is sent is at
changing frequency. During acceleration the line-side converter operates
as a rectifier while the machine side converter operates as an inverter.
Above a certain minimum speed (5-10%) the condenser can supply the
reactive commutation required for operation of the inverter. Below this
speed it is necessary to establish the rotating stator flux by successively
switching the inverter output from phase to phase.
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FIGURE 20. Schematic arrangement of static starting system.
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8.6. STATION DESIGN CONSIDERATIONS

While detailed discussion of station equipment is beyond the scope of
this chapter, several considerations unique to the condenser will be
mentioned.

8.6.1. Basic One-Line Arrangement

The one-line diagram of condenser installation varies considerably with
differences in the existing substation arrangement to be accommodated
and the starting method employed. Figure 21 shows a typical arrange-
ment using a wound-rotor motor for starting.

Where there are tie autotransformers interconnecting two transmission
voltage levels at the substation, an economic connection to the power sys-
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tem may be as shown, through the delta tertiary winding of a tie auto-
transformer. Alternately, the condenser may have its own step-down
transformer. Two important and related considerations in either case are
the impedance and turns ratio of the transformer. In general, the lowest
impedance consistent with circuit-breaker interrupting duties is desirable.
to permit maximum utilization of the condenser capability. A low
impedance also eases the problem of selecting a transformer turns ratio to
match a wide range of conditions, alowing the desired condenser reactive
power over the expected range of transmission voltage level variation
without exceeding the condenser normal voltage tolerance limits of + 5%.

8.6.2. Control and Protection

In nearly al cases condensers are completely automated with remote
start-stop and voltage control provisions.

The protective relaying requirements are essentially the same as for a
turbine-generator unit; however, there are several specia requirements.
A different type of loss-of-field relaying is applied, since near-zero field
current is normal for a condenser. This function is provided by the com-
bined logic of field current and terminal voltage so that low field current
together with low terminal voltage would be considered abnormal.

Under-frequency relaying is also provided on condensers to protect for
cases where they become isolated from the system by a remote trip-out.

An important protective function is the condenser stator and roior
winding overload control. Since the only means of ""unloading' a con-
denser is by reducing the field current, this function is normally provided
as part of the excitation equipment and consists of automatic runback
controls supplementing the normal maximum excitation limit functions.

8.6.3. Auxiliary Systems

The basic auxiliary systems of a condenser in addition to the starting
means are for lubrication, cooling, and hydrogen control.

The total auxiliary power requirement for a condenser operating at
rated output is of the order of one-tenth of one percent, most of which is
associated with the cooling water system.

The ventilation of the machine of Figure 2 is totally enclosed, with
hydrogen gas circulated by means of shaft-mounted fans, through gas-to-
water heat exchangers. Since cooling water is frequently at a premium,
either cooling towers or water-air heat exchangers are generaly employed.
A closed system containing a glycol mixture for freeze protection is com-
monly used in low-temperature areas. In other cases freeze control is
accomplished by cooling system design allowing automatic draining.
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A hydrogen control system maintains normal pressure by means of
pressure regulators, providing makeup for leakage from the condenser
shell.

The lubricating oil system is usually located in a pit directly beneath
the condenser. Lubricating oil is supplied to each bearing at the proper
pressure and flow. Also, high pressure ail is supplied to the bearings dur-
ing start-up in order to lift the journals above the bearing surface, to
reduce starting friction and to reduce babbitt wear. A dc backup lube oil
pump provides emergency backup to the normal ac lube oil pump.

8.7. SUMMARY

Large hydrogen-cooled condensers have played a mgjor role in the reac-
tive supply requirements of utility systems. Their characteristic of provid-
ing a stepless controlled reactive supply for both overexcited and
underexcited requirements makes them effective for normal control of
transmission voltage levels. More important however is their emergency
voltage support capabilities where major disturbances and/or loss of
transmission or generation facilities threaten a system collapse. Con-
densers automatically provide capability in excess of nameplate ratings
during an interval required for transmission line reclosing and prime-
mover governor controls to act. System disturbances may dictate a need
for either capacitive or inductive reactive power to maintain reasonable
voltage levels. The MV Ar which can be made available during these crit-
ica emergencies is an important consideration in the comparison of alter-
nate forms of reactive supply. In general, detailed system studies with a
suitable transient stability computer program are required to determine
specific requirements.

The basic condenser starting control and protection requirements have
been well developed over many years. More recently improvements have
been made in two areas to permit more effective transient performance.
One is the use of voltage regulator supplementary controls to increase the
condenser effectiveness during transient swings. Another is the improve-
ment in overload controls to permit maximum advantage to be taken af
the condenser short-time capabilities.
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Chapter 9

REACTIVE COMPENSATION
AND THE ELECTRIC
ARC FURNACE

T.J. E. MILLER and A. R. OLTROGGE

9.1. INTRODUCTION

For the efficient use of electrical power in the steelmaker’s arc furnace, a
unigue combination of problems must be solved, particularly in voltage
stabilization, but also in power factor correction and harmonic filtering.

Voltage stabilization can markedly improve furnace operation: either
by increasing the maximum power and therefore the rate of steel produc-
tion; or by enabling the furnace to work at the same maximum power but
with a shorter arc, which reduces refractory wear and helps to limit volt-
age "'flicker."

While voltage stabilization is aways a benefit to the steelmaker, to the
supply utility it may be necessxry as a remedy for voltage disturbances
(flicker) caused by the rapid, large, and erratic variations in furnace
current. Such disturbances might otherwise be a nuisance to neighboring
customers.

Methods that have been used for voltage stabilization include connec-
tion of the furnace at a higher network voltage, synchronouscondensers
with buffer reactors, and the modern high-speed thyristor-controlled and
saturated-reactor compensators. The rapid response of high-speed com-
pensators helps to resolve the conflict between furnace performance and
flicker reduction which is met with the synchronous condenser/buffer
reactor combination. Connecting the furnace at a higher network voltage
is often expensive and sometimes impractical, and in many such cases the
thyristor-controlled or saturated-reactor compensator proves to be
economic and technically advantageous.
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The order in which the subject matter is treated is intended to reflect
the importance of voltage stabiiization to the steelmaking process. This is
in contrast to many publications which only treat the static compensator
as a means for limiting flicker on the external system. Flicker correction
is considered in Sections 9.3 to 9.5.

9.2. THE ARC FURNACE ASAN ELECTRICAL LOAD

9.2.1. The Arc Furnace in Steelmaking

Worldwide electric arc furnace capacity is today continuing to increase at
a significant rate in spite of an overal slowing of the growth in steel pro-
duction. In the United States alone, between 1975 and 1981, some
15 million tons of newly installed arc furnace capacity brought the arc
furnace's share up to one-third of total steel production.” There are at
present about 850 electric furnaces with electrodes more than 6in. in
diameter, and their capacities range from a few tons to over 400 tons.
The largest furnaces now are more than 30 ft in diameter and require up
to 110 MW of electric power. Figure ! shows a typica large furnace.

These statistics underline the importance of the arc furnace both as a
steel producer and as a load on the electric supply system.

9.2.2. Electrical Supply Requirements
of Arc Furnaces

Furnace Operating Characteristics. In order to appreciate the benefits
of voltage stabilization to the furnace, it is necessary to look at the fur-
nace operating characteristics. These can be derived as follows.

The arc can be represented as a variable resistance in a simple single-
phase equivalent circuit of the furnace and its supply system (see Fig-
ure 2). Although this model is a sweeping simplification of a rea fur-
nace, it gives a surprisingly accurate account of furnace operation in
terms of averaged quantities.

It is convenient to ignore al resistances except that of the arc. The
reactance X is the sum of al reactances in series with the arc: it includes
the reactances of the flexible leads and the electrode-arm busbar, the
electrodes, the furnace transformer and the main steelworks transformer,
and the short-circuit reactance of the supply network. All reactances are
referred to the secondary winding of the furnace transformer. The short-
circuit reactance of the supply network may be of the order of 15-20% of
the total, while the leads from the secondary terminals of the furnace
transformer to the graphite electrodes may account for as much as 70%.
The emf Eis the open-circuit voltage at the furnace transformer second-

9.2. The Arc Furnace as an Electrical Load
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FIGURE 1. General layout of a large modern electric arc furnace (electricaj connectrons
are shown for only one phase).

ary terminals, and together with Xdefines the Thévenin equivalent circuit
of the supply to the arc.? The operation of the furnace will be described
as though the furnace currents were balanced and sinusoidal.

Control of the circuit of Figure 2 is by vertical movement of the graph-
ite electrodes. which controls the arc length and therefore its voltage (dis-
cussed later): and by tapchanging on the furnace transformer, which
varies £ Tapchanging also varies X dlightly: but this effect will be
ignored.

It is well known that in a circuit of the form of Figure 2 the power
which can be delivered to the load (i.e., the arc) as R varies is limited to
the maximum value

P oox = EYIX per phase. ai
T In practice X may be increased by a factor of the order of 1.1 to account for the harmon-
rcs, while E = mncreased by about 5% to allow for uncertainties n reactance values and yar,.
ation m the supply voltage.
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The value of R at the maximum-power condition is
Rppax = X

and the current corresponding to maximum power is Ty, = EfRNEE
The voltage drop across the arc is then equal to the voltage drop across X,
both being equal to E/~/2.

Figure 3 shows the variation of furnace power and other quantities as
R varies. Plotted to a base of arc current, these curves are called the
""operating characteristics' of the furnace. The tapsetting is assumed
fixed in Figure 3. The furnace rating is approximately 60 MW. E is
700V rms (line-ling), and X is 4.04 mOhm, of which 80% is ""down-
stream'" of the furnace transformer primary (the "*furnace bus' in Fig-
ure2), and 20% is ""upstream,” giving X, = 0.81 mOhm and X,=
3.23 mOhm. The primary of the furnace transformer is the most usual
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metering point, and the power factor shown in Figure 3 is at this point.
It is here that a compensator would normally be connected.

Choice of Operating Point and the Importance of Supply Reac-
tance. It is known that satisfactory arc stability is achieved at the
maximum-power point. A current lower than Femax gives a higher power-
factor, but a less stable arc and lower power. A higher current, on the
other hand, gives a lower power-factor and a lower power, implying
uneconomic utilization of the furnace. Taken by itself, this consideration
suggests the desirability of operating the furnace near to the maximum-
power point. The freedom to operate at this point is, however, limited by
the wear rate of the refractory sidewall lining. Refractory maintenance
cost is a significant fraction of steel production cost, and is becoming
more important with the trend towards higher power inputs in a given
furnace diameter. It is therefore important to understand how the wear
rate is related to the operating point and the operating power.

The refractory wear rate at a given power level is approximately pro-
portional to the arc length.t Now the arc length depends almost ex-
clusively on the arc voltage, being aimost independent of current. Ap-

proximately,
Vare = kilae T 40 Volts rms, 3)

where k = 29 V/in. (11.5 V/cm). At the maximum power point V.. =
E /<2, which from Equation 1 becomes V. = +/F.ud . Thus for a
given maximum arc length (i.e.. voltage) and a desired maximum arc
power P..x, the reactance X must not exceed Fiiimant / Pmax- If X
exceeds this value, the furnace must be operated at a higher current, that
is, to the right of the maximum-power point, in order to limit the arc
length. This resort is by no means uncommon in practice, but of course
the power and the power-factor are both reduced in consequence. This is
illustrated in Figure 3a by the solid curves of arc power, length, and
power-factor.

The dotted curves in Figure 3a show the effect of eliminating &y, that
is, reducing X to 80% of its origina value. E is reduced by the square
root of this factor in order to keep P..x constant. It can be seen that
operation at the same maximum power is now possible with a reduced arc
length, that is, with less refractory wear. The reduction in X reduces the
arc length at all levels, not just at maximum power.

T W.E. Schwabe, whose choice of constants appears m Equation 3, has suggested a Refrac-
tory Wear Index® (RWI) defined by:

Arc Power x Arc Length
(Arc-sidewall Clearance)?
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In summary. the key to making the desired power input equal to the
maximum power with an acceptably short arc is to have the total reacrance
X as low as possible.

Modern furnaces have special arrangements of their flexible leads and
electrode-arm busbars to minimize the reactance.”™ The extent to which
X can be reduced is limited by practical and economic factors, and by the
degree to which the furnace builder can control the reactance upstream of
the steelworks. In many cases lower reactance has been achieved by rein-
forcing the steelworks supply, with direct connection to a higher network
voltage having a higher fault level and a lower effective short-circuit reac-
tance. Even when the primary reason for this has been to reduce flicker,
the benefits to the furnsce are neverthel ess the same.

Benefits of Compensation. |t is now clear how a compensator can pro-
vide the same benefits as a reduction in X. A compensator may be con-

nected at the furnace busbar (see Figure 2a4). If it is capable of maintain-
ing constant voltage, that is, ¥;= E, then X; is effectively eliminated.
If, as in Figure 3a, the furnace busbar voltage V; is stabilized to
E X,/ X+ X;), then the maximum power is unchanged while the arc
length and the refractory wear are both reduced.

An alternative compensation strategy is shown in Figure 35, where the
furnace busbar voltage is stabilized to E Again i is effectively elimi-
nated. and according to Equation 1, thisincreases the maximum power by
the ratio [X; + X,)/X,, which may be as much as 1.3. The arc voltage.
and therefore the arc length, a the maximum-power point are
unchanged. This is illustrated by the dotted lines in Figure 35. In the
example, [X') + X,)/X,= 1.25. and the maximum power is increased by
this factor. The power factor at the maximum power point is dightly
reduced, while the current is increased by the factor 1.25. In this case
the power-factor correction kVAr requirement is increased along with the
maximum power. At the maximum-power point, for example, the reac-
tive power is increased by the ratio ¥, + X)/X,.

The only types of compensator capable of realizing the benefits of volt-
age stabilization are active compensators with very rapid response. These
include the saturated-reactor compensator, the thyristor-controlled reac-
tor, and the thyristor-switched capacitor. The rapid response is necessary
because the compensator works essentially by providing al or most of the
reactive current required by the furnace, and as we have seen this can
vary rapidly. The synchronous condenser was applied in a few installa-
tions before the development of these high-speed compensators. Because
of the need for a buffer reactor in series with the furnace busbar and
upstream of the condenser, the flicker improvement was limited to the
point of common coupiing and was obtained at the expense of an increase
of flicker at the furnace busbar. This had a deleterious effect on furnace
performance if two furnaces were operating in parallel.
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9.3. FLICKER AND PRINCIPLES OF ITS COMPENSATION

9.3.1. General Nature of the Flicker Problem

Rapid fluctuations in the currents supplied to arc furnaces (and other
large loads, e.g., rolling mills, mine hoists) are sometimes large enough
to cause voltage fluctuations in the supply system, resulting in lamp
flicker. Television receivers and sensitive electronic equipment can also
be adversely affected. To minimize these effects, the voltage fluctuations
must be kept below some agreed '"threshold of irritation.”” The term
""voltage flicker" is often used to embrace adl adverse effects of rapid
voltage fluctuations.

Characterization of the Flicker Problem. Electric utilities differ in the
methods they use to characterize the ""threshold of irritation"" due to
flicker, but broadly speaking there are two main approaches, the SCVD
method and the flickermeter method. There are fundamental differences
between the two. SCVD = Short-circuit voltage depression, discussed
below. Note that the SCVD will be worse at the PCC (point of common
coupling) than at other, more remote, points in the supply system where
other loads are connected.

(a) The SCVD Method. The SCVD method is based on a correlation
between the incidence of flicker complaints from other consumers near the
steelworks, and the short-circuit voltage depression at the point of common
coupling. The SCVD is usualy expressed as the percentage decrease in
voltage a the PCC when the furnace goes from open-circuit to short-
circuit on dl three phases. The correlation between the SCVD and the
incidence of flicker complaints is determined from past surveys. Three of
the best known are described in References18, 30, and 31, and a
simplified (J‘t{;]ough widely used) representation of the UIE/NIFEDE™"
and AIEE™ survey results is reproduced in Figure 4 (see aso Refer-
ence 2). Typica of the standards and recommendations that are applied
is the one used in the United Kingdom,™ where the SCVD is limited to
2.0% at voltages at and below 132 kV, and 16% at higher voltages.
These figures apply to the SCVD calculated with minimum short-circuit
level in the supply system.

The SCVD method of dealing with the flicker problem has important
practical advantages. It is simple, and it defines the **threshold of irrita-
tion" in a way which should be automatically acceptable to the utility's
customers as a whole. With this method it is possible to predict at the
design stage whether a planned new furnace installation will cause objec-
tionable flicker, because the SCVD can be calculated in advance from the
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power and reactive power ratings of the furnace and the impedance of the
supply system. All of these parameters are usualy available at the design

stage.

(b) The Flickermeter Method. A difficulty with the SCVD method is
that it does not define flicker, and therefore it does not indicate how actu-

a voltage flicker can be quantified for the purpose of measurement or
prediction. Measurement is important in evaluating the flicker in both
compensated and uncompensated installations, while prediction is impor-
tant in the design of control circuitry for certain types of compensator.
The difficulty of precisely defining flicker is reflected in the large
variety of flickermeters which have been triad,"®#.%2.38 ysing various
principles of measurement. Some use a photocell responding to the light
from a tungsten filament lamp, while others are directly sensitive to input
voltage. Most types essentially measure the rms value of the fluctuation
(or modulation) of the voltage, because this is the most important single
common factor in the flicker perceived by a large number of consumers.
There are, however, wide differences in the frequency-responses and m
the interpretation of different flickermeters. Some attempt to reproduce
the ""visua sensitivity" curve of the human eye,?? while others employ
no frequency-response weighting at al. Some types incorporate harmonic
filters. on the grounds that harmonics can affect the meter reading
without contributing much to the rms value of the fluctuation. Flicker-
meters aso differ widely in the averaging period they use to determine
the root-mean-square value. Some give a continuous reading; some give
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a sampled reading at intervals of a few seconds or minutes; others in-
tegrate continuously to give a cumulative "*flicker dose."*

It appears to be relatively uncommon for electric utilities to specify the
""threshold of irritation' in terms of a reading on a particular flickerme-
ter, although the increasing use of these instruments may change this,
and aready some purchasers of compensation equipment have used such
acriterion in their specifications.

The main value of the flickermeter so far has been in making " before
and after'" measurements of flicker when a compensator is added to an
existing furnace installation. However, it is of little help in planning a
new furnace installation or in designing a compensator, because it is not
at present possible to predict from design data what the flickermeter read-
ing will be, either with or without the compensator.

An example of a ""visua sensitivity'" curve is reproduced in Figure 5,
not for the purpose of describing any particular flickermeter, but merely
to show that the eye is sensitive, via electric lighting, to the spectral char-
acter of the flicker, and can detect very small voltage variations. The
""threshold of perception™ of continuous sinusoidal voltage modulation at
7-8 Hz has been put at around 0.3% rms. Figure 5 shows a peak sensi-
tivity to voltage fluctuation frequencies around 6-10 Hz, but perception
of sharp variations lasting less than one half-cycle has been recorded.
This serves to show that any compensator intended to reduce flicker must
be both fast and accurate in response.

The SCVD recommendations of one utility (the U.K. Electricity Coun-
cil) have been correlated with a particular value of the rms value of the
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FIGURE 5. Typical visual response to flicker under incandescent lighting.
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voltage fluctuation. The survey results reported in Reference 18 showed
that, based on complaints, the *"threshold of irritation'* could be defined
by an rms fluctuation exceeding 0.25% for 1% of the time. Thisis the so-
called " gauge-point' fluctuation.

Nature of Arc-Furnace Current Variations. The voltage fluctuations
result from the large and sometimes erratic variations in current flowing
through the common supply impedance upstream of the point of mea-
surement. A recording of typical furnace power and reactive power is
shown in Figure 6. The current tends to be irregular because of ignition
delay and the nonlinear resistance of the arc, and because the arc moves
about, sometimes erratically, under the combined influence of elec-
tromagnetic forces, convection currents, the movement of the electrodes,
and the caving-in and diding of the melting "*charge (which consists
mainly of scrap metal in most cases). The currents are unbalanced, dis-
torted, and fluctuate by large amounts even between consecutive half-
cycles. The variability and the distortion tend to be more severe during
the first few minutes of a melting cycle, as the graphite electrodes are be-
ing driven down into the charge (**bore-down™). As the pool of molten,
metal grows, the arc becomes shorter and more stable and the subsequent
"refining'" period is characterized by much steadier currents with rela-
tively little distortion. The furnace power may be reduced in this period
to a small fraction of its ""bore-down'" value, by tapchanging on the fur-
nace transformer.

An idea of the size of the current variations in a large furnace can be
gained from Figure 6 and the example in Section 9.1, in which a 60-MW
furnace operating at an electrode voltage of 700 V has arc currents over
70,000 A per phase. The average reactive power is of the order of
60 MV A1, requiring a very large capacitor bank for complete power factor
correction.

Spectral analysis of the distorted furnace current does not result in
discrete integral-order harmonic components, but in a continuous
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FIGURE 6. Power and reactive power variations of a typical electric arc furnace. » jgg;
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(though uneve %lspectrum whose amplitude is broadly inversely related
to frequency." It is nevertheless important to extract the spectral am-
plitudes at the low integra multiples of fundamental frequency for the
purpose of rating the harmonic filters associated with the furnace. These
are usually tuned to harmonics of such orders (typically 2, 3, 4, 5, and 7).

Table 1 summarizes the results of a digita Founer analysis of furnace
currents. used in the determination of filter ratings.™

TABLE 1

Illustration of Harmonic Content of Arc Furnace Current
at Two Stages of the Melting Cycle

Harmonic Current
% of Fundamental

Furnace

Condition Harmonic Order: 2 3 4 5 1

Initial melting 77 58 25 42 31
(active arc)

Refining L0 2.1
(stable arc)

9.3.2. Flicker Compensation Strategies

If the calculated SCVD of a planned furnace installation fals in the Bor-
derline or Objectionable regions of Figure 4, or if flicker complaints are
aiready being provoked by an existing installation, then the choice must
be made between reducing the furnace load, stiffening the supply, or
installing compensating equipment.

The supply can be stiffened by tapping it at a higher voltage level, or
by installing additional lines, or both. This option may be expensive, but
it is often adopted when future expansion of the steelworlts or of neigh-
boring loads is anticipated.

When compensation is to be employed, the choice can be made
between several different types of compensator. Some of the practical
merits and demerits of the different types are summarized in Table 2, and
the orinciples of operation of the most important modern types are dis-
cussed in sections 9.3 and 9.4.

) TABLE 2 _
Some Practical Advantages and Disadvantages of Different Types

of Flicker Compensator

Flicker
Compensating
Equipment or
Technique Advantages Disadvantages
Thyristor-controlled Rapid response Requires shunt
reactor Independent operation capacitor for
of phases p.I. correction

Generates harmonics

Thyristor-switched No harmonics generated Limited speed of

capacitor No reactors required response
Independent operation
of phases
T urated rector PRI Rpmvesbs 100 Regures lrge shy
Independent operation p.f. correction
of phases Generates harmonics

Transformer-type
construction

Applicable to only
one furnace

Harmonic-compensated  Rapid response Requires shunt
saturated reactor Negligible harmonics capacitor for
generated p.f. correction
Transformer-type Energizing transients
construction Phases not
independently
controlled

Requires regular
maintenance

Limited flicker
suppression capability,
even with buffer
reactor

Synchronous —
condenser

High reliability High cost
Future expansion of
furnace installation

Increase supply
short-circuit level
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Basic Notions of Compensator Performance. The ability of a compen-
sator to reduce voltage flicker depends, in broad terms, on the compensa-
tion ratio and the speed of response, which are defined as follows.

(a) Compensation Ratio. This is defined as

c_ Reactive power rating of controllable part of compensator 4
- Variation in Reactive Power of Furnace

The controllable part of a compensator is distinct from the fixed shunt ca
pacitors which may be included for overall power-factor improvement. It
is not uncommon to have C> 1, especially where the compensator is re-
quired to correct unbalance. This is because the compensating reactive
power swing needed in one phase when the other two are short-circuited
exceeds the per-phase reactive power swing needed under balanced condi-
tions. Sometimes the compensator is " over-rated' (i.e., C>1) in order
to compensate for the voltage drop in the main supply transformer and
improve the voltage stability at the PCC.

(b) Speed of Response.  The reactive power fluctuation &@Li) of the
furnace and the compensator's response to it are not instantaneous
events, but are both extended in time. The compensator's response
0, (1) does not in general have the same form as 4 J,{:1. and in any case
both & {¥;{r} and {%{f} are not unique but depend on the definition of
reactive power and the method by which it is measured. &, 1i1 in some
cases includes a contribution from the harmonic filters. These factors
make it difficult to define the response of the compensator in terms of a
single number, and great care should be exercised in interpreting claimed
figures for response time or even frequency-response.

Notwithstanding these difficulties it is helpful to examine in a general
way the effect of delay in the response of the compensator, under ideal-
ized conditions in which the furnace reactive power is modulated
sinusoidally at a single frequency:

AQ ) = AQy sin wat . (5)

Suppose that the compensator’s reactive power response Q,(t) is aso
sinusoidal, of amplitude CAQI. but retarded in phase by an angle v.
Thus

0,(1) = CAQ, sin lwat = ¥1. {6)

In general C and y are both functions of the modulating frequency wp
and of the type of compensator.? The residual reactive power fluctuation
after compensation is

0. = .i'.nﬂfl_ri - 0,(0) . Q)

T This treatment pre-supposes that reactive power can be defined in such a way as to have
an instantaneous value as expressed in Equations 5 and 6.
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The relationship between &{F i1, { (s}, and @{# is shown in phasor

terms in Figure 7. From this diagram it is possible to define a flicker
suppression ratio, F, as

7
0,

The flicker suppression ratio Fis, of course, afunction of the fluctuation
frequency w,,. Fis plotted in Figure 75 as a function of the retard angle
v for various values of C. These curves apply for fluctuations at one fre-
guency taken in isolation. It can be seen that with C= 100%, for
v = /3 there is no improvement in flicker, and for v > #/3, F< 1, that
is, the flicker is actually amplified by the compensator. A flicker suppres-
sion ratio of F= 4 at afluctuation frequency of 10 Hz is representative of
a typica compensation requirement, and with C= 100% this requires
v < .08 radians (14°). If, asissometimes done, the compensator delay is
represented by afixed time delay 7, then

TP i

'F- ' ——— T
YT =10ty

i)

Y= me': ET.-'ll.llr'| (9)
and to achieve F= 4 at 10 Hz requires 7'< 4 msec (with C = 100%).
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FIGURE 7.

(&) Effect of compensation ratio C and delay » on compensation Of reactive

power fluctuations at a single modulating frequency. (&) Flicker suppression ratio F as a
function of the retard angle vy with ¢ = 1.0.
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The other curves in Figure7 b show that for a given flicker suppression
factor, there is a tradeoff between the size of the compensator (C) and its
speed of response. A dower compensator may need to be oversized in
order to achieve comparable performance with a faster one.

Reactive power fluctuations from a real furnace can never be character-
ized by a single modulation frequency, and the response of a particular
type of compensator to a real furnace cannot be completely defined in
terms of asingle response delay 7. Nevertheless, the flicker suppression
factor is a useful figure of merit for a compensator's performance. It is
often quoted in the literature, although severa alternative definitions are
used, some corresponding to the SCVD criterion and some to field mea-
surements using a particular type of flickermeter. Thisisin contrast with
Equation 8 which represents the simplest theoretical definition. More so-
phisticated theoretical treatments are possible.

In an attempt to avoid the problem of reproducing the furnace flicker
exactly, the flicker with and without the compensator has been measured
simultaneously by means of the mimic circuit shown in Figure 8 (see
Reference 22). However, this method assumes that the furnace currents
are just as distorted and erratic with the compensator stabilizing the volt-
age, as they are without it.
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F""h'm'ﬂ"" T Troresforieed

. L _
: Pf ¥ L ‘-:;.”.,
o -

-._L.'-l—Fu' b o]
Fichanmete

Comcifilid +
Power-Factor Correction
Capacitors

FIGURE 8 Mimic circuit for measuring flicker with and without the compensator, Reac-
tance X in the secondary of the CT develops a voltage that represents the compensator's

effect on the PCC voltage. This voltage is subtracted from the input to flickermeter B,
which reads the flicker without the compensator.
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9.3.3. Types d Compensator

Two approaches to the compensation of flicker will be described. Both of
these are superior in overall performance to the older synchronous con-
denser approach, which is not described. (See References19, 20, and
Table 2).

The saturated-reactor compensator was the first of the modern fast-
response compensators to be applied widely. First reported in service by
Friedlander in 1964,"" this compensator appears in two main variants:
the earlier tapped-reactor arrangement and the busbar compensator,”."
which employs the twin- or treble-tripler type of polyphase harmonic-
compensated self-saturating resctar. ™3 The tapped-reactor scheme is
essentially a single-phase device, and athough it is rapid in response it
requires a series element, which makes it unsuitable for multiple-furnace
installations. Its rapid response is achieved at the expense of a large har-
monic filtering requirement.

The second approach to flicker compensation is that employed in the
thyristor-controlled reactor (TCR) or thyristor-switched capacitor (TSC)
compensators. = LITHEEE ) ke the synchronous condenser and the
busbar variant of the saturated-reactor compensator, these compensators
are connected in paralel with the furnace (or furnaces) at the furnace
busbar. In simplified terms, the principle is to measure the reactive
power (or current) of the furnace as fast as possible, and to control the
compensator in such a way that the sum of the furnace reactive power
and the compensator reactive power is as nearly constant as possible.

Harmonic filters are often necessary to absorb the furnace harmonics.
Conceptually the compensator is only intended to stabilize and compen-
sate the fundamental-frequency reactive power. The TCR and the
tapped-reactor types themselves generate harmonic currents in addition to
those of the furnace. The duty for the harmonic filters can therefore vary
according to the type of compensator used. It aso depends strongly on
the frequency-response characteristics of the supply system.

A third approach to flicker compensation is a direct attempt to achieve
instantaneous compensation of reactive current including harmonic
currents.™  One device suggested for this is a tolerance-band current
controtter, %5 which is controlled to provide al components of the fur-
nace current except that in-phase fundamental-frequency component
which is required to produce the useful power of the furnace. Although
this approach is in a sense the most direct it requires sophisticated power-
electronics technology with a large number of thyristor switches. It has
so far not been widely applied, and is not described here.
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9.4. THYRISTOR-CONTROLLED COMPENSATORS

The basic element of al thyristor-controlled compensators is a capacitor
or reactor in series with an ac thyristor switch, as shown in Figures 9 and
10. The effective fundamental-frequency susceptance is controlled by
switching, the control signals being applied to the gates of the thyristors.
Connected in pardlel with the arc furnace, the controlled susceptance
supplies or absorbs reactive power in such a way that the combined reac-
tive power of the furnace and the compensator is as nearly constant as
possible. In TCR-compensated systems this constant reactive power is
usualy equal to the maximum frequently repeated reactive power peaks
of the furnace, and the overall power factor is corrected by means of
shunt capacitors. This is caled "indirect'* compensation. In TSC-
compensated systems the constant reactive power is near zero, the TSC
generating what the furnace absorbs. This Is called “‘direct’ compensa-
tion. This strategy automatically reduces the voltage fluctuations at and
upstream of the compensator connection point. Fixed capacitors in paral-
lel with the compensator can be used to adjust the overall average power
factor.

9.4.1. Relationship between Compensator Reactive Power
and Thyristor Gating Angle

It is important to understand how the reactive power of the compensator
is determined by the gating angles of the thyristor switches.

The thyristor-switched capacitor. (TSC) is comprised in each phase of
several smaller capacitor units in parallel, each one having its own thyris-

B )
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Capacltor TCR Furnace

FIGURE 9. General arrangement of a thyristor-controlled reactor compensator applied to
an arc furnace. Note the reactors which tune the shunt power-factor correction capacitors to
low-order integral harmonic frequencies. ®1981 |EEE.
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FIGURE 10. {&] Principle of TSC compensator. (4) General arrangement of TSC rom-
pensator applied to an arc furnace. Note the tuning reactors.

tor switch (Figure 10). The demand for reactive power is met by switch-
ing into (or out of) conduction the appropriate minbar of capacitor units
according to the relationship shown in Figure 26 of Chapter 4. The ided
switching waveforms of voltage and current for one capacitor unit are
shown in Figure 11. In the " off state the capacitor has a precharge volt-
age equal to the positive or negative peak of the ac voltage, which it has
retained from the current-zero when it was last switched off. In order to
minimize transient currents the capacitor is switched on only when the ac
voltage is equa to (or very close to) the precharge voltage. This happens
only once per period so the control circuit dways has at least one full
period in which to ""decide™ whether or not to switch on a particular wait-
ing capacitor unit. Similarly the control circuit dways has at least one
haif-period in which to "*decide™ whether or not to switch gffa particular
conducting capacitor (by withholding the gating pulse to the conducting
thyristor a the next natural current-zero). In the interest of rapid

& h i
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[#dead case).

response these control decisions (which include messurement of the reac-
tive power requirement and coordination of the states of all thyrisiors and
capacitors) are usually left until the last few milliseconds of the available
walt ime.

Once a thyristor has been gated, it continues 1o conduct until the next
natural (i.e., circuit-determined) current-zero. In the absence of harmon-
ics originating outside the TSC, conduction periods will always be integral
multiples of one exaci half-period, and the TSC itsell generates no har-
monics. The issuance of a gating pulse to a thyrlstor switch commits the
associated capecitor unil to conduct for the mext half-period and so
deliver compansating reactive power according te the definition

i
-— i ledr .
T ‘rr.-'z L

This emphasizes the fact the reactive power response is not an instantane-
pus avent but is defined in terms of an average taken through an interval
of time. Because the inteesation interval i nol one exact period, har-
monics in v ar £ can and do distert this result. The overall effect of the
harmonics must be small enough to allow the contral system to switch in
the correct number of capacitors to provide the reguired “‘fundamental™
Feaclive power,

The integration interval in Equation 10 can be called the determiimivg
inrerval for the reactive power of the compensater. The gating pulse deci-
sion cannot be made any later than the start of the condweting interval. In

{10}

the TSC the conducting interval coincides with the determining interval,

Therefore the “compute™ interval (during which the reactive power

I -
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demand is measured and the decision whether or not fo
_ gate the thyrsior
fnir.m“} must always be completsd by the starl of the determining inter-
The thyristor-conrrolled reaeror (TCR) comprises in each phase only one
reactor, cnn_tmlll:d by a thyristor switch (Figure 9, The demand I nr:rlrcq:-
live power s met by controlling the duretion of the conducling Interval in
zach hall’-p._-.nnd, a5 shown in Figure 12, by issuing pating pulses to Lhe
ﬂ'-;rrismnf either later or earlier {relative 1o a vollage peak), according as
the reactive power demand is less or greater. This process ils called pliase
conirglt As in the TSC, conduction ceases gt @ matural curreni-zero
Since the reactor is left with zero ENcrgly slotage al o current-zers, it car-;
subsequently be switched on again withoul transients at any |:I|:li|:1|~ ifi the
'r_u:r]l:;c cycle. Hll:l'F.'I:'l-'Er, in order o maintain balance between the oppo-
sitely poled 'Lh:rr'!slms in the switch, and avoid dc and even-harmog
currents, the gating pulses are restricted to the 907 period immediael
fn!!;:;lnghn voltage peak; that is, ¥0* < o < 180° !
& phase-controlled currents contajn harmonics whic
absorbed l:::r parallel-conmested filters. The Sundemierial r::ulrl:;:l I::}-:mt:
Poment f) g is related to the B2lng angle & by the eguation

¥
= —— (7 — 2 + 3in 2a),

o [, (1)

where L is the inductance of the resctor i
. _ ! . and w iz the fundamental radian
frequency. This relationship is plotled in Figure 7 of Chapter 4. 1t is

FIGURE 12.
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from I, that the reactive power delivered by the compensator is deter-
mined, according to the definition

q= VIU . (12)

This again must be interpreted in terms of an average taken over one

half-period, because f;; in Equation 11 was determined by Fourier analy-
sisas
(13}

e
|
1 |

: ’ b lec} sln wrdi,
T Y

The issuance of a gating pulse to a thyristor switch at an angle a commits
the associated reactor to conduct until the next current-zero and so
deliver compensating reactive power according to the definition in Equa-
tions 12 and 13. The integration interval (that is, the determining interval)
in Equation 13 is from 90° to 270° on the voltage waveform. and unless
a = 90° it starts before the gating pulse is issued. In other words, the
conducting interval is generaly shorter than the determining interval, and
since these two intervals are both symmetrical about the 180° point on
the voltage waveform, the gating pulse is generaly issued after the start
of the determining interval. This gives rise to the possibility of extending
the ""compute' interval beyond the start of the determining interval.
right up to the start of the conducting interval, which improves the speed
with which the TCR responds to a given demand for "' fundamental"
reactive power.

The gating angle a may be determined by an algorithmic circuit operat-
ing according to Figure 13. At each voltage peak the trgjectory labeled
prospective compensating reactive power is initiated. This trgjectory is
defined by Equation 11, with a increasing linearly through time. The
curve labeled g4k} is a continuous signal representing the computed reac-
tive power which is needed for compensating the load (discussed later).
A comparator detects the instant when the two curves cross, and causes a
gating pulse to be issued to the appropriate thyristor. Logic circuitry

determines which of the two oppositely poled thyristors in each switch
should be gated.

9.4.2. Determination of Reactive Power Demand

Although the TCR and the TSC differ as to the time and manner in
which gating pulse decisions are made, they both require a signal which
accurately represents the most up-to-date value of the ' fundamental** or

" displacement'” reactive power of the furnace. This reactive power can
be defined per phase by

') I' : TEAT] s T I
'E-I_E {1 = F-I',-_,- pirheli— T4 di

(04
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FIGURE 13. Principles of algorithmic circuit for determining thyristor gating angles

that is, as a ""running average."" This relationship can be redlized in an
algorithmic circuit, which gives a continuous signa representing the load
reactive power in the period which hasjust finished at time t (In practice
the integrand may be more complicated than shown here, if the compen-
sator is expected to correct phase unbalance: see Chapter 1.) The integra-
tion interval is shown here as exactly one period. With any other value
of integration interval, ¢ l(’) is corrupted by harmonic components of the
current i (voltage harmonics being negligible), and ¢,(z) no longer
means the "*fundamental'’ reactive power. This is in principle undesir-
able because the compensator proper is intended to compensate only the
""fundamental"* reactive power while the harmonics or "*harmonic reac-
tive power'" are absorbed in paralel-connected filters. In practice it 15
found that an integration interval of one period is too long for acceptable
flicker suppression, and compensators which use the *"running average''
method may employ a shorter integration interval, sacrificing ace
speed in an attempt to optimize the flicker suppression capabilityFuracy for
Another method used to determine ql(z‘) is based on the relationship

Vi, sin+=— i’sinwr.ifSin (wt — 1= n/2)
t osin{wr — w/2) . ij §n (wr — &),

(15)
The left-hand side is equal to twice the load reactive power per phase
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under steady-state, fundamental-frequency conditions. This relationship
can be realized by the algorithmic circuit shown in Figure 14. Such acir-
cuit canm. be made extremely rapid in response. For example, if the
current iy sin(wt — & is suddenly switched on at time t = ¢/u, the out-
put can reach a steady value % sin & within 2 msec. However. the result
is corrupted by harmonic components in the current. These can be
removed by filtering, as shown in Figure 14, but filtering introduces a
further response delay. Some of this can be recovered by means of
phase-lead compensation techniques. A redlistic step-response time of
the type described above is then of the order of 4-5 msec.

An additional problem may arise as a result of taking products of v and
fg- If 7y has theform of afundamental-frequency sinewave modulated at
a frequency f,, then the output of the measuring circuit may have com-
ponents at the frequencies fm, T, 2F — /m, 2/, and 2f + £, The compen-
sator is, of course, intended to respond only to the f,, component, but
there may be some residual response at higher frequencies. Should there
be a supply system resonance at or near the frequency 2f — f;, there can
result undesirable interference between this resonance and the compensa-
tor. This can be avoided by means of adequate roll-off of the
compensator's frequency-responseat higher frequencies.

Several other agorithmic circuits for determining the load reactive
power have been described in the literature. The requirements for
reactive-power compensation and phase balancing are discussed in more
detail in Chapter 1.

9.4.3. Example d Flicker Compensation Results
with a TCR Compensator

Figure 15 shows an actual recording of the compensated and uncompen-
sated voltage fluctuations at the 230-kV point of common coupling. The

TCR compensator in this example is rated 60 MVAr and connected at
345 kW
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FIGURE 14. Algorithmic circuit for determining instantaneous reactive power ¢l (1).
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FIGURE 15. Typica improvement in the rms voltage a the PCC with a thyristor-
controlled reactor compensator.

95. SATURATED-REACTOR COMPENSATORS

951  The Tapped-Reactor/Saturated-Reactor COMpensator
The ideal device for eliminating flicker would be a constani-voltage reac-
tive compensator. An approximation to such a device s the self-
saturating reactor. Figure 16 shows the relationship between terminal
voltage and fisndamental current for a single-phase saturated reactor with
just one winding on a closed iron core. The V-I curve is related to the
B-H curve of the core steel, but differs from it in shape because of har-
monic currents which are inevitable with such nonlinearity. For operation
above the ac knee-point in Figure 16, the fundamental V-I characteristic
can be approximately represented by the equation

1rr1|lk+-:"vlil [lf‘l

Since the average power in the reactor is zero, V and V, are in phase and
the phasor notation can be dropped. Equation 16 is then represented by
the straight line in Figure 16. The characteristic is not quite constant-
voltage, owing to the finite slope reactance X, which is typicaly
0.1-0.15pu. The furnace impedance can vary from full open-circuit to
full short-circuit. With such a widely varying ioad the finite slope reac-
tance X, prevents the reactor from drawing enough current to match the
short-circuit current of the furnace, and only partiad compensation is
achieved with the plain saturated reactor. To overcome this. a tapped
reactor is introduced (Figure 17) which redistributes the "*leverage” that
the saturated reactor and the furnace currents have on the furnace-busbar
voltage. It is even possible to overcompensate so that approximately con-
stant voltage is achieved at some point upstream of the compensator con-
nection (for example, at the PCC).
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FIGURE 17. Principle of the tapped-
reactos/saturated-reactor conjpensator.

o —

Fundamental Current (r.m.s.)

FIGURE 16. Relationship between volt-
age and fundamental current for a simple
single-phase closed-core saturating reactor.

The principle of the scheme is shown by the following simplified analy-
sis, in which al resistances (except that of the arc) are ignored (see refer-
ences 7. 8, and 36). The voltage divides across the two sections of the

tapped reactor according to the relations
V-V, =j(l, + alpd

(18]

V= V= il 4 al Xy,
and the furnace voltage is given by
. — 19
Vi= V- i+ alp 1+ ol
The supply current |, must satisfy the equation _—
. . {20
E- Ve=jiXJI+t (V.- V) +ix1
= (Xt X+ X)L+ jiak, — Tdle.
&
If i, the tapped-reactor total reactance, and a, its tapping ratio. ar
chosen to satisfy %
nX; = Xr , (21I -
5
then the supply current |, @& independent ¢ tig furnace current Ip. |, i
then given by Equations 20 and 21:
E— V= i+ ot X, 2)

P

i
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Neglecting any phase change between E and V, (which in practice is
small anyway), the supply current is constant. The voltage at al points
upstream of the tapped reactor is therefore constant and free from fluc-
tuations. In particular, since E — j X,I, = V., the voltage a the supply
end of the tapped reactor is constant and is given by

Vow V4] i+ XL, (13

"

The voltage supplied to the primary of the furnace transformer is now
given by Equations 19, 21, and 23 as

Vo= Vy—il1+nbX I, 124}

which is independenr d the supply voltage E (or V) and is determined
exclusively by the compensator and the furnace current.

A disadvantage of the plain tapped-reactor/saturated-reactor arrange-
ment described so far is that the furnace open-circuit voltage is reduced
to ¥, (see Equation 24 with I;=ii} from its original level which was inter-
mediate between E and V, (depending on the other loads connected at
the PCC and elsewhere), At the same time the short-circuit reactance is
increased from (Xt X) to &+ 1+l Both of these effects
reduce the furnace power. In order to restore the furnace supply to the
condition it had without the compensator, the voltage boosting winding
shown in Reference 8 has been successfully used. The alternative of
reducing k by means of a capacitor in series with the saturated reactor is
not used because it delays the response of the compensator.” The power
factor is also reduced by the tapped-reactor/saturated-reactor compensa-
tor, and capacitors are generally connected at the supply end of the tapped
reactor. These are usualy divided into banks and combined with linear
air-core reactors to make harmonic filters to absorb harmonic currents
from the furnace as well as from the compensator, and to avoid system
resonances. Filters for frequencies up to the 15th have been employed.'®

9.5.2. The Polyphase Harmonic-Compensated
Self-Saturating Reactor Compensator

A second type of saturated-reactor compensator, quite distinct from the
tapped-reactor arrangement described in Section 9.4.1, is the polyphase
harmonic-compensated reactor. Sometimes called a busbar compensator
(because it can be connected directly to the furnace busbar without the
need for a tapped series reactor!, this compensator was developed by
Friedlander (see Figure 38 of Chapter 5). Two main variants are com-
monly used, the twin-tripler and treble-tripler reactors.

The basic principle is the same as that of the tapped-reactor/saturated-
reactor scheme, that is, to use the flat V-I characteristic of a saturating
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FIGURE 18. General arrangement for flicker compensation with busbar-type of saturated-
reactor compensator.

iron core to approximate an ideal constant-voltage reactive characteristic.

In the twin- and treble-tripler reactors, however, the three phases are
mutually coupled on a multiple-limb core in a phase-and-frequency-
multiplying arrangement which results in the elimination of harmonic
currents up to orders 2n=1, where n is the number of **phases™ pro-
duced (cf. the pulse-multiplication techniques used in rectifiers). In the
twin-tripler m=6, and the lowest-order harmonic currents are the ilth
and 13th. In the treble-tripler n=9, and the lowest-order harmonic
currents are are the 17th and 19th under balanced conditions. By loading
the main reactor with a ‘““mesh tuning reactor.”” which itself is loaded
with a short-circuited delta-connected winding, the lowest-order harmon-
ics can be further suppressed, leaving negligible residual harmonics below
the 23rd and 25th in the twin-tripler and the 35th and 37th in the treble-
tripler under balanced conditions (1-1.5% and 2-4% respectively).
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FIGURE 19. V-l characteristic of saturated-

reactor compensator of the busbar-type with
and without shunt capacitors.
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Both of these harmonic suppression techniques have the additional
effect of improving the linearity and flatness of the V-I characteristic to
within £0.3% over the normal range of currents (i.e., from about 10% to
100% of rated current)."*' However, the linearity as well as the size of
the iron core can be unfavorabiy affected unless the slope is kept above
about 7%. In arc furnace applications this residual slope reduces the
effective compensation ratio. The obtainable flicker suppression ratio is
somewhat less than what is obtainable with the tapped-reactor/saturated-
reactor compensator.

The internal harmonic canceiation in the saturated reactor s imperfect
under unbalanced conditions, but the harmonic currents which apuear are
usualy not excessive in the presence of current harmonics from the arc
furnace.

Shunt capacitors are usualy provided for overal power-factor correc-
tion. and these may be divided up into harmonic filters, typicaly for or-
ders 2, 3, 5, 7 and sometimes also for 4 and 6 and a ""high-pass' branch
(Figure 18). The shunt capacitors modify the resulting ¥-7 characteristic
as shown in Figure 19. Compensators rated up to 177 MVAr have been
applied at voltages up to 70 kV, for rolling mills and other highly variable
large loads as well asfor arc furnaces.
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Chapter 10

HARMONICS

A. H. MOORE

10.1. INTRODUCTION

Certzin loads present o nonlinear impedance to ac current. Their current
waveforms are distorted from pure sinewaves al fundamental frequency.
Iti the Jangu;{n of Fourier amalysis they centain harmonic componenis ar
“harmonics.”!! _Examples-of large toads that generale harmoniss ire
static power converters (rectifiers and inverters), power supplies, electric
irc furnaces, and thyristor ac power controllers. The thyriztor-controlbed
reactor (TCR) is another example of a power system component thal gen-

L. erales harmonics.

In this chapter we first examine the generation of harmonics by certain

. of these loads, and the adverse effects of the harmonics are summarized.

After a brief introduction to the topic of harmonic resonances, filters are

_ discussed. Finally, an account is given of the effect of-harmonics om tele-

phone communications; this includes the definition of the widely used
-disterlion and telephone influence factors.

2. HARMOMIC SOURCES
Stslic power converters (rectifiers, inverters, and other switching devices)

are a common source of harmonic currents, The distortion of the current
wavelorm {ie., the generation of harmonics) results from the switching.

A lypical high-power rectifier is shown In Figure 1, with vollage and
. current waveforms in Figure 2, These are theoretjeal wavelorms hased

an the following assumptions:

" 1. There is a sufficient de Ioed inductance 1o produce a nonpulsating

(constant} de current.
L. There is zero commutating (ac sousce) inductange,

331
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By Fourier analysis the ac waveform of Figure 2¢ can be decomposed into
the following series of harmonic components:

sin Swt sin Twt sinJlaLL+ sinPat
—+ TIT

- ~."2 I| sSnwt = —&5— — ——=+ 13
R | m
+3 6 n

where [ is the rms value of the fundamental component of the ac line
current (equal to 6/m Iy, and m is the order of the harmonic. An alter-
native transformer connection is shown in Figure 15. with the primary
winding in delta. The current in the secondary or ‘‘dc” winding is the
same as in Figure 2¢, but the 30 phase shift introduced by the deltalwye
connection produces the stepped line current waveform of Figure 2d.

Fourier analysis of this primary current wave yields the following series of
harmonics:
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sin Swi . &0 Jef SO TEGT S RSWE Ty
el g 13

.'-~.-"§I|li-in«'.ur+—5 7 11

10.2. Harmonic Sources 331

A3 A1 Rz Rl A1 A7
/W \/\H N«\ /
3 _."'1 I."' i i A 8
’ |'. ‘.I 5 - r I. lI I| I. -.u .-Il. ..u

" .J" T .-. I|l 2 ] 4
-7 L L - +—f2a

[al

L = :
L 3 E - _"- T
m_/

Transformer dc winding voltages

by o !
6 2 4 6 2 4

LA [

T [ | |

Current in dc winding R1

aef | ] =0 e
e N L
J—

Ling cumend, Fig. ih

FIGURE 2. Voltage and current waveforms for Figure la

The harmonic " spectra’ represented by Equations 1 and 2 are identical
except that alternate harmonic pairs (5th and 7th, 17th and 19th, etc.) are
negative in Equation 1 while all are positive in Equation 2. This suggests
that if the two types of rectifier are paraleled, with equal line currents,
these alternate pairs of harmonics will cancel in the common source path.

When two equally rated rectifiers are combined, one with a transformer
phase shift 30° from the other. the resulting system is said to operate
"12-pulse or with a pulse number of 12. Additiona rectifier units
equaly phase shifted from one another create other pulse numbers.
Three units phase shifted from one another by 20 constitute an 18-pulse
system; four units separated by 15° result in 24-pulse operation. When
the pulse number q is used in Equation 4, the orders of the harmonics
may be determined. Table 1 gives the harmonics for g = 6, 12, 18, and
24. Note aso that the magnitude of the harmonic current is



Harmonics
LS

TABLE 1

Characteristic AC Supply Line Harmonic Currents
in 6-, 12-, 18-, and 24-Pulse Rectifiers

6-Pulse Rectifier
Harmonic Current
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and that only the following "' characteristic'® harmonics appear under ided
conditions:

n=kg=x1 @

Here, k is any integer, I, is the amplitude of the fundamental com-
ponent, and qis the pulse number.

The square-cornered wave shapes of Figure 2 are possible only with
idealized zero commutating reactance. The current waveforms will be
modified by finite amounts of commutating reactance and phase retard.
These two factors will affect the magnitude and phase angle of each har-
monic but the same harmonic orders will prevail. For circuits such as
those in Figure 1, Figure 30 shows how finite commutating reactance
results in a gradua rise time and fal time represented by the angle u.
Controlling the dc voltage by thyristor phase retard delays the time of
commutation by the anglea and reduces the commutation angle u

(Figure 35). The reduction in w further modifies the harmonic ampli-
tudes.
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degrees and overlap.

Harmonic current magnitudes in percent of the fundamental are tabu-
lated in Table 1. The column headed " Theoretica" follows Equation 3,
The other two columns list calculated magnitudes for an assumed com-
mutating reactance X, of 0.15 per unit — one for phase retard angle of a
= 0° and the other for a = 32°. Magnitudes for other values of X and
a can be calculated using the classical equations of Fourier analysis.

With finite *real world>> commutating reactance X, harmonic currents
are reduced. Read™® presents curves of harmonic current amplitude
versus X, for various angles of phase retard for harmonics up to the 25th.
The last two columns of Table 1 were taken from the printout of a com-
puter calculation based on the classical equations relating these quantities.

It is not to be inferred from Table 1 that complete harmonic cancela-
tion occurs for the harmonics " eliminated”* by higher than 6-pulse opera-
tion. There will dways be residual harmonics due to imperfect
transformer phase shift, impedance unbalances, or unequal loadings or
phase retard angles in the rectifiers. Under reasonably balanced condi-

tions, residual harmonics are often assumed to be 10 to 20% of the value
present in a 6-pulse rectifier of the same tota rating. Under unbalanced
conditions, greater amounts of residual harmonics are produced. For er-
ample, if one unit of a 4-unit balanced 24-pulse rectifier system is re-
moved for service, the harmonics will be those of a 12-pulse rectifier plus
a 6-pulse rectifier. Aluminum potline rectifier systems are aways rated to
deliver full potline power with one unit out of service. The harmonic
duty of capacitor banks should aways be calculated for projected condi-
tions with the highest degree of unbalance.

As well as solid state rectifiers, there are other examples of switching
devices that control the power in different types of loads. The ac thyris-
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tor controller described in Chapters 5 and 6 is used for heating control in
furnaces and other types of resistive loads. We have aready seen in
Chapter 5 an example of the harmonics generated by thyristor-controlled
reactors. Cycloconverters, frequency converters, and inverters are among
the less common solid-state power converters found in power systems in
large sizes, and these al contribute harmonicsin varying degrees.

Unlike the harmonics of static power converters (such as rectifiers).

which can be calculated from periodic waveforms, the harmonics generat-
ed by electric arc furnaces are unpredictable because of the cycle-by-cycle
variation of the arc, particularly when boring into new, scrap. The arc
current is nonperiodic, and analysis reveals a continuous spectrum of har-
monic frequencies of both integer and noninteger orders. Even so, har-
monic measurements have shown that integer-order harmonic frequen-
cies. particularly the 3rd, 5th, and 7th, predominate over the noninteger
ones, and that the amplitude of the harmonics decreases with order.
Fourier analysis of typica magnetic tape recordings taken of arc furnace
currents yielded the harmonic percentages in Table 1 of Chapter 9. It will
be noted from that table, which was for selected maximum arc activity
periods of five consecutive 5-cycle periods, that low order harmonics pre-
vail, and that even harmonics are present. Later, when the arc is steady,
and the surface of the molten steel is flat, the harmonic magnitudes de-
crease considerably and the even harmonics virtually disappear. Figure 4
is a trace of the spectral response measured by means of a FFT-
computing spectrum analyzer in the primary of a furnace transformer
while the arc is boring into new scrap (active arcing). Distinct lines for
integer orders, as well as a high threshold of noninteger orders. are seen.
The frequency range is 0-500 Hz and the magnitudes, displayed on a log-
arithmic scale, are peaks averaged over several seconds. In most cases
the harmonic magnitudes just reported would not by themselves be trou-
blesome to power systems were it not for the possibility of their
amplification by resonance of the power capacitors almost aways associat-
ed with the inherently low power-factor arc furnaces.

= w
LJMJ,_,

- .r:l
a: |

FIGURE 4. Spectrum of arc furnace line
I"HT current during active arcing.

g 00 e:i.— w-:. “34

————

10.3. Effect of Harmonics on Electrical Equipment
337

Another potentially troublesome source of harmonics is the magnetiz-
ing inrush current of transformers. The harmonic magnitudes can be
very large, athough they persist only for a short time (up to a second or
two for large transformers). However, unlike the harmonics from
rectifiers, even harmonics are included because of asymmetry, Second
and fourth order harmonics can be particularly high and need to be con-
sidered when designing filters.

10.3. EFFECT OF HARMONICS ON ELECTRICAL EQUIPMENT

Blown capacitor fuses or failed capacitors in power capacitor banks are
often the first evidence of excessive ac harmonic levels. ANSI Standard
C55.1-1980 and NEMA CP1-1973 cover the characteristics of shunt
power capacitors. In these standards, considerable attention is given to
harmonics, and alowances are made for increases in both the effective
voltage and current due to harmonics. Continuous operation with exces-
sive harmonic current can lead to increased voltage stress and overtem-
perature, and can shorten the life of capacitors. Typically, a 10% increase
in voltage stress will result in a 7% increase in temperature, reducing the
life expectancy to 30%. This "'life’" analysis does not alow for capacitor

failure initiated by dielectric corona. The damage done by corona pro-

duced by excessive peak voltages depends on both the intensity and dura-

tion of the corona. There have been numerous cases of premature
failure — in the order of months rather than years — asaresult of inade-
guate provision for harmonic voltages.

Harmonic currents can cause overheating of rotating machinery. partic-
ularly solid-rotor (nonsalient-pole) synchronous generators. Harmonic
currents produce a magnetomotive force that causes currents to flow in
the solid rotor surface, adding to the heating. Positive-sequence rectifier
harmonics [following the equation » = Eg -+ 1 (7th, 13th. etc.)] rotate
forwards and cause harmonic orders 6, 12, and so on, in the rotor. Those
harmonics following the equation » = kg — | (5th, 1ith, etc.) are nega
tive sequence, rotate against the rotation of the rotor, and again produce
harmonic orders 6, 12, and so on, in the rotor. The resulting pulsating
magnetic fiddd caused by the oppositely rotating pairs of magnetomotive
forces sets up localized heating in the rotor which may require a derating
of the machine. The derating for 6-pulse operation. where the 5th and
7th harmonics dominate, can be considerable. depending on the particular
machine design. Derating for balanced 12-pulse rectifier operation is gen-
eraly minimal. The presence of rotor amortisseur windings greatly allevi-

ates the rotor heating problem.
Induction motors are much less affected by harmonics than are solid-
rotor synchronous generators. However. excessive harmonic currents can
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overheat induction motors, especially when they are connected into sys-
tems where capacitors in resonance with the system are aggravating one
or more harmonics.

Harmonic currents carried by transformers will increase the load (¥R
loss by a factor greater than the mere increase in rms current. The
amount of the increase depends on the proportion of I*R loss propor-
tional to frequency squared (eddy current loss), and the amount propor-
tiona to the first power of frequency (stray load loss) The same is true
of current-limiting or tuning reactors. As a result, designers of reactors
need to know the amount and order of each significant harmonic so that
they can apply the proper factor for IR loss contributed by the funda-
mental and each contributing harmonic.

10.4. RESONANCE, SHUNT CAPACITORS, AND FILTERS

When static power capacitors are added to a power system for reactive
power compensation, there will be one or more frequencies at which the
capacitors will be in parallel resonance with the inductance of the system.
Harmonics ""injected'” into the system at coincident frequencies will be
amplified.

To illustrate the principles of harmonic current flow and resonance,
reference is made to the network in Figure50. The typical harmonic
source may be assumed to be a generator of constant harmonic currents
i,, each of which can be calculated by Fourier analysis or determined by
test.

This being the case, the one-line diagram of Figure 50 may be
represented on a per-phase basis by Figure 5b. The harmonic current i,
divides between the capacitor and the supply according to the equation

in = i:.|| 4 In

The impedance of the capacitor branch at any frequency is given by
Li= ch + I||-_| (6)

where Zi. is the impedance of the capacitor and Zp; is the impedance of
the tuning reactor, if fitted (discussed later). The subscript ““f”” alludes to
the filtering action of the capacitor branch. The harmonic current i,
divides between the capacitor and the supply in proportion to the admit-
tances of these paralel branches. If Z; is the equivalent impedance of
the supply (including the s:apl¥ transformer shown in Figure 5a), then

T+ L,

and

=
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If the distribution facror ps IS large at a particular harmonic frequency
coincident with one of the harmonics generated by the harmonic sources,
then amplification of the harmonic current will occur and the currents in
the capacitor @md fhe supply may be excessive. In pirficular il
Z¢+ Z,— 0 at some harmonic frequency, the system is resonant at that
frequency. It is clearly important to avoid this condition at harmonic fre-
quencies near those excited by the harmonic source. In other wards,
must be kept low at these frequencies.

The function of the tuning reactor shown in series with the capacitor in
Figure Sa is to form a series-resonant branch or filter. for which Z;— 0
at the resonant frequency (e.g., the 5th harmonic). As aresult, o — 0
so that the harmonic current " escaping' into the supply is reduced or
eliminated; while p;— 1 so that iy, = i, that is, dl the harmonic current

generated enters the filter.

A numerical example shows how these relationships can be used to ex-
plore the performance of an untuned capacitor and a tuned capacitor
filter. Assume that the step-down transformer impedance is much greater
than the source impedance so that for a narrow range of frequencies the

Approximation 44 &, = constant may be used. Parameters assumed ore:

Bus voltage = 13.8 kV
Short circuit MVA = 476
Capacitor reactive power = 19.04 MVAr

130
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Since inductive reactance is proportional to frequency, and capacitive
reactance is inversely proportional to frequency, we have E
. i
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In Figure 6ap; and p, are plotted against the harmonic order ». There is Harmonic Order, n
a paralel resonance between the capacitor and the supply at the 5th har-,
monic; note ps = pr. =l
If a tuning reactor Xy is ndded to the capacitor to form a series 5th-
harmonic filter, and if the resistance of the reactor is considered negligi-
ble in comparison with the system resistance, then at 60 Hz,
2
p E
¥ == =12 _040mm, g
57 25 s
The equation for p; now becomes f
E
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Figure 64 shows the response in terms of pr and p, with the tuning reac d
tor. Note that p; = 1 at the 5th harmonic fp; = 0); and #r is a max- )
imum (parallel resonance) at aiower harmonic order, about 3.54.
It can be seen in Figure 6 that at high frequencies the tuning reactor
reduces the ratio p;p, as compared with the value obtained without it.
For this reason, a high-pass filter may be required in paralel with the 5th
harmonic filter (see Section 10.5). Harmonic Order.
More complex systems can be solved by the use of '"harmonic load-
flow' programs on the digital computer. Figure 7 shows a hypothetical FIGURE & s
harik w) Harmona: current aly stribution faczors VErSis ha i
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FIGURE 7. Hypothetical electrochemical plant illustrating the use of the harmonic load-
flow program. Rectifier at bus 1 produces harmonics 1.

industrial plant with two main busses, 1 and 2. A source of harmonic
currents is shown on bus 1. For each harmonic freqguency the proportion
of the total harmonic current that flows into each capacitor can be deter-
mined in terms of distribution factors py; and py,. Likewise the propor-
tion entering the supply is determined by ps. Figure 8 shows p# and pr)
calculated by a harmonic load-flow program. The dua resonant peaks are
caused by the. presence of two L-C circuits. For capacitor C1 the two
peaks are at 268 Hz and 350 Hz. If the circuit breaker to transformer T2
is opened, there will be asingle resonant peak at

3353
= 60 /= = 300 Hz.
/= 80/81F 00333

This demonstrates how a change in the system configuration — even
on another bus — can affect parallel resonance. In effect, the presence of
capacitor C2 on bus?2 alters the harmonic impedance of the system
upstream of transformer T1.

The frequency responses that are met in practice are often more com-
plicated than the examples just described, because of interconnections.
Without going into the details of an extensive network, we can explore an
example of a more complex frequency response in terms of a long
transmission line. Because of the distributed nature of its parameters, the
long line behaves like a ladder network containing a large number of in-
ductive and capacitive reactances, but the basic equations are simple
enough to be developed in closed form. Figure 9 shows an example of a

i
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=
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FIGURE 9. Effect of harmonics on transmission line

100-mi section of 500-kV transmission line similar to those studied earlier
(see Table 3 in Chapter 2). From Equation 2 of Chapter 2, if the line re-
sistance is included, it can be shown that the driving-point impedance per
phase at the sending end is given by

7 - V- Z.coshla + ZysinhTa
© I, TEJEJjsSnhTa tcoshla * &g (an

where Z, = [(r +iwl) (g + it is the characteristic impedance at the
harmonic frequency w; T is given by Equation 1 in Chapter 2; and Z, is
the impedance per phase at the receiving end. Z is the impedance of
the transformer at the sending end. The remaining symbols are the same
as in Chapter 2.

Figures 10g and 4 show the magnitude Z, as a function of frequency
with and without the sending-end transformer. As the frequency is in-
creased, a series of alternate poles and zeroes are met. The poles in par-
ticular represent paralel-type resonances in which large circulating
currents form standing waves along the line. This is a condition to be
avoided, and it is important to study the harmonic characteristics of such
systems whenever reactive compensation is applied.
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10.5. FILTER SYSTEMS

Where shunt capacitors are applied for power-factor improvement in sys-
tems with large harmonic-producing loads, it is often difficult to avoid
resonance or near-resonance at a dominant harmonic. The solution often
is to create a filter system consisting of one or more capacitor banks
equipped with series tuning reactors. Filters may aso be required if the
harmonic outflow, even without the amplifying effect of resonance, is
excessive. Figure 1la shows a simple example of a single-frequency
tuned filter having a very high admittance at its tuned frequency.
Figure 115 shows a system of multiple filters tuned to different frequen-
cies.

An example of the response of a typical filter system is shown in Fig-
ure 12. Thisisfor a paralel combination of two filters tuned to the 5th
and 7th harmonics. The complex impedance locus passes essentialy
through zero at the tuned frequencies of 300 and 420 Hz, the small offset
being mainly due to the resistance of the tuning reactors. The filter
response can be represented in other ways, for example, in terms of the
magnitude and phase of the admittance or impedance, plotted or tabulat-
ed against frequency. The distribution factors p; and ps may also be used.
""Harmonic load flow' computer programs are often used to model the
response of the entire network including filters and harmonic sources.
These calculations take into account the variation of the impedances in
the system with frequency.

The single tuned filter has been used successfully in many industrial
plants, notably in electrochemical installations such as aluminum smelters
and chlorine-caustic plants where large rectifier systems are employed for
electrolysis of the product. These plants usualy take advantage of multi-
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FIGURE 11. Typical shunt filter.
pass filter.

(a) Tuned filter. (&) Bank of tuned fillers with high-
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ple phasing, in which overall pulse numbers of 24 or greater are achieved
by phase-shifting building blocks of 6-pulse rectifiers. By tuning the
capacitor bank to a harmonic at or near the 5th (the lowest characteristic
harmonic of a 6-pulse rectifier), paraléd resonance with the system at any
rectifier harmonic is avoided since p; will be less than unity for al fre-
guencies above the filter tuned frequency. It is important that the resul-
tant paralel resonance of the filter with the system reactance not be at a
harmonic which will be encountered during operation of the system. For
example, if resonance should be at or very close to the 4th harmonic. the
strong 4th harmonic in the magnetizing inrush of a large transformer on
the bus can excite high peak 4th harmonic voltages.

It has aready been pointed out in connection with Figure 6 that where
the single tuned filter provides insufficient filtering above its tuned fre-
guency, multiple filters such as that in Figure 95 may be required. To
demonstrate the performance of this type of filter, the following assump-
tions were made:

1. The 13th harmonic filter was eliminated and the 11lth harmonic

filter was converted into a high-pass filter by means of a resistor shunting
the reactor.
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2. The fundamental-frequency reactive power of the 5th harmonic ca
pacitor bank was 40% greater than for either the 7th or 11th harmonic

filter.

Four different values of resistance were investigated:

A. R=X0
B. R=2X,
c. R=20

2

D. R = wm (shunting resistor absent)

where X() = n..'L”..'E".

A harmonic load-flow digital computer program was used to calculate
harmonic current into the system in terms of the magnitude p, for a
range of harmonics from the third to the 34th. The result is plotted in
Figure 13. The sharpest filtering of the 11th harmonic was obtained in
case D (with no shunt resistor). but at higher harmonics p, approaches
the rather high value of 0.25. The best filtering of higher-order harmon-
ics is obtained in case C, with R = X,/2, but at the expense of poorer
filtering of harmonic orders 11 through 23 Cases A and B, with R = X,
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FIGURE 13. Harmonic distribution factor p, for SIETEhS 1T Righ-paxs filter
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and R =2X, respectively, give filtering characteristics between the
preceding two limits. in a practical case the resistance shunting the tun-
ing reactor would typically be chosen in this range. as giving the best
compromise between the higher- and lower-order harmonics.

Harmonic Voltage Distortion. Harmonic currents flowing into a system

will produce harmonic voltages, with each harmonic voltage following the
equation
V,=FEJI,. (12)

where |, is the harmonic current into the system and Z,, is the harmonic
driving-point impedance of the system. A measure of the deviation from
a sinusoidal voltage wave may be made by calculating the so-caled volt-
age distortion factor according to the following equation:

£ |

DF = e

L

x 1009 (13)

|IEEE Standard 519-1981 suggests permissible upper limits for the volt-
age distortion factor. It must be pointed out, however, that these limits
are not absolute and that a particular power system might be especially
sensitive to a certain harmonic or range of harmonics. In some systems,
telephone interference may be detectable even though the voltage distor-
tion factor isless than the upper limit.

10.6. TELEPHONE INTERFERENCE

Noise originating from harmonic currents and voltages in power systems
can be coupled into wire communication circuits through magnetic and
electrostatic fields. Weighting factors have been developed to compare
the relative effectiveness of different frequencies in interfering with tele-
phone conversations. The response of the telephone receiver. the cou-
pling between power and telephone circuits, as wel as the sensitivity of
the human ear to varying frequencies enter into the weighting factors.

In the United States, the Joint Subcommittee for Development and
Research, Edison Electric Institute, and Bell Telephone System, has es-
tablished a system of weighting characteristics called TIF factors. The
contribution of each individual harmonic current or voltage of a disturb-
ing power circuit is the product of the current or voltage and the weight-
ing value for that frequency. For current, it is designated I.T: for voltage
it is KT, The influence of a complete current wave is the sguare root o

R Tt TP

o

i ARTE R
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the sum of squares (RSS) of dl the individual frequency I.T products in-
cluding the fundamental. Similarly the influence of a complete voltage
wave is the RSS of al the individual k7. T products.

The TIF factors take into account:

1. The relative subjective effect of frequency fin the message circuit
as heard in the telephone

2. Coupling between the power and telephone circuits which is
assumed to be directly proportional to frequency f.

Thefirst item, called C-message weighting for the latest BTS telephone
sets (500 type), is the interfering effect at frequency f relative to 1000 Hz

as determined by subjective tests.

IIF=5P; f (14}

where Py is the relative interfering effect at f with P, equal to 1 at
1000 Hz. Thus, T1Fge = 5% 1 x 1000 = 5000.

Figure 14 displays in graphical form the latest (1960) TIF Factors.
Because the C-message weighting is largely controlled by the characteris-
tics of the listeners, it is unlikely that any mgjor re-evaluation of TIFwill
be required in the future.

Measurement of current or voltage TIF can be made in several ways.
Certain instruments can be used to measure T7F directly. For example, a
Western Electric 106A current coupling unit connected to a Western
Electric 3A Noise Measuring Set will yield the current TIFdirectly. The
3A setincludes a C-message weighting network while the coupler intro-
duces the multiplier for f. Similarly voltage 77F can be measured by sub-
stituting a voltage TIFcoupling unit for the current coupler.

Another method is to measure harmonic current or voltage with one of
the various harmonic analyzers now available and multiply each harmonic
magnitude so derived by the appropriate single frequency TIFfactor (see

joi, TIF
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Figure 14). From these values the I.Tor kV.T of the complete current or
voltage wave can be calculated as

A

(=T (13

L

tT=1 %

=80 H2

or

S0 R LG =
E.- '--"-L";'T.]' 116

f= &0 He

K. T -

I+~ T, = single frequency I.T product
kVy T, = single frequency kV.T product
T, = corresponding single frequency TIF
from Figure 14 or a table of such factors.

Whether a certain value of I.T product or £¥.T product will actualy in-
terfere with a voice communication system is dependent on a number of
factors relating to the physical interaction of the power system and the
communication system.

The complete story of *"Inductive Coordination' between the power
system and the voice communication circuit is beyond the scope of this
chapter, but is adequately covered in the references. However, a few
comments are worthy of note.

1. Except for very close separations of these circuits such asjoint use
of poles, induced voltages by current TIFare more important than electric
field induction by voltage TIF.

2. Induced voltage is essentialy longitudinal, and is due chiefly to
residual (zero-sequence) current in the power line. If the harmonic
currents were either positive sequence or negative sequence as from
6-pulse rectifier modules, and the power circuit was perfectly balanced.
essentially no residual harmonic current would flow and TIF would be
minimal.

3. The unbalanced impedances of ac lines convert a part of the bal-
anced harmonics to zero sequence which are residua as seen by the voice
communication circuit.

4, A high-voltage power transmission network may be converted to a
lower-voltage subtransmission network via a power transformer. Noise
coupled to the lower-voltage network may be troublesome to a voice
communication circuit sharing the same poles as the subtransmission net-
work.

5. It is difficult to assign definite limits on I.T or k¥.T products be-

cause of these and other variables.

where

10.

1.

12.

13.

14.

15.

16.

17,

18.

19.
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Chapter 11

REACTIVE POWER COORDINATION

K. A, WIRGATD

1.1, INTRODUCTION

In recent years, increased attention has been given to improving power
system operation by reduction of fuel consumption, and by better utiliza-
tion of existing equipment to defer new equipment purchases, "™ Other
related factors influencing utilities are inflation, fuel shortages and price
increases, and increased pressures to borrow less money. One approach
addressing these concerns is reactive power management.

Normally, there are two basic types of reactive power flows of concern
in a power system:

1. Reactive power consumed by loads.
2. Reactive power consumed within the network.

The components which absorb reactive power are generators and synchro-
nous condensers operated with a leading angie, shunt reactors, line and
transformer inductances, static reactive power compensators, and loads.
Reactive power is generated by generators and synchronous condensers
operated with a lagging angle, static capacitors, static compensators, and
the capacitance of lines and cables. With al the interaction between sys-
tem components, a coordinated procedure is needed to control voltage
and reactive power flow in such a way as to minimize transmission losses.
Optimization computer programs assist in achieving this goal.

Reactive power management can be defined as the control of generator
voltages, variable transformer tap settings, compensation, and switchable
shunt capacitor and reactor banks plus the alocation of new shunt capaci-
tor and reactor banks in a manner that best achieves a reduction in sys-
tem losses and/or voltage control. Reactive power management by elec-
tric utilities, under steady-state and dynamic system conditions, can be
subdivided into the following categories:
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1. Reactive power planning.
2. System operations planning.
3. Reactive power dispatch and control.

Reactive power planning is concerned with the installation or removal @f
reactive power equipment in a power system. Typicaly, this effort is
directed at system conditions from several months to several years in the
future.

System operations planning is concerned with the improvement of oper-
ating practices utilizing existing reactive power equipment. This planning
is performed for system conditions anticipated to occur a few days to a
year into the future.

Reactive power dispatch and control determines actual equipment opera-
tions. The associated analysis is performed seconds to hours prior to its
implementation.

The term equipment refers to the reactive power compensating devices,
as well == the monitoring, control, and communication egquipment
required to carry out the real-time dispatching function.

Reactive power compensating equipment that may be installed,
removed, or controlled, includes: switched shunt capacitors, shunt reac-
tors, series capacitors, static compensators, synchronous condensers, gen-
erators, and load tap-changing transformers. The ancillary equipment
includes: measuring devices for reactive power, relays, automatic con-
trols (e.g.. substation automation), switches and circuit breakers, and
communication equipment (e.g., power line carrier).

11.2. REACTIVE POWER MANAGEMENT

Reactive power planning is an integral function of reactive power manage-
ment. The planning problem is mathematically large (considering
economics and security) and has not been solved satisfactorily to date for
large systems (e.g., 500 buses, 100 contingencies). Research and
development is presently underway to solve the size problem and is ex-
plained in this chapter.

The objective in reactive power planning is to minimize the cost of
necessary reactive power equipment to enable the power system to
operate in an acceptable manner in the event of any one of acollection o
contingencies occurring. This problem involves determining both the op-
timal installation of reactive support which satisfies every contingency in a
simultaneous manner and the individual dispatches of the reactive sup-
port. The purpose of adding new reactive power devices is to control the
post-contingency voltage variation.

LI L R |
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By observing the relationships between the power system network
equations before and after an equipment problem (e.g., contingency or
outage), a methodology has been developed for obtaining the sparse fac-
torization of hundreds of buses and hundreds of contingencies by only
considering the sparse factors of the base case power system. The set of
sparse factors is a by-product of the power flow solution.

A specia version of the linear programming simplex agorithm was
developed to accommodate this new formulation. The new algorithm ex-
ploits the special block diagona structure of the problem as well as some
special properties of the solution process. The formulation has been suc-
cessfully applied to a 600 bus system and 285 contingencies.

The following topics present an overview of reactive power manage-
ment in operations.

11.2.1. Utility Objectives

The utility objectives for each management category are twofold:

1. Security.
2. Economics.

In the past, the reactions of utilities to reactive power and voltage prob-
lems have usually been prompted by a security problem. A power system
is stated to be secure if it is able to undergo a disturbance without violat-
ing any of itsload and operating limits. In practice, the degree of security
that can be planned into a power system is limited by economic con-
siderations. Both planning and operations must maintain security while
maximizing economy. Economics includes the evaluation of alternatives
based on a comparison of total benefit to total cost. In both planning and
operations. reactive power management can enhance both the economy
and the security of the power system.

11.2.2. Utility Practices

The main simulation programs utilities use in planning (reactive power
and system operations) are the power flow and transient stability pro-
grams. At the present, considerable engineering judgement and trial-and-
error is necessary to plan a power system for satisfactory reactive power
flows and voltage profiles.

It has been the practice of utilities to monitor voltage at key locations
in their systems. This information, combined with off-line analysis, has
provided guidelines for system operators to control voltages and reactive
power flows.
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In general, reactive power management has suffered due to the lack of
the following:

Knowledge and understanding by the industry.
Computer program availability.

Real-time data.

Economic incentives.

> owbhPE

More attention is now being given to reactive power management.
because of higher fuel costs and because of financial and regulatory
impediments to the installation of new equipment.

11.2.3. Mathematical Modeling

The magjor tool. used for a reactive power dispatching strategy is an
optimal power flow program. Optimal power flow theory for power sys
tem work was originally formulated in 1962"* and has been refined sub-
stantially since that time." ™" Figure 1 shows a flow chart of an optimal
power flow algorithm.

There are many techniques for making the calculations indicated by the
blocks in Figurel. For example, the fast decoupled technique can be
used for the power flow routine, and a reduced gradient/steepest descent
technique for the optimization. The god (or objective) is the minimiza-
tion of some nonlinear objective function (such as transmission system
losses) subject to nonlinear equality and inequality constraints or limits.
In a specific application, transmission system losses can be minimized by
interactively adjusting selected voltages and load tap-changing (LTC) taps.
The nonlinear nature of the problem requires an iterative process and
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careful ""tuning'® may be required to approach the optimum in an efficient
manner.

In order to understand Figure |, a sample three-bus system is used to
illustrate the calculation steps for system operations planning (see Fig-
ures 2 and 3). Iterations are performed in the power flow routine to bal-
ance the power equations (iteration 1 of Figure I). Next, an optimization
routine is added to the end of the power flow routine. In the optimiza-
tion routine, new values for the control variables (e.g., the terminal volt-
ages of generators) are found and the process is repeated until the objec-
tive function f is minimized.

During the optimization, Lagrangian multipliers x are found to help
compute the gradient direction. Depending on the power flow technique
used, the Lagrange multipliers are either computed directly (e.g., Newton
power flow) or solved iteratively (e.g., fast decoupled power flow). Once
the gradient direction VT is determined, the step length (or step size)
must be found for updating the control variable settings: The first con-
straint encountered determines the value c,,, then a search 1s made
between 0 and ¢, to determine the minimum value of the objective
function along the gradient. The control variables are then modified and
convergence is tested. If the objective function has not decreased, the
gradient is small, and al limits (constraints) are met, a power flow is cal-
culated and the process terminates. If any of the foregoing items are not
met, the process repeats.
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Reactive power dispatching in system operations planning is the ability
to minimize the total power system losses by adjusting parameters in the
power system while staying within equipment limits (see Figure 3). A
reactive power dispatch assumes that real power has been dispatched and
will remain fixed throughout the optimization procedure. Note that the
dlack bus real power will decrease due to a reduction in total system
losses. Therefore system operating costs decrease.

A new algorithm is presently being developed for solving the optimal
power flow problem. The algorithm is of the projected Lagrangian type,
involving a sequence of sparse, linearly constrained subproblems whose
objective functions include a modified Lagrangian term and a modified
guadratic penalty function. The program has been successfully applied to
alarge power system (600 buses).

The application of an optimal power flow program for reactive power
dispatch and control in rea time is presently in its infancy. The develop-
ment of a security-constrained optimal flow, which computes in less than
5 min, is required. Researchers are presently trying to solve this prob-
lem.

References 17-21 are recommended for further reading into the area
of optimization in power systems for reactive power management.

11.2.4. Transmission Benefits

The application of a reactive power dispatching strategy to improve power
system operation has many identified benefits to an electric utility. Some
of these benefits are now discussed.

(a) Cost savings due to reduced system losses. RR€duction in total sys-

tem losses has the benefit of lowering generator fue! cost. Since the red
power of generators must supply the system loads and losses, fuel cost
will decrease when system |osses decrease.
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FIGURE 3. Power system model.
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(b) Improved voltage profile. The general voltage profile is improved
by flattening and increasing the nominai voltage value. This is Important

because the voltage profile is a measure of the flow of reactive power in a
power system. Voltage can vary considerably from location to location.
(Although voltage profile is a valuable indicator of system conditions, it
does not by itself show the system reactive reserves which are available in
a disturbance.)

(c}_ Better voltage control. Better voltage control is possible on a sys-
temwide basis. A global voltage control strategy encompassing the entire

system is used, compared with the present local voltage control strategy.
Investments in communication equipment and metering equipment are
necessary to fully achieve this benefit.

f@! Improved system securiry. Power system security is improved
through better utilization of reactive resources, thus having greater reac-
tive reserves available for system 'conditions which require sudden reac-
tive demand increases. Although many different conditions can cause a
sudden increase in system reactive demand, the substantial increase in
loading of aready heavily loaded EHV lines, following the tripping of
another EHV line, would generally cause the greatest increase in system
reactive demand. This condition can be aleviated by reactive power
dispatching.

(e) Improved interchange transfer capabiliry. Transmission equipment
loading decreases due to reduced reactive power flow. Unloading allows
higher real power capability which allows increased interchange transfer
capability. Interchange transactions are big business for utilities, so reac-
tive power dispatching is attractive as a means of facilitating such transac-
tions. especiadly if they can be performed with no major equipment pur-
chases.

(f) Improved system operation. The primary responsibility of system
operators is supervision of real power generation and activé power and
reactive power flows in the system, with due regard to the maintenance of
correct voltage levels. Operators sometimes tend to maintain high reac-
tive power reserves, which can result in uneconomical operation. For
example, reactive power generating capacity is not fully utilized when
operators maintain margins near rotor or stator current limits to avoid
overloads caused by system voltage fluctuations. Again. reactive power
absorbing capacity may not be fully utilized because of margins main-
tained for stability reasons or to avoid overheating of the core-ends of
generator stators. Also, either too many transformer tap adjustments are
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made (decreasing mechanism life) or too few adjustments occur (causing
uneconomical reactive power flows).

A reactive power dispatching strategy can give an operator improved
guidelines for reactive power flows. reserve level, and voltage control.
The process can be automated and integrated with dispatching procedures
presently used at dispatching centers.

11.2.5. Experience with Reactive Power Dispatch

The work that has been done to date in applying the optimal power flow
theory to power system problems has been relatively limited. General
Electric has been working with an electric utility since early 1977 to deter-
mine operating savings that can be realized when the control parameters
are optimally determined. An initial computer study was executed for a
system peak load condition to estimate possible savings. A 2.4% reduc-
tion in total system losses (4.4 MW out of 185 MW) was found possible
if only the terminal voltages of thermal generators were adjusted, and an
estimated 4.3% reduction in total system losses (8.3 MW out of 185 MW)
could be achieved by coordinating LTC transformer tap settings with the
terminal voltages on thermal generators. The 8.3-MW reduction in total
system losses represents a 0.11% reduction in real power generation. The
resulting decrease in operating costs can be as high as 0.3%.

11.26. Equipment Impact

Reactive power dispatching requires adjustment of control settings on
several power system equipments, and monitoring throughout the power
system to determine the status of critical parameters. Two questions
must be addressed:

1. How does reactive power dispatching affect present equipment?
2. What future impact could reactive power dispatching have on
present equipment, or what new equipment may be required?

(@ Impact on present equipment. The controlling parameters on a
power system for reactive power dispatch are: the termina voltage of
generators, static compensator control settings, switchable capacitor and
reactor banks, and the tap-changing settings of LTC transformers. To
make adjustments from a remote control center, a communication
scheme is necessary along with equipment that measures the terminal
voltages of the generators. The system operator can monitor the present
status and make any necessary adjustments.

It may be possible to use present communication equipment to per-
form monitoring and adjustments. The current tap-changing procedure
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for transformers involves either a time clock or autoratic Circuitry to
hold constant voltage on a busbar in the local vicinity of the transformer.
It tap changing is done by time clock, the procedure remains the same.
but a different tap-setting schedule would be needed with monitoring of
tap position and, possibly, local voltage.

A scheme could aso include the system operator in the control loop.
The automatic scheme would have to be deactivated if taps are to be used
for optimizing, and a time clock scheme as described above would have
to be implemented involving the system operator in the control loop.

Metering power system data {(e.g., terminal voltage on various key
buses, real and imaginary components of load, etc.) is another aspect to
be considered. This is required to build an on-line digital model of the
power system. Additional metering points may be needed to simulate the
power system for reactive power dispatching. This may require purchas-
ing additional meters and possibly supplementing or adding to the com-
munications system in place.

The major impact on present equipment, therefore, would be addition-
al metering, and either additional or supplemental communications sys-
tems for handling increased metering data.

(b) Possible impact on fiture equipment wud mew hardware. The excit
tion system of therma generators should be investigated for possible
improvements to adjust voltage. A faster cycling transformer tap-
changing mechanism may be required to assist with voltage control to
high voltage levels. If afaster tap-changing mechanism Is required, new
contact material will probably be developed to handle increased tap-
changing duty. Meters for monitoring various parameters (e.g., voltage)
may have to be designed with greater accuracy.

11.3. CONCLUSIONS

Electric utilities are increasingly interested in maximizing the utilization
of existing transmission equipment. Reactive power dispatching and
optimal management provides electric utilities with an opportunity to take
a further step in that direction. Initia studies have shown the potential
for reducing fuel costs as well as for improving the management of reac-
tive power reserves.
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CCP, e PCC
Cell, see Thyristor
Characteristic:
voltage, 18. See also V/1 characteristic
reactive power, {9, 22
Characteristic harmonics, rectifier, 324
Characteristic impedance, see Surge impedance
Charging current, 100. See also Transmission
line
Chlorine plant, 345
Circuit breaker. 195, 250
operating times, 144
C-message weighting, 349
Commutating reactance, 334
Commutating reactor, 293
Compensation. 51
and arc furnace, 305
benefits to load, 8
capacitive, 12. See also Series capacitor;
Shunt capacitor
for constant voltage, 25
degree of series, 87, 109, 112
degree of shunt, 86. 101, 103
development, 85
distributed. 85
distributed series, 86
distributed shunt. 86
duty cycle, 7
dynamic shunt, 84, 119-127
effect of voltage variations, 13
fixed shunt, 95
instantaneous, 315
line-length, 82, 84, 176, 253

load. 1
location of, 85
midpoint, 115

need for, 130-131

rapid response, 139
reactive power requirement, 96
regulated shunt, 94
requirement, 7
by sectioning, 82-83, 119, 159
example, 125
series, 88, 108
shunt, 87
surge-tmpedance, 81
switched shunt. 102
and system dynamics. 140
theory, 9
of transmission system, 51
types. 55, 56, 84
of unbalanced load. 32
for unity power factor, 27
virtual-Zo, 81
virtual-e, 81
see also Compensator
Compensation factor. 257 See also
Compensation, degree of series
Compensation ratio, 312
Compensation systems, functions, 81
Compensator
accuracy of compensation, 221
active, 83, 85. 96
amplification of flicker. 313
applications, 5, 55, 84, 181, 182
bias, 23
capacitive, 23
classification, 83-84
comparison of types, 220
constant supply voltage, 13
constant-voltage, 83, 323
control, 38 Seealso TCR, TSC
control, characteristic, 27 See also V/|
characteristic
control principles, 43
desired susceptances, 40-43
dynamic working, 120
equivalent to synchronous machine, 119,
120
functions, 55, 84, 182
gain, 27
harmonics, 189, 220, 215, 325
near HVDC terminal. 149
hybrid. 154, 195
ideal, 5, 32, 36, 40, 323
inductive and capacitive, 23
instantaneous, 315

instantaneous currents, 49
Instantaneous voltage, 4¢
loading cycle, 243-245
losses, 5, 202, 219, 221, 234, 277
midpoint, 120, 159
minimum rating, 2}
overvoltage control, 150, 221
passive, 83-85
phase-balancing ability, 221
programmability, 221
properties of, 16, 18]
protection, 247
reactive power capability, 220
reactive power rating, 12, 13
and reactive power requirements, 124
response, 166, 220
rotating inertia. 120, 221
saturated reactor, 96, 214
sequence components, 38
Sequence networks, 43
specification, 9, 241-250
speed of response, 9#, 183
starting, 219. 221, 249, 290
superconducting, 120
susceptances of ideal. 40
thyrator contralied, E3-E4, I45, 184-214,
41252, 372, 11, JLE-322, I53-058 fSes
@i TCR, TCT, Thuripia: coas e,
TR
transient response, J45
types, 54, 84, 183, 311, 315
as voltage regulator, 18, 27
Fee afso Saturated reactor; Shunt capacitor;
Shunt reactor; Static compensator;
Synchronous condenser; TCR; TCT;
TSC
Compensator model:
as variable admittance, 10, 32
variable reactive power, 10
voltage regulator, 27
Components, symmetrical, 38, 47
Compute interval. 318, 320
Computer simulation, 16]
of series capacitor, 267
of synchronous condenser, 285
of TCR, 161-168
Condenser, see Capacitor, Synchronous
condenser
Conducting interval, 318, 320
Conduction angle. 187, 197
maximum, 202
in TCR, 189
Conduction angle calculator. 197
Construction, Compensators, 220

INDEX

Control:
closed-loop, 196, 198-200

combined open- and closed-loop. 200

load-cycle. 248

open-loop, 196

of TCR, 196
Control characteristic, 182

of compensator, 27

Trr aisa V/ ] characteristic
Control law, TCR, 187
Control system:

of arcfurnace. 301

of synchronous condenser, 285. 295

ol TCR, 196, 248. 316
of TSC, 204, 316-319

Converter, reactive power requirements, 289

Cooler, evaporative. 246
Cooling:
choice of system, 238
liquid, 238
of TCR transformer, 243
of thyristas controller, 235
of thyristor switch. 246
Core, magnetic, 215
Torner-Dleliy Tap, 29[
“Corridery Lrisin,” 42
Lritien] bus, ree PO
Critical fault-clearing time, (g7
T (Current Transformer), 244, 261
Current limit, 248
Current-limiting fuses, 257
Current profile, 62, 263
Cycloconverter, 336

Damping
¥ excitation control, 133, 271
negative, 270
ul power swings, 168-169
fppkEmentary control, 138, 168, 286
of torsional modes, 27
dcdrives, 7
dc transmission, x1v See also HVDC
Deadfront safety barrier, 245
Delta-Wye transformation, 45
Determining nterval, 318, 320
dafi limitation, 245
Dielectric, 255
Differential CT, 260
Differential Relay, 247
Dimensions
of smrszs capacitor bank, 257, 268
il thyristor controller building, 246
Discharge Current, 262
Discharge Reactor, 266

i |
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Dtstributed compensation, 85
Distribution factor. harmonic, 339
Disturbance:

large, 147

to lighting level, 8, 306

on transmission line, 76, 129. 263, 284
Drives, dc. 7
Dynamic equivalent, 52
Dynamic shunt compensation, 119
Dynamic stabilization. 95

Earthing transformer. see Grounding
transformer
Earthquake, 257
Edison Electric Institute, 348
Efficiency, see Losses
El Chocon, 51
Energization, of capacitor bank, 251. See also
Starting
Environmental factors. 9
Equai-area method. 160
Equation, see Formula
Equivalent circuit:
of arc furnace. 301
of compensated load. 37
of dynamically compensated line. 97
of series-compensated line. 110
of shunt-compensated line, 103
of synchronous condenser, 173, 280
Error signal, 248
Excavator, 8
Excitation:
high-ceiling, 286
phase-lead, 284
of synchronous condenser, 275
Excitation limit, 295
External fuse, 255, 257
Eye, sensitivity to flicker, 8

Fans. 246
Fast Fourier Transform, see FFT
Fault ciearing, 263
Fault level, 17, 55
Faults, 147
in TCR. 248
Feedback, 248
Ferranti effect, 54, 63, 87
Fcrroresonance, 54, 98, 202
FFT (Fast Fourier Transform), 336
Fiber optics, 230, 232, 262
Field test:
series capacitor, 262
TCR, 148. 250
Filter:

air. 236
harmonic. 194. 338
subharmonic, 271
Filter systems, 345
Firing angle, see Gating angle
First-swing period, 132, 136,143, 156, 176
Flicker. 4, 183, 306
AIEE Survey, 306
compensation by TCR, 322
compensation strategies, 310
sensitivity of human eye, 308
spectral character, 308
suppression ratio. 313
UIE/UNIPEDE survey, 306
Flickermeter, 307
Fluctuations, standards for voltage. 8, 306, 309.
See also Flicker
Fluid cooling, 227
Formula. for voltage regulation. 14
Frequency, | I3
Frequency converters. 336
Frequency multiplier, 216, 326
Frequency tripler, 216
Frequency variations, 4
Friedlander, E., 216, 315
Furnace, induction, 8. See also Arc furnace
Fuses:
current-limiting, 257
external. 255, 257
internal, 255
voltage rating, 257
Fusing, of series capacitor. 255

Gain:
of compensator, 27
of TCR control, 199
Gapped core, 192
Gate, 224
Gating:
angle, 186 See also Phase retard angle
in TCR, 186, 316
in TSC, 204, 206
for transient-free switching, 210
Gating circuits, 196, 232, 248, 316
Gating control, 248
Gating energy. 232
Gating pulse generator, 199
General Electric, Power Systems Engineering
Course, xiii
Generator, 360
effect of reactance on transmission, 77
reactances, 277
trip, 171
underexcited, 65

e

INDEX

see also Synchronous machines
Grounding transformer, 248
Ground Motion Response Spectrum, 258
Glycol. 246, 248, 495
Gyugyi, L., 32

Harmonic analyzer, 349
Harmomc cancellation, 192

Harmonic compensated reactor, 214. 325. gy

also Saturated reactor
Harmonic distortion, 5
Harmonic distribution factor, 339
Harmanic filter, see Filter
Harmonic load-flow, 340, 345, 347
Harmonic propagation, 192
Harmonics, 331-35]
arc furnace, 336
effects. 337
even. 337
filtration, 5, 338
rectifier. 331-335
residual. 335
of saturated reactor, 326
sensitivity of human ear, 348
TCR, 189, 201
telephoneinterference, 348
triplen, 4, 189
Harmonic sources. 331
Harmonic voltage distortion factor, 348
Heat sink, 226-227
High-passfilter, 191, 345
Hoist. mine. 8, 306
Hunting, $5
HVDC (High-Voltage Direct Current), 96, 273,
289, 293
i compensator, 149, 181,222
converter, 289
damping control, 138
load rejection, 150
overvoltage, 150
#And synchronous condenser, 289
transient response, 149
Hybrid compensator, 195
control system, 213
losses, 203
Hydrogen pressure, 275
Hydro Quebec, 241

Ideal compensating network, 36

Ideal compensator, 5, 32, 36. 182. 323
IEC-143, 259

IEEE, Standard 519-1981, 348
Impedance, surge, 60

Induction furnace, 8

—erere——e . e

Induction motor, 170, 337
effects of harmonics on, 337
Inductive coordination, 350
Instability:
subharmonic, 218
voltage, 170
see also Stability
Insulation:
breakdown, 54, T3{
uniform stress. 61
Insulator:
BIL rating, 262
capacitance. 228
Interchange transfer, 359
internal fuses, 255
[nltipelating TCR. 194. 213
Inverse overcurrent relay, 243
Inverter. 336
Isolation, by fiber optics, 230, 249
LT Product, 350

James Bay, 57, 97, 241
Junction. 226. See also Thyristor
Junction temperature, 202, 226, 248

Knee voltage, 27
of saturated reactor. 218, 323
of TCR, 213
of transformer, 202
Korndorfer method, 291
Kraft paper, 255
Kv.T Product, 350

Lamps
discharge, 8
fluorescent, 8
tungsten filament. 8, 307
Light-emitting Diodes(LEDs), 249
Light fluctuations, see Flicker
Light-gated thyristors. 233
Light guides, 238
Limit-cycling, 95
Line, see Transmission line
Linearizing Network. 199
Linear programming, 355
Line-length compensation, see Campezaiiion
Liquid cooling, 238
Load
inductive, 18
natural, see Natural load
nonsynchronous, 76
unbalanced. 32
Load angle, 73
Load balancing, 4, 32
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Load compensation, 1-48
definition, 3
objectivesin, 3
symmetrical components, 38
worked example, 24
see also Compensation
Load compensator.
properties, 16, 37
specification, 9
Load cycle, 139 Seealso Loading cycle
Load cycle control, 243
Load division, 254
Load-flow, fast decoupled. 357
Loading cycle, of compensator, 243,245
Load line, 18, 28, 140, 153, 157
formulafor, 18
Load modeling, 170
Loads requiring compensation, 6-7
Load rejection, 147, 150
Load variation, 138-139
Location, oOf series capacitor, 109
Locus, of maximum power, 77
Los Angeles Department of Water and Power,
258
Losses:
in saturated reactor, 219
in synchronous condenser, 277
in TCR, 202
Low cycle fatigue, 271
LTC (Load Tap-Changer), see Transformer

Magnification factor, 209
Magvar capacitor, 255
Maintenance, 9
Maximum transmissible power, 122
of compensated line. 91, 119
effect of distributed compensation, 91
effect of TCR compensators, 161
with nonsynchronous load. 76
of series compensated line, [0
Mechanically switched capacitors. 203
Mesh tuning reactor. 326
Metal-oxide varistor, see Varistor
Midpoint compensator, 120
and transient stability, 159
Mode. subharmonic, 270

Modeling:

of loads, 170

of reactive power flow. 356
Motors:

auxiliary, 250

induction, 170, 337

starts, 8

synchronous, 6

Multiplier, frequency, 216

Natural load, 60

properties, 61

virtual, 82. 93
Negative resistance, 270
Negative sequence components, 38
Negative sequence currents, effects of, 4
Network, ideal compensating, 36
Newton power flow, 357
New York Power and Light, 254
Noise level, saturated reactor, 219
Nonsynchronous load, 76

Once-through filtered air system, 236
Open-circuit voltage rise, 63. See aiso Ferranti
effect
Oscillatory Period, 168
and fixed shunt compensation, 144
and series capacitor. 179
Otto, R. &=, 32
Overcurrent relay, 247
Overload capability, saturated reactor
compensator, 152. See also Overvoltage
Overload protection, TCR, 248
Overvoltage, 54, 151
limitation of, 55, 83, 93, 109, 129, 152, 201,
219, 221, 261, 82
and saturated reactor, 152
and series capacitors, 259
and shunt reactors, 97
and synchronous condenser. 282
and TCR, 201
and TSC, 153
Overvoltage protection, of thyristors. 233

Pacific Gas and Electric. 257, 262
Pacific Intertie, 257
Panels, thyristor controller, 245
Parallel connection:

of capacitor units, 245, 259

of thyristors, 228, 245
Parameters:

of synchronous machines. 277

of transmission lines. 58
PCB, see Askarel
PCC (Point of Common Coupling], 6, 306
Performance testing, of TCR, 250-252
PF, see Power factor
Phase balancing, 32
Phase control, 187
Phase retard angle, rectifier, 334
Planning. 354
p-n junction, 223

- e —
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Polypropylene, 255
Positive-sequence components, 38
Power:

apparent. 10, 11

maximum transmissible, 74, 91
Power factor:

of arc furnace, 304

average. 16, 22

of compensated load, 22

control of average. 200

definition. |1

Improvement, 21

Instantaneous, i6

of receiving-end load, 103

Power-factor angle, il
Power-factor correction.

principles, 9

reasons for, 3

of unsymmetrical loads. 32
Power swings, 143. See also Damping
Power transfer characteristic,

series-compensated, |11

Power system, security. 355. 359
Precharging, of TSC capacitors, 210
Propagation of harmonics, 192
Protection:

of series capacitor, 258

of synchronous condenser. 295

of TCR, 247

varistor, 265, 266
Pulse number, 333. Seealso TCR, six-pulse;

TCR, twelve-pulse

Pump:

bearing lift. 275

coolant, 238
Putman, T. H.. 32

Quality of supply, 2
Qukbec. 51. 97

Radial line, 50, 67, 76
Ramps, timing, 248
Reactance:

commutating, 334

of series capacitor, 109

of shunt reactors, 98

transfer. 109

transient, see Transient reactance
Reactive compensation, see Compensation
Reactive power:

absorption. 66

average, 47

bias, 23

INDEX Ts

capability of compensators, 220
characteristics. 19, 22

of compensator, 15

definition. 11

demand signals, 38

dispatch, 354. 360

" displacement," 320

integral definition, 42, 318

hresraghemgeng, 82 353

required for compensation, 96
requirement of series-compensated line, !13
of synclironous condenser, 278
of TCR, 194
terminal requirements, 124
mn terms of instantaneous quantities, 47
of transmission line. 70
Reactive power compensator, see Compensator
Reactive power demand, of loads. 6, 7
Reactor:
air-cored. 228
multiple shunt. 100
reactance of shunt, 98
saturated, 214. See also Saturated reactor
shunt, 84. 97
switched shunt, 97
tapped. 214
TCR, 245
see also Shunt reactor
Recirculated air cooling system, 238
Recovery characteristics, 264
Recovery current, 230
Rectifier:
harmonics. 331-335
twelve-pulse. 333
Redundancy:
i cooling system. 235, 246
of thyristors. 229
Refractory wear rate, 304
Regulation, shunt compensation, 95. See a/so
Voltage regulation
Reinsertion:
instantaneous. 264
of series capacitor, 177, 259, 263
Relay:
differential, 247
inverse overcurrent. 248
loss-of -field, 295
underfrequency, 295
Relaying, see Protection
Reliability, 9
of saturated reactor. 219
see a/so Redundancy
Reluctance torque. 292
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Remote start/stop, 249, 295
Rights of way, xiv, 52, 253
Rimouski, 241
Ripple. in rectifiers, 4
Resonance, 194, 269. 338, 346
parallel. 340
subharmonic, 269
subsynchronous, 271
Response:
of compensator, 5
of TCR, 145
Roll, 255
Rolling mill, 7. 8, 306, 327
RWI (Refractory Wear Index), 304

Saturated Reactor, 56, 84, 151, 214, 305, 311,
315. 323
accuracy of compensation, 221
capacitive bias, 218
damping circuits, 152, 219
direct EHV connection, 218. 221
energization, 219
flux and current waveforms, 215
harmonic compensation, 216
harmonics, 216, 220, 326
knee-point voltage, 218
losses, 219, 221
noise level, 219
overload capability, 152, 221
overvoltage, 152
phase-balancing ability, 221
principle of operation, 214
programmability, 221
reliabiltty, 219
response, 151
and shunt capacttors, 326
slope correction capacttor, 152, 218
slope reactance, 218, 327
spark gap, 152
speed of response, 218, 220
starting, 221
and subharmontc instability, 218
and switched capacitor, 156
in transient pertod. I'51
treble-tripler, 315, 326
twin-tripler, 315, 326
V/1 characteristics, 215, 217, 324, 326
see also Compensator
Saturating reactor, see Saturated reactor
Schwabe, W. E., 304
SCR (Silicon Controlled Rectifier), 223. See
also Thyristor
SCV D (Short-circuit Voltage Depression), 306
Segment, capacitor bank, 259

Seismic requirements, 258
Self-clearing gap, 264
Self-saturattng reactor, see Saturated reactor
Sensitivity

of ear to harmonics, 348

of eye to flicker, 308

of supply voltage, 28
Sequence components, 35
Sequence network. compensator, 43
Series capacttor. 55-56, 82-84, 108, 176. 253

bank dimensions, 257

BIL (Basic Insulation Level), 262

bypass, 177

bypass switch, 261, 265

communtcatton. 262

construction, 257

dielectric, 255

discharge reactor, 261

fault currents, 177

fault test, 267

field test, 262

first-swing period. 176

funtions, 253

fusing, 255

history, 254

internal fuses, 255

line current profile, 263

location, 109

load division. 254

midpoint. 109. 115

and oscillatory period, 179

overload. 261

parallel units, 259

physical arrangement, 257

platform power, 262

protection, 258

ratings, 254

reactance, 109-110

reinsertton, 177, 259. 263

resonance effects, 269

shunting resistor, 263

and shunt reactor, 114

signal column, 262

spark gap, 259

structure, 258

subharmonic oscillation, 263

thermal analog, 261

and transient stability, 176

unit sizes, 254, 256

varistor, 265

voltage profile. 117
Series compensated line, example. 117
Series compensation, 108

applications. 109, 253

TR

degree of, 87, 270
and maximum transmissible power, 110
midpoint, 115
Series connection:
of capacitor units, 245, 259
of thyristors, 229. 234. 245
Short-circuit fevel, 17
Shunt capacitance, stabilizing influence, 108

Shunt capacitor. 13, 23, 55-56, 84, 97, 102, 140,
LT, 152, 300 233, 220, 245,254 264, 244,

325, 327, 338, 354

and arc furnace, 327

midpoint, 103

switched, 142, 148

switching during transients, 143

and TCR, 193

transient pertod. 140

and transient stability, 143
Shunt compensation, dynamic. 119
Shunt reactor, 55-56, 83-84, 97, 166-167

midpoint, 103

switched, 141

switching during transients, 141

transient period, 140

with series capacitor. 109, 140, 354
Shunting resistor, series capacitor, 263
Sidebands, 271
Signal column, 262

SIL (Surge-Impedance Load), see Natural {oaf

Silicon controlled rectifier, 223. See afs¢
Thyristor
Simplex algorithm, 355
Simulation, see Computer simulation, TNA
Simulator study, 146
Six-pulse. see TCR
Slope-correction capacrtor. 152, 218
Slope reactance.
of saturated reactor. 217
of TCR. 188, 194
Snubbers, 228, 230, 245
circuit design, 231
losses, 234

Soft start, 7
Spark gap, 177, 264

nonself-clearing. 264
and saturated reactor compensator, 152

Sparkover, 261

Speed of Response, compensator, 183
Spinning reserve, 283

SSR (Subsynchronous Resonance), 257, 271

corrective measures, 271

Stability

dynamic, 53
factors influencing, 54

INDEX

steady-state limit. 53. 75

transtent, 53, 159
Stabilization, dynamic, 95
Stabilizers. 168. 170, 173, 284. See ul-u

Supplementary damping control

Stabilizing circuits, 138
Standards:

ANSI C37.2-1970. 247

ANSI C55.1-1980, 337

ANS] C55.2, 259

[EC-143, 259

IEEE 519-1981, 348

NEMA CPI-1973, 337
Standards, for voltage fluctuations, 8. 306, 309
Standing waves, see Transmission lis:
Starting:

of motors, 8

of saturated reactor, 221

of synchronous condenser, 290

of TCR. 221

Starting motor, 290
Static compensation, see Compensation;

Transient stability, 159

Static compensators, {3, 144, 241

applications, 181

future developments, 222

properties, 181

for SSR damping, 271

In transient pertod. 145

ree aisa Compensator, Saturated reactor,
TCR, TCT, TSC

Static excitation, 280

Status lamp, 230

Steam turbines, resonances. 271
Steel rolling mill, 7, 8, 306. 327
Steinmetz, C. P., 36

Stiffness:

of compensator characteristic, 29
of supply, 28

Subharmonic filters. 271

Subharmonic instability, 218
Subharmonic mode, 269
Subharmontc resonance, 269
Subharmontc stability, 257
Subsynchronous Resonance. see SSR
Subtransient period. 31, 133
Superconducting compensator. 120
Fepplementary damping controls, 138
in synchronous condenser, 284, 288
in TCR, 168
Supply system voltage characteristic, 18
Supply voltage. sensitivity, 28
modification by compensator, 30
Suppression ratio, flicker, 313
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Surge arrester, 202
Surge impedance. 60
virtual. 82
Surge impedance compensation, 81
Surge impedance load, see Natural load
Susceptance
adjustable, 187
calculator, 197
compensating, 120
controlled, 121, 181
demand signals, 38, 196
SV C (Static VAr Control), see Static
compcnsator
SV G (Static VAr Generator), see Static
compensator
SV S (Static VAr System), see Static
compensator
Swing frequency. 271
Swings
power, 132, 143
of rotor angle. 143, 163, 169
Switched capacitors, 102
and saturated reactor, 156
Switched reactors, 102
Switches, for TCR capacitors, 245
Switching stations, 97
Switching transients. 210
Sylmar, 258
Symmetrical components, 38, 47
transformation, 47
Symmetrical line, 50, 64, 70, 73
reactive power requirement, 81
Synchronizing capability, 177
Synchronism, 53

Synchronous compensator, see Synchronous

condenser

Synchronous condenser, 55-56, 84. 96-97, 119.

173, 219, 273, 299, 305, 311

AFNL (Amps Field No Load), 278

amortisseurs, 292

and arc furnace. 305

auxiliary systems. 275, 295

computer simulation, 285

construction, 274

control, 284. 295

cooling. 295

dc exciter starting, 291

electrical parameters, 277

emergency reactive power supply, 282

equivalent circuit, 173, 280

excitation limit. 295

first-swing period. 176

high-ceiling excitation, 286

and HVDC. 289

INDEX

hydrogen-cooled. 24
hydrogen pressure, 275
inertia constant, 277
Korndorfer starting, 291
losses, 277

low voltage capability, 286
{ubrication, 295

negative field current, 280
operation, 281

oscillatory period, 176
outdoor, 274

overexcited. 278
overload. 283

phasor diagram, 278
protection, 295

reactive power of, 278
reduced voltage starting, 291
short-circuit capacity, 289
short-time rating, 283
and shunt capacitors, 273
sizes, 274

speed, 275

starting, 290

static excitation. 280
static starting, 293
station design, 294

and TCR, 74

n transient period, 174
and transient stability, 284
underexcited, 278
V-curve, 278

voltage control. 281
voltage regulator, 277
water-cooled, 274

Synchronous machines, 6, 52, 65, 74-75, 77.84,

103, 119-120, 126. 130. 132, 136, 172,
269-272, 273-297, 337, 353
as compensators, 119
harmonic effects, 337
operating margins. 359
rapid excitation response. 84
shaft breakage, 271
and SSR. 271
underexcited, 90
Synchronous motors. 6
Synchrotron, 6
System voltage characteristic, ree Load line

Tap-changer. see Transformer
Tapped reactor, 214. 323
and arc furnace. 323
Tariffs, 6
TCR (Thyristor Controlled Reactor), 55-56, 84,
145, 161, 183-203, 220-221, 241-252, 311,

315, 319-323

accuracy of compensation, 221
as adjustabl e susceptance, 187
algorithmic circuits, 322

and arc furnace, 315
arrangement of thyristors. 245
capacitor banks, 250

and capacitors, 244

circuit, 185, 228, 242, 244-247
closed-loop control. 198-200
computer simulation, 161-168
conduction in, 185, 187
control algorithm, 188
control characteristic, 188
control law, 187

control strategies, 196

control system, 248. 316
current limit, 202

direct EHV connection, 221
faults, 248

field test. 148. 250

and filters, 191

fundamental current, 186-188
harmonics, 189, 220, 245
Independent phase control, 201
interpolating, 194, 213

knee voltage, 213

and large disturbances, 147
linearizing circuits, 249

and load rejection, 147

losses, 202. 221, 234

with low harmonics, 189
overload margin. 202

and overvoltage, 201
overvoltage limitation, 221
performance testing, 250-252
phase-balancing ability, 221
power losses. 202, 221
principles of operation, 185, 319
programmability, 221
protection. 247

ratings, 245

reactive power, 194

reactor arrangement, 245
reactors, 245

remote starting, 249

response to faults, 149

and shunt capacitors, 148, 193
six-pulse, 192
speed of response. 200, 220
starting, 221
stopping, 250

supplementary damping control. 168

thermal stresses. 189, 227

INDEX

three-phase, 189
thyristor controller, 228
and transtent period, 145
transient response, 45
triplen harmonics, 201
TSC hybrtd, 213
twelve-pulse. 192

and undervoltage, 201
¥l characteristic, 188, 196, 199, 202, 242, 249
see also Compensator

TCT (Thyristor Controlled Transforrner). 192
and overloads. 193
Telephone influence factors, 348
Telephone interference, 348
Temperature air, 9, 247-248. See also
Junction temperature
Thermal analog, 261
Thermal overload relay, 248
Thermal stress, in TCR, 189, 227
Thermal time constant. 227
Threshold of irritation, 306
Thyristor
characteristics, 224-225
charge-carriers, 230
dc drives, 7
failures, 229
fluid-cooled, 227
gating, 232
heat sink. 226
Junction temperature, 202, 226-227
overvoltage protection, 233
rating. 224
recovery current. 230
reverse avalanche, 224
series and parallel connection, 228, 245-246
silicon wafer diameter, 225
thermal equivalent circuit. 226
V/1 characteristics. 224
Thyristor Controlled Reactor, we TCR
Thyristor Controlled Transformer, see | CT
Thyristor controller. 223
antiparallel connection, 228
cooling, 235
and failed thyristors, 229
liquid-cooled, 238
losses, 234
matching, 232
ratings, 228
snubber. 228
and TCR, 228
voltage distribution, 228
Thyristor Switched Capacitor, see TSC
TIF factors, 348

e
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Timing ramps, 248
TNA (Transtent Network Analyzer), 133. 150
Tolerance band current controller, 315
Torque oscillations, 4
Torsional resonance. 271
Transductor. 214, 219
Transformation
symmetrical components, 47
Wye-Delta, 45
Transformer
constant-voltage, 214
cooling, 243
groundtng. 248
harmonic effects. 338
knee voltage, 202
magnetizing inrush, 337
neutral grounding, 248
phase-multiplying, 216
saturation im; 54, 202
step-down, 218. 242
tap adjustments, 360
tap-changing, 103, 243, 309, 360
z1g-zag, 248
Transient-free switching, 204
1deal, 206
necessary conditions for, 209
Transient period, 132, 134-135, 140, 145, 174,
176
and fixed shunt compensation. 140
and series capacltor. 176
and static compensator, 145
and synchronous condenser, 174
Transient reactance. 77, 132, 159, 277
Transients
switching, 210
and TCR, 145
Transient stability, 159
and compensators. 164
increase of margin, 161
and saturated reactor compensator, 151
and series capacitor, 176, 264
and shunt capacltor, 143
and shunt reactor, 143
and static shunt compensatton, 159
and synchronous condenser, 284
Transmission, long-distance, 109
Transmission angle, 73, 122
Transmission line
charging current, 64-65, 100
compensated by sectioning, 119
with distributed compensation, 85
dynamically compensated, 97
electrical length, 59
equivalent circuit, 57

INDEX

narmonic impedance. 343
infinite length. 60
maximum transmissible power. 73
maximum uncompensated length. 67. 76
at no-load. 64
with nonsynchronous load. 76
on open-circuit, 62
parameters, 57-58
power factor, 61
propagation constant. 59
propagation velocity, 59
quarter-wavelength, 76
radial, 50
reactive power balance. 61
reactive power requirements, 70
resistance, 57
rights of way, 253
series compensated, 109
shunt compensation, 100
stabilization, 52, 82-180, 182, 253. 259, 273,
285
standing waves, 59
symmetrical, 50, 57. 64
uncompensated, 57
underload, 67
voltage profile, 62
wave equation, 57
wave number, 59
Transmission system, 49
fundamental requirements, 52-53
minimization of losses, 356
reactive power support, 283
Treble-tripler reactor, 216, 315, 326
Triggered air gap, 265
Triggering, see Gating
Triplen harmonics, 189
TSC(Thyristor Switched Capacitor), 55-56, 84,
153-154. 184, 204-214, 220, 311, 315.
316-319
see also Compensator
accuracy of compensation, 221
as adjustable susceptance, 204
and arc furnace, 316
control system, 213, 317
direct EHV connection, 221
harmonics, 220
and interpolating TCR, 213
losses, 221
number of capacitors, 153. 204
overvoltage, 153
overvoltage limitation, 221
phase balancing ability, 221
principles of operation, 204
programmability, 221

INDEX L]

response time, 220

starting, 221

switching transients, 204, 207

TCR hybrid, 213

translent-free switching, 204

m transient period, 153

V/1Icharacteristic, 211
Tungsten filament lamps, 307
Tuning reactor. 339
Twelve-pulse, see TCR
Twin-tripler reactor, 315, 326

U.K. Electricity Council, 308
Unbalanced load, 32
Undamping, 270
Underexcitation, of generators, 66
Undervoltage, 54

and TCR, 201
Unit, 255-257. See also Capacitor

Vacuum switch, 245
VAr, see Reactive power
VAr compensatlon. see Compensation
Variable load, 19
Varistor, 265
fault test. 267
V-curve, 278
Velocity, of propagation, 59
V/I characteristic, 121, 157
of hybrid compensator, 155, 195
of saturated reactor compensator, 217, 323
of synchronous condenser, 174-175
of TCR, 145, 148, 188, 194-195, 202, 242
of TSC, 211
Virtual natural load, 82
Virtual e, 81
Virtual Z, 81
Voltage, abnormal. 53
control by switched shunt compensatton,
102
knee-point, 27

f

midpoint, 10

open-circuit rise, 63

reverse blocking, 225

sensitivity, 28
Voltage collapse, 170
Voltage control, 359

effect of compensation, 87
Voltage distortion, 348
Voltage drop, see Voltage regulation
Voltage error, 139
Voltage fluctuation, standards, 8
Voltage level, number of thyristors, 2258
Voltage profile, 62, 87, 359

flat, 97
Voltage/reactive power characteristic, 18
Voltage regulatton, 4

by compensator, 27

definition, 14

due to load, 14

formulas for, 14

with inductive load, 18
Voltage regulator, 248

supplementary control, 284
Voltage variation:

effect on compensation, 13

limits, 4. 8

Wavelength, 59

Wave number. 59

Welding plant, 8

Western Electric, 349

Winder, see Hoist

Wood-chip mill, 6

Wye-Delta transformation, 45

Zs, 60. See also Surge Impedance
Zero-sequence components, 40
Zero-sequence currents, effects of, 4
Zig-zag grounding transformer, 248
Zinc chromate primer, 256

Zinc oxrde, 177, 265. 266
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