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STATIC VAR GENERATOR APPLICATION AND
PROTECTION CONSIDERATIONS

INTRODUCTION

During the last twenty years, advances in technology have made
it economically practical to develop "solid-state," power-
electronics Static VAr Compensators. These are called Static
VAr Generators (SVGs) by Westinghouse. One of their most
important features is that they can interact rapidly to solve
VAr problems.

The Static VAr Generator is being used extensively as a re-
placement for synchronous condensers applied to reduce transi-
ent voltage flicker in arc furnace circuit52 and by an in-
creasing number of utilities to rapidly‘supply leading or
lagging VArs on transmission systems.B’4 The basic differ-
ences in SVGs for the two applications, besides size, are in
the control implementations employed in each application and
in the need for thyristor-switched capacitors (in addition to
reactor current control) in some transmission system applica-
tions. For arc furnace applications, ratings typically have
been 25-75 MVAr, but sizes as large as 450 MVAr are being

considered for EHV transmission systems.5

SVGs use thyristor switches and electronic controls together
with conventional inductors and capacitors. Flexibility and a
variety of control strategies enable SVGs to solve unusual and
special transmission problems. Recently the flexibility to
implement unusual control strategies has resulted in the
development of a new class of SVGs, the Dynamic Stabilizer.6
The Dynamic Stabilizer provides a new and innovative means of

solving some of the subsynchronous resonance (SSR) problems
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often associated with series compensated transmission lines.
For this most recent type of equipment, equipment ratings in
the range of 15 percent of its associated turbine generator
rating are employed to provide positive damping to reduce
SSR.7

This paper describes the Static VAr Generator (or Static VAr
Compensator) as it is applied to transmission line compensa-
tion. As .for any new concept, it is important to examine the
impact it has on various aspects of power system operation and
equipment performance. The protection aspects of the SVG are

examined, and include:

The protection functions provided in the SVG by the de-

signer.

The protective functions which should be provided by the
relay engineer, as a back-up to those provided by the de-

signer.

Some unigue characteristics of the SVG that could influ-
ence the protective relaying functions applied to other
equipment and lines, and how these characteristics may

affect existing relaying schemes.

WHAT IS AN SVG?

In its simplest form, an SVG consists of a fixed capacitor in
parallel with a variable inductor (reactor). This is shown in
Figure 1. Clearly, if the variable reactor is adjustable over
a range of inductance values from infinity to a minimum value,
L{(Min), then the current through the réactor can be controlled
through a range of magnitudes from zero to a maximum value,
Further, if the minimum value of inductance is

IL(Max)'
selected to have a VAr rating which is twice that of the fixed
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capacitor, then the magnitude of I will be twice that

L{Max)’
of the capacitor current, I

ce
The circuit shown in Figure 1 will produce the maximum leading
VArs when the inductance value of the reactor is set to infin-
ity so that the current through the reactor is zero. Thus,

under these conditions, the inductor current, I is zero, and

LI

the capacitor current is I Consequently, the net input cur-

c*

rent, I. , is equal to I and the SVG provides maximum lead-

In c’
ing VArs equal to the rating of the capacitor.

To produce zero VArs, the inductance value of the variable
reactor is set so that the current through the reactor is
equal in magnitude to that of the current through the capaci-
tor. Conseguently, since IL and IC are of equal magnitude but
opposite phase, then the net input current, IIn’ will be
exclusively the resistive loss currents associated with the
fixed capacitor and the variable reactor, and the SVG produces

no VAr supply or drain.

To produce the maximum lagging VArs, the inductance value of
the variable reactor is set to its minimum value, L{Min).
Consequently, the current through the reactor has twice the

‘magnitude of the capacitor current, so that I is eqgual

L (Max)

to 2 Ic. However, the reactor current is opposite in phase to
the capacitor current, and consequently, the net input cur-

rent, I is inductive and with a magnitude of I Hence,

p .
with théncircuit shown in Figure 1 and with the cgmponent
values specified, this type of SVG can provide VAr compensa-
tion over the range from +Q VArs through zero to -Q VArs,
where Q is the magnitude of the VAr rating of the fixed capa-

citor.

With this background, it will be appreciated that although
this type of very simple SVG will work, there would be a num-
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ber of practical difficulties in making suitable and fast act-
ing, mechanically variable reactors of the size needed for a

practical utility application.

In a practical SVG system, the variable reactor function is
realized by connecting a fixed reactor in series with a
thyristor-phase-controlled switch, and the combined unit is
called a Thyristor Controlled Reactor, TCR for short. The
thyristor switch consists of two series "strings" of thyris-
tors that are connected in reverse parallel as shown in Figure
2. When a thyristor controlled reactor is connected in par-
allel with a fixed capacitor, the result is the Fixed Capacitor-
Thyristor Controlled Reactor SVG shown in Figure 3. Frequently,
this type of SVG is known as a FC~TCR system.3 When capacitors
are also switched with thyristors, the type of SVG is a TSC~TCR.
This latter type has certain advantages in transmission appli-

cations, and will be discussed later in the paper.

GENERAL OPERATING PERFORMANCE OF SVG

Steady-State and Small Disturbances

A small disturbance is defined as a variation in current or
voltage which is within the linear range of the SVG's control
charactefistic. Figure 4 shows current versus voltage, and
MVAr versus voltage characteristics which are representative
of several types of SVG. The linear control range of the SVG
is seen to be between points 1 and 2 of Figures 4A and 4B.
The response of the SVG for a small change in voltage, or of
the “"quasi" steady-state voltage interactive characteristics
of the SVG and the power system, can be understood by consid-
ering the Thevenin eguivalent of the power system from the bus
of applicaton of the SVG. Figure 5A shows this Thevenin

eguivalent circuit as a voltage, Ee’ behind a single series
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reactance, Xe. Considering for the moment the SVG to be a
source of either capacitive or inductive current, the bus
voltage at the location of the SVG is given by the equation of
Figure 5A for a particular Ee and Xe‘ Graphically, this
equation is depicted by the solid line on Figure 5B and has a
slope equal to -Xg - Adding the SVG characteristic (i.e.,

dashed curve), it is seen that in steady state V equals V

SVG
and the SVG will be operating in the inductive range at a

0

current of IO.

The voltage associated with zero SVG current, VeEF of Figure
5, could be raised to coincide with Ee so that the SVG would

then attempt to hold wvoltages closer to Ee‘

Consider now a change of system voltage, AVS in Ee, but the
equivalent reactance, Xe’ remaining constant (Figure 6). The
voltage regulation of the SVG (i.e., the reguired shape or
slope of the line 1-2) and the rating range, may be determined
from the allowed variation in terminal voltage, AV and + AVL,
as a function of the reactive current output reqguired of the

SVG at a given bus.

Under this condition, the voltage versus reactive current
output of the SVG exhibits a sloping characteristic, as shown

in Figure 6, with the slope, S being defined as follows:

LP’
. - 8VC ) 8VL
LP™ I, - I
MAX MAX
where
VC is the drop in terminal voltage at maximum
L, ) I
capacitive current output, CMAX' of SVG
and

V. is the rise in terminal voltage at maximum in-

L
ductive current output, IL of SVG.

MAX'
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(Note that the slope in the capacitive region of SVG operation

and in the inductive region do not have to be equal.)
Thus, from Figures 5 and 6, for a fixed capacitor bank of
rating QC’

Ic - Q
MAX
V3 Vg

MAX vg Vll

I =% - %

where QC is the three-phase value of capacitive VAr output of
the SVG and QL' that value of the inductive VAr input.

where
Vll is the nominal line-to-line voltage,
XC is the source reactance (Xe of Figure 5),

Qs is the three phase-capacitive rating of SVG,

Then, the magnitude of the maximum variation in line-to-neutral

AV AV . .
CMAX and LMAX’ occurring at the m§x1mum

A . . I
SVG capacitive and inductive output current, CMAX and LMAX’

terminal voltage,

respectively, can be determined as follows:

Yoo o= %
MAX
V3(Vy4/%g)
Q
VL = LNET
MAX
V3 (v, /%)
QLNET is the three-phase maximum inductive rating of the con-

trolled reactor in the SVG less QC'
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In the preceding discussion of the SVG control characteristic
and its slope in the "linear" range, consideration was re-
stricted to system contingencies which only altered the system
voltage (i.e., AVS). However, in general, the voltage Ee and
slope of the given equivalent load line (i.e., X,) can change
for different system operating conditions. To determine these
effects, load flow studies have been used to show the range of
bus voltages to be expected under peak load and light load
conditions. VAr absorption and supply can be varied to deter-
mine the "voltage versus VAr sensitivity" at the particular

bus for the particular operating conditions.

Response of SVGs to Large System Disturbances

Disturbances in power systems are said to be large when the
resulting change in the SVG terminal voltage exceeds the
linear range of the SVG control. In Figures 4A and 4B, which
are called regulation diagrams, the linear range of control is
between points 1 and 2. Frequently, large disturbances are
characterized by rapid changes in voltage, and the associated
high frequency components in the current and voltage wave-

forms.

Clearly, large disturbances can be caused by systems faults.
However, they may also be caused by the following system
changes:

¢ Loss of generation.

e Switching transmission lines, either following

faults or without faults.
e Switching other reactors or capacitors.

¢ Start-up of other SVGs.
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¢ Rejection of load in a transmission systen.
e Bypassing or reinsertion of series capacitor banks.

With these points in mind, it will be appreciated that SVG
ratings and specifications are not always exclusively in terms
of the size of the capacitor and reactor banks at the rated
voltage. This is because in certain cases, particular opera-
tional characteristics are required. The following examples
provide some insight to the range of operational reguirements

that may be specified:

e The limitations of the overvoltage to a particular
value, after the first half cycle of a temporary
overvoltage. Typically, this type of requirement is
specific to certain parts of the transmission system

in question.

¢ The limitation of the magnitudes of harmonic cur-
rents or voltages generated by the SVG as a function

of transmission characteristics.

¢ The minimum rate of response at which it is possible
to operate the SVG without causing instability, or
some other adverse effects resulting from the low

natural frequency characteristics of the system.

¢« Operation of the SVG under both disturbance and
emergency conditions, where particular MVAr require-

ments and cyclic voltage levels are specified.

Several approaches have been suggested to meet the requirement
of absorbing large amounts of VArs during the high overvolt-

ages:
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¢ Use of the short-time overload capability of the
step-~down (coupling) transformers of the SVG in the
saturated state together with switching-on by addi-
tional thyristors of larger short-time rated shunt
reactors. However, 1in order to avoid ferroresonance
during overvoltage between the transformer and the
system, minimum values of transformer saturated
reactance have been specified; e.g., no less than
25% of rated reactance, and the knee of the satura-
tion characteristic no less than 115% of rated

voltage.

¢ Use of short-time overload capabilities of conven-

tional reactors and thyristors.

SVG MAJOR EQUIPMENT

Basically, as mentioned previously, SVGs consist of thyristor-
controlled inductor banks, typically 40 MVAr or larger, con-
nected in parallel with capacitor banks (Figure 7). These
banks may be fixed or switched, using either conventional
switches, circuit breakers or thyristor switches. Usually
some or all of the capacitor banks are also used to form

harmonic filters by adding series inductors.

Variability in VArs provided by an SVG is obtained by con-
trolling the current through the inductor banks, by switching

the capacitor banks, and by a combination of the two actions.

The main SVG inductors are usually the standard, outdocor
alr-core type, two per phase, connected in delta, to provide a
circulating path for the triplen harmonics. The thyristor
switch is usually placed between the two inductors in each
phase to provide some surge voltage protection and the cur-
rent-limiting effect provided by one inductor should the other
flash over.
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Current transformers are also provided in each leg of the
delta connected inductors. This is to provide current moni-
toring and sensing required by the control circuits.

The inductors connected in series with the capacitor banks to
form harmonic filters are also usually standard, outdoor,

air-core reactors.

The capacitor banks, both for the filters or for other VAr
supply, uéually consist of outdoor stack-type capacitors de-
signed to meet the ambient temperature conditions encountered
in the installation locale. Each capacitor unit is individ-
ually fused, and an appropriate number of standard units are
connected in series-parallel to give the required MVAc and

voltage ratings.

The thyristor switch consists of an appropriate number of in-
dividual thyristors‘to satisfy the voltage rating require-
ments. A single thyristor cell as presently used in an SVG
switch is capable of blocking voltage of either polarity but
i1s able to conduct current only in one direction. Therefore,
two thyristors are connected in reverse-parallel to provide a
current path for each of the positive and negative half-cycles

of ac current.

Presently, it is common practice to design SVG switches to
Operate with supply voltages within the range between approxi-
mately 15 kV and 35 kvV. Frequently, complete switch assemblies
are constructed from a number of switch modules, and typically,
each module is designed to support voltages of between 6 kV
and 8 kV. Further, each module includes a series string of
reverse parallel connected thyristors, as shown in Figure 2.
Consequently, in a 15 kV, 3 phase, delta connected system,

three series connected, 6 kV modules would be used between
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each phase. Similarly, for a 34 kV system, six series con-
nected modules would be used between each of the phases. Such
combinations of thyristor arrays supply some redundancy in the
number of thyristors required to provide for a nominal number
of device failures without the SVG being removed from service.
Each module contains, in addition to the thyristors, fiber
optics couplers, thyristor heat sinks, "snubber" circuits,

firing circuits and associated structural members.

A variety of different methods of cooling thyristors have been
used by different SVG manufacturers. However, water-water
systems are now becoming relatively standard. This is because
they offer both simple and reliable implementation, together

with suitable heat transfer efficiency.

In this type of water-water cooling system, the thyristors
transfer their heat to water cooled heat sinks, and the heated
water 1s subsequently cooled by water-~to-water heat exchang-
ers. This approach allows de-ionized water to be used in a
closed loop system. In cold climates, the cooling liguid is a
mixture of ethylene-glycol and water. As shown by Figure 8,
the cooling liguid is circulated through the thyristor heat
sinks via CPVC piping. Redundant cooling pumps and other
major components are installed in large and important instal-

lations.

Circuit breakers are usually provided to shut down the entire
SVG facility (Figure 7). In the case of SVGs utilizing dedi-
cated step-down (coupling) transformers, this circuit breaker
is connected in, the high-side of the transformer. Circuit
breakers may also be applied to switch capacitor banks, or
filter banks, directly in parallel with the current-controlled
inductors on the same bus. Capacitor banks at either voltage
level, but directly associated with the SVG, have been switched

with otner device.
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SVG CONTROL

Rudiments of Phase-Controlled Conduction in Thyristors

Since a thyristor will only conduct current in one direction,
from anode to cathode, two thyristors must be connected in
reverse-parallel if the current is to be controlled during
both the positive and negative halves of a sinusoidal applied
voltage cycle.

Consider the simple circuit shown in Figure 9 in which the two
thyristors Tl and T2 are connected in reverse parallel and in

series with the resistor R. The sinusoidal waveform of the

applied voltage, V is shown in Figure 9(a).” Let a pulse be

’
applied to the gati terminal of Tl at some time P(1l) during
the positive half cycle of the applied voltage, and this pulse
causes the thyristor to conduct and pass current between its
anode and cathode terminals. The period between the voltage
zero crossing point P(0) and P(l) is sometimes known as the
delay period. However, it is more usual to refer to the
electrical angle corresponding to the delay period, and this

is commonly known as the firing angle, alpha (a).

Thyristor Tl will continue to conduct until the current zero
crossing point P(2), after which time it will stop conducting.
Clearly, Tl cannot conduct during the negative half cycle of
the applied voltage. Since the load is resistive, the current
through the thyristor will be in phase with the applied voltage,
and Figure 9 shows the voltage across Tl together with the

current through the resistor and T1.

At some time P(3) during the negative half cycle, a gate pulse
is applied to the gate of thyristor T2, and this causes T2 to
conduct. Clearly, if the delay period P(2) to P(3) is the

same as P(0) to P(l) then the firing angle alpha2 (a,) is the
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same as the firing angle alpha (d). Consequently, the current
through R and T2 is the mirror image of the current through R
and T1l, and this is called symmetrical firing or symmetrical

conduction.

With this background, it will be appreciated that the mean or
average current through the load will increase as the firing
angle is decreased. The maximum current will correspond to a
firing angle of zero degrees, and there will be essentially
zero current for a firing angle of 180 degrees. Further, it
will be appreciated that if both the positive and negative
firing angles are equal, corresponding to symmetrical conduc-
tion, then the current and voltage waveforms will contain only

odd harmonics.
Similarly, the amplitudes of the various harmonics depend upon
the firing angle, and that both odd and even harmonics will bhe

produced by any asymmetric conduction of the thyristors.

Fundamentals of Conduction-Angle Control of Reactor Current

A fixed capacitor, thyristor-controlled reactor (FC-TCR) type
of SVG, is shown in Figure 10{(a). Figure 10(b) illustrates
the effect that variations of the thyristor conduction angle
have on the magnitude and waveshape of the current. The
reactor bank rating is higher than that of the capacitor bank,
and the applied voltage is held constant. The magnitude and
waveshape of the current in the reactor and, thereby, the
total current into the compensator is varied by the firing
angle control. Figure 10(b) shows the controlled-reactor cur-
iC’ and the total

compensating current, i(a), with its fundamental component,

rent, iL(a), the constant capacitor current,

ifund(a)’ as the firing angle is increased from 0 to 90 de-
grees. That is, the current conduction interval of the thy-

ristor switch is reduced from 180 degree (reactor bank fully
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on, "absorbing" VArs egual to the difference between the
reactor bank rating and the capacitor bank rating), to zero
degrees (reactor bank fully off, with the compensator provid-

ing VArs equal to the capacitor bank rating).

The magnitude of the fundamental component of the thyristor
current is not a linear function of the conduction angle.
Consequently, the SVG control circuit is required to calculate
the conduction angle to produce the correct magnitude of the
fundamental, thereby, to satisfy the required VAr demand with
the particular value, L, of the reactor in guestion. (See

later discussion.)

In certain thyristor controlled reactor applications, the
firing angle is defined with respect to the voltage maxima
rather than the more conventional zero voltage crossing point.
Further, the conduction angle is the supplement of the firing

angle.

Control of Thyristor-Switched Capacitors

The thyristor-switched capacitor, thyristor-controlled reactor
(TSC-TCR) type compensator has been developed specifically for
utility applications. A single-phase circuit of the scheme is
shown in Figure 11. This scheme consists of a thyristor-con-
trolled reactor bank and several parallel thyristor-switched,

capacitor banks.

The total capacitor output range must be divided into "n"
operating intervals (Figure 12). the number of capacitor
banks, n, is determined from considerations of the current
rating of the thyristor switches, the operating voltage level,
and the maximum compensation reguirement. In the first oper-—
ating interval, the output of the SVG is controllable from

zero to capacitive VArmaX/n by switching in one capacitor bank
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and, at the same time, adjusting the current in the thyristor-
controlled reactor bank so that the sum between the VAr output
of the capacitor bank and that of the reactor bank equals the
regquired compensation level. The reactor bank has to be

somewhat larger than that of the one capacitor bank to provide
enough overlap between "switching in" and "switching out" VAr

values.

In the subsequent intervals, the output of the SVG is control-
lable by switching in succeeding capacitor banks and using the
thyristor-controlled reactor bank to absorb the surplus capa-

citor VArs in that interval.3

To provide the most rapid change from inductive to capacitive
VAr performance of the SVG, it is appropriate to keep half the
capacitor banks charged positively, and half, negatively.
Then, to minimize the switching transient, the thyristor
switch associated with the appropriate capacitor bank is fired
when the voltage across it is at a minimum; that is, when the
bus voltage and the voltage of that capacitor bank are very
nearly equal and of the same polarity. The thyristor switch
voltage is sensed to select a proper capacitor bank and pro-
vide the proper thyristor firing time to minimize the switch-

- ing transient.

From this it will be appreciated that the thyristor switches
used for capacitor banks applications must have higher voltage
ratings than do the switches used for reactor control. This
is because, when these are not conducting, the capacitor
switch can experience voltages of the order of twice rated

voltage.

During the operation of an SVG on a transmission system, it is
likely that voltage transients can result in bus voltages far

exceeding normal voltage.
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In some applications, as has been mentioned under "Major
Equipment," it may be appropriate to initiate turn-on (firing)
of the switch, or bypassing with a "crow-bar," to limit volt-
age across and surge current through the switch. In practical
systems, also, it may be necessary to connect a relatively
small reactor in series with each capacitor bank to reduce
possible surge current in the thyristor switch. (These reac-
tors can also be used to ensure that resonances with the power
system impedance do not take place at the major harmonic

frequencies.)

During the large system disturbances in the transmission sys-
tem, there are certain inherent characteristics of the fixed-
capacitor scheme that may have disadvantages from a system
standpoint.3 One of these is the lack of ability to instan-
taneously control the presence of capacitors during a loss-of-
load condition in the transmission system following a fault
close into the SVG. The reduction of voltage during the
fault, depending on the control logic, may have resulted in
full capacitive compensation of the SVG, so that when the
system fault is cleared, the presence of the capacitors with
the inherent capacitance of the transmission system may aggra-
vate the resulting severe overvoltage condition following loss
of load.

With the availability of thyristor-switched capacitors, it is
possible to have a control that senses when system voltages
become abnormally reduced due to a fault and override the
control calling for capacitive compensation to boast voltage.
Then, following clearing of the system fault by the system
circuit breakers, the capacitor or inductors can be brought on
in an orderly fashion as required by the resulting system

conditions.
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Voltage Error Detection and Thyristor Firing Control

In SVG applications where the main reguirement is to regulate
the bus voltage, and, consequently, where the SVG is required
to reduce line voltage variations, it is important to be able
to detect relatively small variations in the amplitude and

phase of the supply voltage.

In essence, the operation of the control circuit is as fol-
lows: Voltage signals from each phase of the line are applied
to the input of the control circuit. Analog and digital
circuits which are a part of the control circuit calculate the
amplitudes of voltages together with the phase angles. These
values are then compared to reference values, and additional
calculating circuits then determine the inductive or capaci-
tive reactahces that the SVG must apply to provide the appro-
priate compensation. Additional computing circuits convert
this information into appropriately timed pulses which are
applied to the thyristor arrays, thereby, to cause the thyris-
tors to conduct at the correct times. The pulses applied to
the gate circuits of the individual thyristors are frequently

called "gate" or firing signals.

The line voltage inputs to the SVG control circuits are usual-
ly obtained from either potential transformers (PT's) or volt-
age dividers connected to the high voltage bus (Figure 7).
Suitably, wide bandwidth and accurate PT's and voltage divid-
ers are needed. This is because the proper operation of the
SVG, under transient conditions, reguires that the input

voltages be faithful replicas of the actual line voltages.

Likewise, the 3VG control circuit must include a relatively
stable reference oscillator and a phase detector capable of

measuring relatively small variations.
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Typically, the reference oscillator and error detection func-
tions are performed by a phase lock loop (PLL) circuit. The
output of the PLL is an error signal, which in effect is the
difference between the nominally correct and the actually
measured phase. This type of error detection circuit is then
used to provide information to the control to determine the
amount of compensation required to minimize or reduce the bus

voltage variations.

Figure 13 is a simplified block diagram of the firing angle
and pulse generator sections of a representative control
circuit. The output from the error detector is applied to the
input of the firing-angle calculator. The relationship be-
tween the error signal and the thyristor firing angle, needed
to produce the required fundamental component of the 60 Hz
supply, from this circuit is nonlinear. The output f£rom the
calculating circuit is then used to generate thyristor firing
pulses that are correctly timed with respect to the line volt-

age, thereby, to provide the required compensation.

Each of the thyristors in a particular "string" is "gated on"
by a local firing circuit which is insulated and at a high
voltage to ground. The local firing circuits obtain their
energy from either the voltage across the thyristor switch
when it ié not conducting, or from the current through the
switch when it is conducting. The local firing circuit is
triggered by a signal developed at ground potential in the
following manner: The control signal first mentioned above
initiates a pulse that energizes a light-emitting diode (LED)
at ground potential at the base of the module. This lighﬁ
pulse is transmitted to the higher potential of a thyrisgor
and its local firing circuit with a fiber-optical "light
pipe." The light pulse triggers a photo-sensitive transistor,
which in turn triggers the local firing circuit causing the

thyristor to "turn on."
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At least two possible methods have been used for voltage con-
trol: individual-phase-voltage control and three-phase-average-
voltage control. Individual (or independent) phase-voltage
control utilizes the SVG's capability to handle reactive power
in each phase completely independently. Thus, it is possible
to attempt (to balance otherwise unbalanced transmission line
voltages; but at the expense of unbalanced line currents.2 Ag
shown in Figure 14, individual-phase voltage control utilizes
an identical channel for each voltage. But since a Wye-delta
stepdown transformer usually is used for coupling the SVG to
the high~voltage system, the 30° phase shift associated with
this transformer connection directly affects corresponding
line-to-neutral voltages, and this must be taken into account

in the control.

A second method of voltage control, the three-phase average
control, is illustrated in Figure 15, which shows a simplified
block diagram of the main control path leading to the reactor
current reference I¥, here a quantity common to all the three-
phase controlled reactor firing circuits. Basically, the
average voltage control senses the sum of the volt-seconds of

the three phase-to-neutral voltages.

A significant difference between the individual-phase and

averaged-phase controller is that the feedback signal, VF’ in
the average controller does not have a significant amount of
harmonics, and therefore, does not require synchronous (sam-

pled) filtering as used in the individual-phase controller.

Two options that have been used for improving response of the
controller are indicated in Figure 15: rate, or differentia-
tion compensator, and a slow-voltage balancing option. The
rate compensator has been found to improve the response of the

controller to a step change in voltage by approximately 20%.
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To increase stability with the integrator in the error proces-
sor, a proportionality element may be added to the integrator
with gain-frequency response such that the proportionality

"i.

element "breaks" at a freguency lower than the power line

frequency.

The dynamic behavior and gain margin to achieve stability of
the two controllers described above were tested at the joint
EPRI-Minnesota P&L-Westinghouse SVG project8 to establish
recommended settings for gains. For example, a 90% correction
of a vdltage disturbance with the average-voltage controller
can be accomplished within one or two cycles by this relative-

ly small-rated SVG at its particular location in MP&L system.9

Some Other Control Considerations

For isolated SVG installations, some consideration should be
given to the modes of control and of operation desired of the
SVG from the standpoint of it being isolated. The MP&L in-
stallation, for example, is within one-half-hour of the reach
of a switchman, but two hours by system technicians.8 There-
fore, supervisory control and operating stations of the SVG
and capacitor bank equipment have been provided to system

dispatchers, as well as local control and stations.

A continuously adjustable voltage reference set point is
usually provided for the controllers. 1In some cases, this may

be controlled by supervisory, as well as by local adjustment.

Operating modes for the HV capacitor banks may consist of man-
ual, as well as automatic modes. For instance, for the MPL
installation, two automatic modes were supplied:

first, 230-kV capacitor banks switched by adjustable-timer,
under- and over-voltage relays from bus potential; and second,

SVG controller automatically energizing or de-energizing
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230-kV capacitor banks upon reaching minimum or maximum SVG
reactive current limits, respectively. In the second mode,
adjustable timers were provided for delaying switching at SVG
current limits. The energizing delay at MP&L was set at zero
and the de-energizing delay at 1.5 seconds. Should the SVG
shut down and trip off line due to a malfunction, the capacitor

bank control mode will automatically become the first.

The first mode of capacitor bank control on the MP&L installa-
tion also is utilized for rapid insertion of the capacitor
banks during system dynamic voltage collapse by providing a
static undervoltage relay to sense 230 kV voltage less than 95
percent and energize the bank in 3 cycles. The relay time
was selected to include enough delay to discriminate between

transient faults and dynamic voltage collapse.

PROTECTION INTERNAL TO SVG

Static VAr Generators usually include a number of internal
protection circuits that are designed into the control cir-
cuit, thereby, to protect the SVG in the event of a variety of
different malfunctions. A representative list of protective
functions is shown in Table 1. Some of these have been pre-
viously discussed.

In general, failures can be divided into two main classes: The
first class consists of those failures or malfunctions which
require that the entire SVG system be disconnected from the
line; and the second class consists of those failures or mal-
function that require that only a part of the SVG be taken out

of operation, but which allow the SVG to be left "on line."
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TABLE 1

SVG Protective Functions

Loss of power

Loss of line voltage

Loss of synchronism

o

Overvoltage on switch

Overcurrent in switch

Equal current division in switch

Equal current division in capacitor bank

O~ oy U W N
L

Overcurrent in capacitor banks

X}

Water temperature

Water f£low

P
=
L]

Water purity

Loss of primary power is a fundamental concern in certain ap-
plications, and it is of greater concern in transmission
applications where the operation of the power systems during
emergencies may rely on the proper performance of the SVG.
Redundant power supplies are used, therefore, to improve the
reliability of the equipment. Further, it is frequently
appropriate to connect the redundant power supplies to separ-
ate sources, thereby to further improve the system’s relia-
bility.

If a shutdown of the SVG is required, a power supply is needed
for maintaining the cooling system. Since ac sources may be
lost during the power system emergencies, the cooling pumps

are run on dc supplied by an uninterruptable power supply.

Concurrent with loss of power to the SVG is loss of line volt-
age, with possible loss of synchronism between firing signals
and line voltage. Timing signals are developed from voltage

zero crossings of all three phase voltages so long as at least

50 percent of nominal voltage amplitudes are present. A
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timing-signal monitor determines that all three voltages have
acceptable phasing and that all three are present. The pur-
poses of the synchronous timing are to make the SVG operation
immune to line freguency variations and to provide proper time
signals for other control purposes; for example, the proper
thyristor firing angle of the current-controlled inductor so

as to provide the necessary VArs demanded by the system.

If a single voltage zero crossing does not come up properly,
then the controls stops firing the inductor thyristor during
the following half cycle and makes an attempt to recapture or
gain synchronism. Typically, line voltages may be off for
approximately a second before further control action takes
place, but the selection of this time is somewhat a trade-off
between too fast emergency action and operating for some

number of cycles with unbalanced voltages.

Under normal operating conditions, each of the three phase
lock loop circuits is in the narrow-bandwidth or phase-lock
mode. This is when the long term operation of the supply
voltage has been sufficiently consistent to indicate that
there is a high expectation of nominally correct timing.
However, after any unduely large transient condition, the
phase lock loop circuits are switched into the wide band mode
of operation. This allows the PLL's to gquickly reacquire
synchronization with the supply frequency. This action is
normally delayed for 15 cycles by an electronic timer to
override small line transients. In this mode of operation
there is some modest sacrifice in the accuracy of the VAr
demand calculations performed by other elements of the control

circuit.

If synchronism is recaptured, another timer is started during

which time the control confirms that consecutive zero cross-
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ings are detected. When recapture is confirmed, operation

returns to normal.

The instantaneous voltage across the thyristor switch control-
ling the reactor banks is monitored using a wide-band attenua-
tor. The signal from this measurement is used: a) to initiate
firing when the instantaneous voltage across the switch ex-
ceeds a specified value, b) to ensure that the positive and
negative half cycles of the inductor current, on the average,
are equal so that the switch does not generate dc nor even

harmonic components.

The current in each reactor bank is also monitored. Overcur-
rent protection can then be provided by delaying the firing of
the thyristors. If this does not reduce the current, an

automatic shutdown may be initiated.

To considerable extent, the proper operation of the entire SVG
depends upon adeguately cooling the thyristors. This is
because the forward voltage drop and the current carrying
capapility of the thyristors depend upon the thyristor cathode
junction temperature. Since the thyristors are cooled by
water, it is important to ensure that the proper water flow
and the water temperature are maintained, and monitoring

circuits are provided to measure both of these quantities.

In addition to temperature and flow metering, it is important
to maintain the resistivity and purity of the water. This is
because impure or conductive water can cause voltage flashover
between successive thyristors that are at significantly dif-
ferent voltages. To ensure adequate water purity, the cooling
system includes redundant deionizing filters. Similarly, to
ensure continuity of water flow, redundant water pumps are

provided, and these are connected to different supply sources.
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CONSIDERATIONS FOR PROTECTION EXTERNAL TO THE SVG CONTROL

A significant portion of the relaying used in SVGs will be
familiar to relay engineers.12 For example, protection of
standard hV capacitor banks, switched by conventional means,
but under control of the 5VG, consists of the usual schemes
used by utilities, i.e., differential relays and unbalanced
overcurrent relays. A static differential relaying scheme
comparing bus potential with a capacitor group voltage to
sense blown capacitor unit fuses, backed up with time over-
current relaying in the grounded neutral of the bank has been
used. Also, the capacitor banks may be tripped by station

overvoltage.8

Similar protective relay schemes can be applied to thyristor-
switched capacitors modified, of course, where required by the
switching function. Capacitor unbalance protection is still
employed in these latter schemes, but the switched capacitor
banks are usually of a lower voltage than discussed above, and

not grounded.

In the majority of SVG applications a transformer is used to
connect the relatively low voltage thyristor switch to the
high voltage supply line. Differential protection of this
transformer and of the SVG and the low voltage bus often is

provided.

The description of the operation of the control system given
in preceding sections of this paper indicates that consider-
able redundancy can be built into the SVG control system.
This redundancy may also be applied to the protective func-
tions designed into the SVG to prevent loss of line compensa-
tion at a critical time due to a first contingency condition.

However, it is recognized that, although unlikely, complete
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failure of the control system's functions is a possibility.
Therefore, protection engineers will want to provide back-up
protective relaying for this piece of equipment as they would

for any other apparatus on the power system.

A first consideration is whether to trip the SVG as an entity
in the event of an internal fault, or to arrange for a number
of protective zones within the SVG. For example, a failure in
one of the harmonic filters may only reguire tripping that
branch, provided that particular harmonic current, flowing in
the external system for a period of time, does not cause
additional problems, such as resonance with the remaining

fFilters.

A second consideration is the number and type of relaying
which should be applied for back-up protection. Since the SVG
control provides the basic protective functions for all com-
ponents of the SVG, including the auxiliaries, back-up protec-
tion for electrical faults in the main components should be
sufficient. Basically, this is 60 Hz fault current protection
for phases and ground. As previously stated, this may require
individual protection of subsystems to obtain desired sensi-
tivity and to provide flexibility in system operation. Any
relays used, of course, must be coordinated with the SVG's

control system's protective functions.

Next, the protection engineer might examine the characteris-
tics of the SVG to determine if they could adversely influence
the protective relaying existing in the utility system exter-
nal to the SVG.

The most obvious characteristic of the SVG is the generation
of harmonics. In general, the low level of harmonics which is

passed into the power system (normally about 4% maximum as a
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composite of all harmonics) should not be a problem to protec-
tive relaying. However, specific cases may need to be exam-
ined, especially those where harmonics are used for either
restraint or operation of the relay. For example, transformer
differential relays used harmonic restraint to prevent opera-
tion during inrush. In terms of operating current, a minimum
7.5% second harmonic content is required to restrain some
relays. (In these relays, however, the majority of applica-
tions use a 15% minimum.) This is more than the SVG would
produce in the transformer for the typical case. In the
authors' judgment, it is unlikely that any existing relaying
system will operate falsely due to harmonics generated by the
SVG with proper filtering. In other words, harmonics gener-

ated by the SVG should cause no relaying problems.

The SVG can be applied to control each phase independently.

If operated in this mode, phase currents can be unbalanced.

If so, this will produce negative sequence currents. Some
percentage of negative sequence current will appear in genera-
tors, and if high enough, may be detected by negative seguence
relays. For this reason, it may be necessary to check the
magnitude and distribution of unbalanced currents for typical

operating conditions if this control mode is used.

Although the SVG exhibits some characteristics which differ
from typical power system apparatus, there do not appear to be
presently any protection problems which cannot be solved by

good application procedures.

CONCLUDING REMARKS

An attempt has been made here to write this paper about those
SVG considerations of interest to the relay engineer. Some of
the numerous control and protection functions internal to the

SVG have been briefly discussed. Some thoughts have also been
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given on how the operation of the SVG may effect system relay-
ing. It is the hope of the authors that this paper will help
the reader to have a better understanding of what an SVG is
and how it is made to perform its function of VAr control in

the utility system.
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FIGURE 1. SIMPLE EQUIVALENT CIRCUIT OF A FIXED CAPACITOR-
VARIABLE INDUCTOR(REACTOR) TYPE OF SVG
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FIGURE 2. A SERIES STRING OF REVERSE PARALLEL CONNECTED
THYRISTORS, AND ON THE LEFT AN EQUIVALENT
CIRCUIT IN WHICH THE DOTS SHOW THAT A NUMBER
THYRISTOR PAIRS ARE USED
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REPRESENTATIVE CURRENT AND VAr CHARACTERISTICS

FIGURE A IS THE CURRENT CHARACTERISTIC AND FIGURE B
IS THE VAr CHARACTERISTIC.
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(B)
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FIGURE 5. TOP: THEVENIN EQUIVALENT CIRCUIT FOR THE TRANSMISSION
SYSTEM AS SEEN FROM THE TERMINALS OF THE SVG.

BOTTOM: SYSTEMS LOADING CHARACTERISTIC FOR EQUIVALENT
CIRCUIT.
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COMPENSATION IS NOT REQUIRED
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FIGURE 11. BASIC STATIC COMPENSATOR ARRANGEMENT USING THYRISTOR-
SWITCHED-CAPACITORS IN CONJUNCTION WITH A THYRISTOR-
CONTROLLED INDUCTOR
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