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1. INTRODUCTION

The electric power industry now has considerable
exparience with Static VAR Compensators (SVC's). Many
have been installed Cfor high-voltage transmission
system snhancement around the world since the 1970's,
and oweh has  been written about  application
considerations, including eeveral books [1-8].

The contribution of this paper is to provide
insights to two basic aspects of SVC applications:
voltage regulator stability, and the use of SVC's to
aid damping of power system swings. It is hoped that
these insights will provide helpful guidelines for
quantifying the potentiml improvement of the dynamic
performance of power systems that can be obtalined from
an SVC.

Voltage regulation 1is the primary mode of control
for most SVC's, The transient reeponse of this
control mode is important to overall  system
performance, but there exists a 1imit to the speed of
response. This Jimit 1is determined by the tendency of
the voltage regulation loop to become lightly damped,
with the potentiml for spontanecus growth of
oscillations - typlcally above 20 Hz. The underlying
causes of this behavior are presented in this paper,
alopng with curves providing representative constraints
on maximum voltage-regulator gain. These
representative constraints: should be helpful in
selecting appropriate voltage-regulator settings for
planning studies. Special control enhancements are
possible to improve stability margins, should this be
required in certein applications.

Application of SVC's to provide an important
addition to damping of power swings is of increasing
interest. This paper presents a discussion of the
basic system characteristics which are important for
the appropriate application of the SVC for damping.

Many of the results presented in this paper are
from a current EPRI-sponsored vresearch project
(RP2707-1). Additional results, obtained as this
project is completed, will be available in the final
report.

2. SVC CONTROL STRUCIURE

The basic SVC control structure is illustrated in
Figure 2.1. Several variations on this basic
structure exist, but this structure contains the
essential features needed to explain the concepts
presentad in this paper.
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Figure 2.1 Basic SVC Control Structure, Including
Illustration of Closed Loops via Power
System.

The output of the regulator Bgy 1s the desired
susceptance of the controllable portion of the SVC.
The firing circuits typlcally include a nonllinearity
to convert the desired susceptance value to a
firing-angle command for the TCR. This nonlinearity
iz based upon the known relationship betwsen the
effective TCR susceptance Br angd firipng angle
or. In practice, this nonlinear funetion is of'ten
implemented in an approximate manner, such as with a
series of straight-line segments; however, this
approximation has little influence on the overall SVC
behavior discussed in this paper. In TCR/ISC types,
the firing logic also coordinates the TCR and TSC to
smoothly achieve the desired net Bry.

The primary control function 1s performed by a
voltage regulator, coneisting of a galn and a
time-constant. The gain Xy  establishes the
steady-state droop characteristics of the SVC. A
typical value for Kp 15 approximately 20 pu/pu,
ylelding full response for a %% voltage error. The
combination of the gain Ky and the time constant
Tp establishes the speed of response to a given
error signal. A special term is defined here to
represent the speed of response, called the “transzlent
gain™:

Kr =K/ Ip {pu/sec/pu} (2.1)
where
Kp = “Transient gain™ = rate of SVC response to
1.0 pu error.
Kp = Gain of voltage regulator, expressed in per
unit on total controllable admittance
(1.e., Boymax - Bcymiy) change for 1.0
per unit voltage error.
Tg = Time constant of voltage regulator.



Typical values for the time constant range from 30
to 300 milliseconds, yielding transient gain values of
from 67 pu/sec/pu to 400 pu/sec/pu.

The voltage-regulating loop is closed by sensing
an ac volrage, typically at the high voltage bus of
the SVC. This throe-phase set of alternating voltages
is input to a transducer which creates a direct signal
proportional to the megnitude of the positive-sequence
voltage phasor. Several techniques may be used in
such a transducer, but all result 1n performance
characteristics similar to those discussed in this

paper.

The power-swing damping functlon 1s included as a
modulation function on the voltage regulator.

3. VOLTAGE REGULATION STABILITY

The voltage-regulating loop of an SVC can, undasr
certain circumstances, become unstable. Such &n
instability 4is characterized by growing oscillations
in the regulator signals, the frequency of which is
typically in excess of 20 Hz. An example is shown in
Figure 3.1, where spontanecus growth of 20 Hz
oscillations are evident in the measured
voltage-magnitude signal and in the regulator output
signal. Note that the actual ac voltage and TCR
current signals are amplitude-modulated with the 20 Hz
osclillations.
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figure 3.1 Example of SVC Voltage - Control Insta-
bility.

This section describes the basic power system
parameters which influence the stability margin of the
SvC voltage-regulating loop, and provides
representative 1imits on transient gsin es a function
of these system parameters.

3.1 Important Power System Parameters

The strength of the power system, as viewed from
the SVC, 1is an important factor in the voltage-
regulating loop gain. The strength determines the
amount of ac voltage change due to a change in SVC
reactive current.

Of equal importance in the limiting cases is the
dynamic response of the power system. The resonance
characteristic of the power network creates an
effective time delay between SVC control action and &
change in ac voltage magnitude, When added to the
delay of the voltage regulator and the inherent delays
associated with firing of the TCR's, a total phase lag
of 1B0° can occur at a frequency much lower than would
be expected solely from the control elements. An
instability will then occur if the loop gain is too
high. The 1instability illustrated in Figure 3.1
results because the system has 180° total phase lag &L
approximately 20 Hz, thus producing 20 Hz oscillations
with excesgsive amplitude.

To quantify the relationships of these
characteristics to voltage-regulation stablility, two
pover system parameters must be defined. The
parameters chosen relate to the total power system as
viewed from the TCR portion of the SVC; thereby
including all filters and capacitors, ©plus the
transformer of the SVC. Figure 3.2 provides an
example impedance versus frequency characteristic for
an SVC application.
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Figure 3.2 Example of Impedance -vs- Frequency Charac-
teristic in SVC Application.



The key parameters selected for ac-system
definition are:
1. ESCR; = Effective Short-Circuit Ratic, expraessed

in per unit on the full-conduction admittance of
the TCR.

2., Frg = First-Resonant frequency of the ac system,
including all filters and capacitors of the SVC,
and the SVC transformer.

ESCR; 45 a8 measure of the driving-point
impedance of the power system at Tundamental
frequency, as viewed from the ICR, which is important
to the steady-state gain of the voltage-control loop.

Fro 18 a measure of the natural <transient
response of the power system, which is important to
the dynamic characteristies of the voltage-control
loop.

Note that both the ESCR; and Fp, parameters
defined above will be lower than the corresponding
quantities for the ac system existing prior to adding
the SVC, due to the capacitors and transformer of the
SvC. These quantities can be obtained from a
frequency-scanning type of impedance calculation
program, and should be determined for both nominal
system conditions and extreme contingencies for which
SVC stability is important.

A general trend exists for practical power systems
whereby strength implles a first-resonant frequency
being within a certain range. An  example 1is
illustrated 1in Figure 3.3 for an SVC application
midway between major load or generation aress. (All
lines leaving the SVC bus are of approximately equal
length and are equivalenced as a single 1line with
surge-impedance loading (SIL) equal te the sum of all
lines.) Note that for a given ESCR, Fp varies with
the amount of shunt compensation; however, the general
trend is for the resonant frequency to decrease as the
system becomes weaker.

3.2 Sensitivity to Power System Parameters

Figure 3.4 1llustrates the effect of power system
parameters oh the transient response of the voltage-
regulating loop, for varicus voltage-regulator
gettings. Results {rom twelve different cases are
shown 4in this {figure, with the voltage-transducer
feedback and regulator-output signals provided for each
case. Three power system configurations are
represented, from & weak system {ESCRy = 0.7 pu, Fpg =
80 Hz) to a strong system (ESCR, = 2.5 pu, Fpy =
180 Hz). Four regulator settings are represented,
from very fast (Kt = 1000 pu/sec/pu) to slugglsh
(XK = 30 pu/sec/pu). Each case consists of =a
three-phase fault applied at 50 msec, cleared at 100
msec.

The general trends of the effect of power aystem
strength on stability margin are clear in Figure 3.4,

The importance of the power system resonance 1is
illustrated in Figure 3.5, which compares the transfer
function from regulator output to ac voltage magnitude
for powesr systems having two different resonant
frequencies (80 Hz and 110 Hz). These two cases also
have different ESCR, levels, resulting in different
steady-state gains (-2.5 db versus -6.2 db at very low
modulation frequency). However, the influence of low
pover-gystem resonant frequency 1is apparent in the
shape of the curves representing gain and phase versus
modulation frequency.
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Figure 3.3 Chart Illustrating Relationships of Power
System Firsi-Resonant Frequency (fp) and
Effective Short-Circuit Ratio (ESCR} to
Parameters of System with Long Transmis-
sion Lines.

One important influence of the lower resonant
frequency is on the phase lag of the system - note
that the phase lag with the B0 Hz syatem is
approximately 100° at 20 Hz, versug only 40° with the
110 Hz system. An additional important factor is the
amplification above the steady-state gain due to the
resonance. For the B0 Hz system, the response peaks
at epproximately 20 Hz modulation, with 4.5 db
amplification above the steady-state gain (+2.0 db
poak - {-2.5 db) steady-state).

The overall effect of the low power-system
resonant f{requency on SVC voltage control 1is similar
to a second-order conttol filter inserted within the
loop, having a break frequency at approximately the
lower sidesband of the power system rescnance. This is
an inherent characteristic of the power system, which
aggravates the stability margin of the voltmge-control
loop.

3.3 Sensitivity to TCR Operating Point

For the SVC voltage control structure assumed for
this discussion, the stability margin improves with
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Figure 3.9 Impact of Power System Response Character-
istics on Voltage-Sensitivity Transfer
Function.

higher levels of average TCR conduction. The baslie
reason for this effect is that the mverage operating
point of the TCR can be considered as an inductance in
parallel with the remainder of the power system.

In effect, the average TCR conduction (Byg)
gtrengthens the system, raising both the ESCR and
Fr. While the exact mechanism of this imteractlon
18 rather complex [9], the effect can be approximated
by including &an inductance having & value which
provides B, at fundamental frequency. The ESCR
governing performance will therefore be higher than
the parameter ESCR; by Byy. Expressing both on
the same base:

ESCRp = ESCR, + Byg {3.1)

where ESCRg = ESCR which governs performance for
small changes about Byg.
Bro = Average TCR susceptance at steady-

state operating condlition.

Similarly, the governing vresonant frequency
(Fpg) will be a function of Byy. Both the Pp,
and ESCR, parameters are involved in the

relationship, which can be approximated by:

2
rB

2. B

2
F o= [Fro (ESCRo + B Base T.:‘:IIESC!H.:‘ (3.2)

‘].'o) *

where Frg = Governing resonant frequency with
ICR conduction Byg,
Fpage = Power system f{requency (e.g., 60

Hz).

Figure 3.6 indicates the maximum governing resonant
frequency (Fpy)} due to TCR operation at full
conduction, ms a function of Fp, and ESCR,. Note
that the influence of TCR conduction is greatest with
the weaker systems, as expected.

1.0 F ; _ T
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Frg (PU)

System Resonant Frequency With Full TCR Conduction

System Resonant Frequency Without TCR

Figure 3.6 Impact of PFull TCR Conduction on Effective
System Resonant Frequency.
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Figure 3.7 Impact of TCR Operating Foint on Voltage-
Sensitivity Transfer Function.
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Simplified analytical relationships based upon the
steady-state galns provide a useful basis for
understanding the effects. These are developed in
Appendix A, The change in effective resonant
frequency, however, also causes a change in the dynamic
characteristic of the system. An illustration of this
phenomenon 1is given in Figure 3.7, which shows the
transfer function from regulator output to voltage
magnitude for two different TCR operating polints.
Comparing Figure 3.7 with Figure 3.% demonstrates that
increasing TCR conduction is similar in effect to
strengthening the mc system, including an increase in
resonant frequency.

Figure 3.8 indicates the translent response of the
system with high TICR average conduction. This figure
presents the same cases as Flgure 3.4, except with
higher source voltage so0 Bp, = 0.8 versus 0.3 pu.
Comparing with Figure 3.4 shows the beneficial impact
upon stability margin assoclated with higher TICR
conduction. Note that one casa, high gain and
strongest system, experiences a supersynchronous mode
of 4instability not apparent when operating at low
conduction. This is a different phenomenon which is
not of practical importance, as it occurs at gains
much higher than can be utilized due to consideration
of the lower-frequency instability mode.

Some SVC controle include an additional feedback
as an inner-loop intended to provide direct control of
TCR current from the regulator, rather than
controlling only the effective susceptance. Such a
control function, if fast enough, can substantially
reduce the sensitivity of voltage-regulator stability
margin to TCR operating point. However, the net
effect is to reduce the stability margin for all
operating points to that of the most limiting case
without such an inner-loop control function.

3.4 Limitations on Transient Gain

Eigenvalue studies have been performed to
determine the transient galn Kyp at which the onset
of SVC voltage-control instability occurs, for a wide
range of power system parameters. Results for
operation at By, = 0.3 pu are presented 1in Figure
3.9, These results are for a 60 Hz ac system. For m
50 Hz system, both Fp, and Kpy should be scaled by
50/60.
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Figure 3.9 Transient Gain at Instablility versus Power
System Parameters with Brg = 0.3 pu.
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The Aimportance of the ac system resonant
characterlistics is apparent in these ressults. For a
system having the same steady-state gain from

regulator output to ac voltage magnitude feedback
(ESCRg; = 1.0 pu}, but lower resonant frequency (80
Hz versus 110 Hz), the maximum gain 18 lower by
approximately one third (100 versus 300).

For preliminary system studies, a reasonable
cholce for translent gain would be to use half of the
value indiecated in Figure 3.9 for the worst ac system
contingency. An example follows:

From impedance versus frequency studies, assume
that a worst contingency results im ESCR; = 1.5 pu,
Fpo = 100 Hz. FProm Flgure 3.9, the transient galn
at instabllity 1z approximately 250 pu/sec/pu. Usling
half of thiz value, with a steady-state gain Kg = 20
pu/pu, the time constant is:

I =
sacond.

Kp/Xr = {20 pu/pu) (12% pu/sec/pu} = 0.16

This method should prove helpful for planning
studies. Final control parameters for an SVC should
be determined during the detziled equipment deslgn
studies of the particular application.

3.5 Expected Performance

The initial rate of response to major voltage
changes willl be dictated by the transient gain. For
example, a close-in, three-phase fault will cause the
TCR to ramp off at a rate equal to the transient
gain. This 1is 1illustrated by the cases shown in
Figures 3.4 and 3.8.

Post-disturbance return to steady-state will be
substantimlly influenced by the power system
characteristics, as discussed in preceding sections
and illustrated in Figures 3.4 and 2.8. 1In general,
steady-state will be achieved more rapidly in a weak
power system than in a strong system. Note, for
example, the three cases at the bottom of Figure 3.8.
These caseg show the TCR arriving at its final state
much quicker for the weaker system than the stronger
system. However, the time required for ac voltage to
settle out 4is virtually Aindependent of system
strength, provided that the voltage-contrecl loop has a
reasonable stability margin.

3.6 Potential Voltage-Control Enhancements

Experience suggests that most applications obtain
satisfactory performance with the galns as established
in Section 3.4. Howsver, should faster response be
needed, options do exist to achlieve enhanced
performance.

One option iz to switech the galn based upon a2
breaker status signal. This permits higher gains for
stronger systems, rather than having the weakest
system dictate maximum gain for all conditlions (7, B].

A similar option is to apply an instability
detector which continuously monitors the regulator
signals, watching for sustained or growing
oscillations [7, A&]. Should an instability be
detectad, the gain 1z automatically lowered until the
oscillations decay. This function also provides for a
higher gain with a normal system configuration than
would otherwise Dbe dictated by the weakast
configuration, &s with the pgain-switching function;
however, an operator-initiated procedure is needed to
reinstate the desired gain after the system 1is
reconfigured.



Enhancement of large-disturbance performance can
be obtalned with some type of nonlinsar gain.
Experience with bang-bang type of control functions
indicates that extreme care must be uged in their
application. The response 1is very sensitive to the
initiating disturbance, and it is difficult to be sure
that all situations have been considered. Should the
problem be one-sided, such as placing more emphasls on
overvoltages than undervoltages, a gradual changs to
higher incremental gain on one side of the error
signal can generally be safely applied.

Additional compensating networks in the
voltage-regulating funetion have potential for
improving the respense. These are currently being
investigated under the EPRI research project RP2707-1.

3.7 Applications with Multiple Controlled-VAR Devices

The coordination of two performance aspects is
required when applying multiple SVC's, or when an SVC
is to be placed close to other controlled-VAR devices,
such as generators, on the power system:

1. Maximize VAR-sgharing between all devices,
especially for transient response to major
disturbances.

2. Prevent oscillations
between devices.

involving VAR interchanges

Experience to-date suggests that the VAR-sharing
funetion is the primary concern. No evidence of VAR
interchange oscillations has been observed in a number
of such studies with which the authors are famliliar.
However, there have been instances observed during
planning studies where an SVC located close to a
generator caused the exciter to back off rapidly
following a fault, thereby Aindicating an SVC size
larger than necessary to stabilize the system.

Appropriate sharing should be ensured during
planning studies made to determine SVC size,
Artificial means may be needed to ensure sharing in
the study, such as forcing voltage-reference signals.
Should such means be needed 4in the study, then a
similar type of function will 1likely need to be
implemented on the system.

Selecting a gain value for SVC's in a multi-SVC
application can be based upon the methods indicated in
Section 3.4, However, the combined effect of all
SVYC*'s acting together must be considered. Yhen
performing the impedance versus f{requency study for
each SVC, the filters, capacitors, and transformers of
all other SVC*s should be on the system. In addition,
the gain of each SVC voltage regulator should be
reduced by approximately the ratio of the local SVC
rating to the rating of other SVC's on the system
which have significant influence on the local voltage.

4, DAMPING POWER SYSTEM SWINGS

Application of en SVC to ald damping of power-
system swings requires racognition of the complex
nature of the power system. Many modes of
electromechanical oscillation, or power-swing sodes,
exist in large systems, and their characteristics
change with system configuration. Loads have an
important influence upon the effectiveness of an SVC
to aid swing damping, and change with time during the
daily load cycle and following power system
disturbances. Random noise, caused by a wide variety
of sources on the powsr Bystem, exists on the signals
potentially useful as inputs. This noise 1s within
the bandwidth of power swings and hence careful
control design 1s important to avoid excessive

response to such noige. Finally, the primary reason
for applying the SVC may be for other than damping
power swings, and the damping control must be designed
s0 as not to detract from this primary purpose.

These considerations must be thought through when
planning such an application. The concepts presented
in this paper can serve to gulide planning studles to
determineg the potential benefit of an SVC damping-
control modulation function. Such studies should
begin assuming a s&imple, linear modulation control
function. A  linear wmodulation function has an
advantage of being able to damp several power-swing
modes simultaneously, and the performance of such a
control in the varying power system environment 1B
relatively 1independent of particular types of
disturbances. As studies progress, the benefits of
discrete nonlinear action, such as bang-bang control
{10], may becoms apparent for some evente; however,
additional extensive studies must then be performed to
insure against potentislly unfavorable action for
other system disturbances.

The location of an SVC strongly affects
controllability of the swing modes, although the
optimum location is usually obvious - in the middle of
the transmission paths between areas, where voltage
swings are greatest without the SVC.

There exist many possibilitlies for input signals
upon which to base a dampling-control modulation
function. Several criterim must be applied in
selecting an input Bignal or a set of input signals
appropriate for the particular application. The
signal must, of course, be responsive to the swing
modes to be damped - this is termed “observability™ in
control jargon. A loeal esignal is preferred to a

communicated signal, since communications add
time-delays, and more Iimportant, unreliability. The
modulation control should provide a  positive

contribution to damping for any power system operating
condition, 1.e., the control should be ™robust.”
Local instabilities must be avolded, which can arilse
when using a measured signal which is directly
sensitive to the SVC output. Interaction with other
controlled devices on the system will depend on the
selected input signel, and should be considered.
Finally, the sensitivity to various types of system
noise "will be dAdifferent for a given damping
contribution achieved with different 1input signals.
With sco many considerations, an optimum design might
incorporate several input signals.

This paper provides results obtalned to-date in
the EPRI RP2707-1 research projJect. These results
provide a baszis from which many of the important
considerations can be evaluated. The characteristics
of the application are presented in the context of
treating each mode of power system swing independently.
This approach provides for understanding the basic
issues underlying the application of SVC devices to
aid damping in a complex, multi-machine power system.

4.1 Analytiecal Method - Modal Approach

The forces which influence the modes of machine
oscillations in a power system can be conceptually
split into synchronizing and damping components of
torque. The synchronizing component holds the
machines together and is Amportant for system
transisnt stability following large disturbances. For
small disturbances, the synchronizing component
determines the frequency of oscillations. The damping
component determines the decay of the transiesnts and
is important for system stability f[ollowing recovery
from the initial swing.



The 1impact of the synchronizing and damping
components of torque on each elsctromechanical mode of
oscillation 4in a multi-machine system can be
determined by decomposing the system variables into
their modal components. Flgure 4.1 1s a block dlagram
representation of the damping and synchronizing
components for the i-th mode of oscillatlon. For each
mode of 4interest, one can derive such & block
diagram. The total system response will consist of
the aum of all modal responses.

AT Ky
L UL L Contributions Without
#odal Damping SYC Control
A ATy
0
+
AT,
F Modal Modal
Modal Inertia Speed Angle
-t .13
2“151 5 q
i Kyss
k184 svC T
voltage
regulator +
ABpyy KR v, &Y,y ~ due to Machine Swings
b 1+ SiTR
&Vpy - due to S¥C Control
Kyi

$5 " Jenfy , 1, =modal frequency

figure 4.1 Block Diagram Representation of Modal
Synchronizing and Damping Torques for
Power-Swing Mode "i", Showing SVC Voltage-
Control Contribution.

The symbol Hj representg the modal inertia and
4; and «y represent the modal angle and speed

of the i-th mode, respectively. The synchronizing
torque

ATgy = Kg ™ A48y {4.1)
is due primarily to the system transmission

interconnections and the voltage-regulating actions of
generator excitation systems and other continucusly-

acting voltage-controlling devices on the power
system. The damping torque
ATy = Dy * Boy (4.2)

is due primarily to the actions of power system
stabilizers on the generator exciters, loads, and, to
a lesser desgree, turbine-governors.

For the purpose of analyzing the ePfect of SVC
control action on the swing mode, the torque
contribution of the SVC 1is conceptually separated in
Figure 4.1 from those due to other influences. The
SVC 4is equipped with a voltage regulator which
provides primarily synchronizing torque. The transfer
functions KTpy and Kyp1 represent the
sensitivities of modal torque and SVC voltage,
respectively, with respect to SVC control action. The
transfer  functions Ky,3 and Kygy  represent

sensitivities of the SVC voltage with respect to modal
speed and angle, respectively. The torque component
of ATgycy which 18 in phase with the modsl angle
is then the synchronizing contribution of the SVC,
while that in phase with the modal speed 15 the
damping contribution.

In general, the damping torque contribution from
an SVC with the voltage regulator alone is small. For
additional damping contribution, a supplementary
control function is necessary. To aid understanding
of the application of such a spupplementary control,
the system is reduced to the simplified block diagram
illustrated in Figure 4.2. In this representation,
the total transfer function from modal speed to modal
torque, via SVC control, is split into two paths, with
and without the supplementary control function. The
supplementary control function utilizes an input
signal "x" to create & modulation signal "Vygp™., and
is represented by the symbol “SVSTABy".

Power System Contribution Modal
Without SVC Control Torque
" ATpy ATy
Pt a
Hadal *
Speed SYC voltage-Control ATevet
M| Contribution AT,
K SV
L3} =
+
ATgpi
+ _Ax &y,
X q MOM SYSTAR
=] "Oxi A SYSTAB, Ky Contribution

SVSTAB Inner Loop

lei

Pigure 4.2 Consolidated Block Diagram Iilustrating SVC
Control Contributions to Speed-to-Torgue
Transfer Function for ith Power-Swing Mode.

The path involving only
represented by the symbol Ky4,
synchronizing contribution; hence Kyy has a phase
angle near -90°, The path involving the supplementary
control involves three separate characteristics of the
power gystem plus the SVC voltage regulator. These
involve the sensitivity of the input signsl to the
modal speed Kpyy, the sensitivity of modal torque to
the modulation aignal Xg4, and the sensitivity of
the dinput signal to  the modulation signal Kyyy.
Note that the latter sensitivity creates an “inner
loop™ with the supplementary control function.

voltage control,
provides primarily a

Each of these characteristics are discussed in the
subsequent sections, illustrating the concepts
important for implementing such & supplementary
damping control. The relationships of these
characteristics to other parameters are given 1in
Appendix B.

4,2 Ability of SVC to  Influence Power Swings -
Controllabilit

The sensitivity of modal torque to SVC control
modulation, Kpy of Figure 4.2, denotes the ablility
of the SVC to control the electrical torque of the
i-th power-swing mode for a given situation, and hence
is termed the ™controllability constant.” Although
strict interpretation of the quantity Kgpy defined in
Section 4.1 implies that it is a complex variable, the
imaginary portion is generally small compared with the
real part. Therefore, in subsequent discussions in
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thies paper, it will be approximated as a scalar to
1llustrate the important concepts.

In this ssction, the variations of controllability
with important system parameters and operating
conditions will be 1llustrated.

Swing-Mode Controllability in a Two-Area System

The powsr system representation in Figure #.3 is
used to 1llustrate an interconnected gsystem of two
arsas of similar slze. Each area is represented by an
aggregate machine with an equivalent excitation
system, including a power system stabilizer and a
speed governor representative of a large area. Each
area is assumed to gensrate at 1 pu power, most of
which 1s consumed by the local loads. An SVC is
located between the two arsas to improve the power
transfer capabllity between the areas. With the SVC
providing voltage support, the inter-area mode of
oscillation 48 near 0.5 Hz. The SVC voltage regulator
settings are Ky = 20 pu/pu, Ig = 0.2 second, on a
total controllable susceptance rated at 15% of an
area. The net capacitance of the SVC is selected for
each power transfer to maintain rated voltage at Bus 2.

Area 1 Area 2
Bus 1 P.1,.1, (direction of  Bys 3
power transfer)}
©

| — |
@ -J-J- Bus 2

sve
TCR
B i BT
Line Data
From To R X B

Busl Bus3 1.0pu 10.0pu O0.2pu

Figure 4.3 Two-Area System Model.

0,4
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2 J
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2 oo
o
aF R
-0.2-
lllllllil llll'llll lI.'lIliil
-1s0 =100 o o0 s 100 0

Angular Separation - Degrees

Figurs 4.4 Controllability Kgy 4as  Function of
Intertie Power Transfer, 2-Area System.

Figure 4.4 shows the variation of the
controllability constant as a function of the power
transfer with the SVC located midway between the two
areas. The power transfer is measured ms the angular
separation between the two areas, A positive angle of
separation means that Arem 1 is exporting to Area 2.

The power transfer betwesen the two areas 1s
approximately 0.16 pu at 110° separation (with 55°
across each controlled voltage bus). At zero

separation angle, that 1is, no power transfer, Kpy 18
zero, 4implying that the SVC has no 4impact on the
electrical torque.

This demonstrates that the SVC becomes more
effective for controlling power swings at higher
levels of power transfer, which is good since this
trend coincides with the expected need for additional
damping. However, the sign change with direction of
power flow is an important characteristic to account
for when designing a damping control function.

figure 4.5 shows the impect of the SVC location
and the ares load characteristics on the
controllability. The independent axis of Figure 4.5
denotes the relative lecation of the SVC bus from the
exporting area in terms of impedance between areas.
The curves in Figure 4.5 are obtailned from power
transfer conditions of Area 1 exporting, with the
larger angular difference between the SVC bus and an
area bus belng 35°; thus power transfer reduces as the
SVC location moves away from the center. Three curves
are shown representing load types of constant power,
constant-current, and constant impedance for the
active power component of the loads. Loads in both
araas are of the same type.

As intuition might suggesi, the SVC exerts maximum
control over power swings when located midway between
areas. Also, the effect of load type is greatest when
the load is closest to the SVC. When the SVC is
located near the receiving end, the power-swing
controllability increases as loads tend toward
constant power type. This 4is beneficial, since
constant-power loads tend to decrease the system
damping. However, if the load tends toward constant
impedance, the 1impact of contrel modulation may
reverse sign - possibly resulting in a negative-damping
contribution.

Thus, the inherent ability of the SVC to emnhance
power-swing damping 15 best if the SVC is located near
the midpoint of the intertie. The effect of locating
the SVC towards either the recelving or sending end
depends greatly upon the voltage-sensitivity of the
loads, as defined by the data presented in Figure 3.5,

0.10 -
y 2 Load Type
DY
] RN P
0.05
2 ]
Sy
g J
B 3
0.00 J
=0.05 ] =
0.0 0.2 0.4 0.6 0.8 1.0
SVC Location From Exporting Area
Exporting Inporting
Area Area

Figure 4.5 Controllability Kpy; as PFunction of SvVC
Location and Load Types in 2-Area System.
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Swing-Mode Controllability in a Thres—Area System

The basic concepts of controllability variations
as a function of power transfer, location, and load
type apply alsc to multi-machine environments. As an
example, the two-area gsystem praviously used to
illustrate the basic concepts is expanded to a 3-area
system by splitting one of the areas as indicated in
Figure 4.6. This system has two modes of oscillation,
at approximately 0.4 Hz and 0.9 HNHz. The lower-
frequency mode Iinvolves primarily Area 1 swinging
against Areas 2 and 3, while the higher-frequency mode
involves primarily Area 2 swinging against Area 3.

With the SVC located midway along the intertie
({bus 1 to %), the controllability constants for the
two modes vary with 4intertie power transfer as
1llustrated in Figure 4.7. In this case, the angular
separation 1s between bus 1 and bus 2, and the
relative flows to Areas 2 and 3 are adjusted to have
the same angles at buses 2 and 3. A positive angle
means that Area 1 is axporting to Areas 2 and 3.

Note that the trend for each mode is similar to
that for the single mode of a two-area system. The
controllablility is greatest at highest power transfer,
and changes sign at some intermediate level of power
transfer. The controllability of the higher-frequency
mode 1s lower than that of the lower-frequency mode
due to the location of the SVC relative to the
respective mode shapes.

Locating the SVC closer to the midpoint of the
higher-frequency mode will increase the
controllability of that mode. However, in this case
the wmidpoints of the two modes are at different
locations on the power system so increasing the
controllability of one mode may decrease the
controllability of the second wmode. Figure 4.8
illustrates the effect of moving the SVC to bus 5 - at
the end of the intertie clesest to the areas mostly
involved with the higher mode. The controllablility of
the 0.9 Hz mode increases while that of the 0.4 Hz
mode decreases.

4.3 Input Signal Selection

Several factors must be considered when selecting
an input signal for a power-swing damping control
function on an SVC. These are summarized in the
introductory portion of Section 4, consisting of the
following points:

1. Responsiveness to swing modes {"observability™).

2. Robustness wilith varying power-system operating
conditions, i.e., always making a positive-damping
contribution.

3. Local versus remote.

4, Jmpact on first-swing stability,
voltage deviations.

and subsequent

%. Potential for localized control instability.

6. Potentianl for Ainteraction with other controlled
devices on power system.

7. Potential for excessive response to random noise.

This section provides a discussion of observability,
robustness, and localized control instability
potential for selected input signals. The impact on
first-swing stability, synchronizing, and voltage
deviations will be briefly discussed. The potential
for interactions with other controlled devices and for

('\_,) Ares 1
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I {0.44 4.42,0.088)

Polyel SVC
a*'m

{direction of l —|Bus 4

power transfer)

TCR
B

_.4

T

B
Area 2 Bus 2

|
(252}447 (13,1.3,0.0) |
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— Bus 5
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Pigure 4.6 3-Area System Model.
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excmsssive response to random nolse are currently being
investigated in the EPRI RP2707-1 project, and will be
reported at a later date.

Input Signal Choices

At least three baslc types of signals may be used
as inputs to a damping control function:

1. Frequency of an ac voltage.
2. Current or power flow on major lines.
3. Voltage magnitude.

Frequency types are directly related to the actual
speed changes of the generators. However, these are
most sensitive to the swings when measured close to
the generators, and are usually Ainsensitive when
measured in the middle of transmission paths where an
SVC is 1likely to be located. Current f{lows are
directly related to angular differsnces between areas,
but requlire linputs from CT's representing f{lows on
important lines. JIn some cases, it may not be clear
on which 1line or lines current should be measured,
Voltage magnitude 1s strongly related to angular
differences between areas, as are current
measurements, but is also strongly influenced by the
actlon of the SVC controls.

These basic characteristicz are quantified in the
following discussion.

Desirable Characteristies

Frem the econtroller design considerations, a
desirable 4input signal should have the following
characteristics:

1. The observabllity Koy should have large values,
especially at high power transfer levels, to
impact on Tgyg.

2. A desired level of damping should be achieved by
using a controller SVSTAB, that results in a low
inner-loop gain, such that the internal dynamics
of the SVC would not be oscillatory or
substantlially affect damping performance.

3. A positive contribution should be made to damping
over a wide range of operating conditions,
including reversals of power transfer directions.
If the damping contribution changes sign, then an
adaptive controller which senses the system
operating condition and adjusts the controls needs
to be used. Designing such an adaptive scheme to
ansur'e robustness on a large, time-varying system
could be quite difficult.

Characteristics of Selected Signals

The relative merits of a representative ser of
locally measurable signals are evaluated here in terms
of the characteristics discussad above. The signals
considered to illustrate the basic concepts are:

f - SVC bus frequency

¥ - SVC bus voltage

P -~ Active power transfer

Iy - Active component of line current
Ig -~ Line current magnitude

The avaluations will be made for the two-area system,
with the SVC located midway between areas. The active
power transfer and active line current are measured so
that they are positive for power transfer from Area 1
to Area 2. The signals P, I, and I, are measured

on the line connected to Area 1. Similar conclusions
are reached for these signals measured on the line
connected to Area 2.

Figure 4.9 shows the observabllity and inner-loop
characteristics of the selected input signals, as a
function of power transfer and intertie impedance.

(a) (b)
Observability inner-Loop Sensitivity
Koy (Pu/pu} _— [Kyy | (Pu/pu)
" UL LS . '
] ]
o] Vo oas
—so ) o
0.3 0024 P Ay Spu
1 5 K
B ‘,/ p U !"n- 10 pu
2.0 f 0.0 . !I!ﬂ' 15 pu

2,00
0,4-

0.3+

-

.
%

o~

0.0
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AL SN § .
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Figure 4.9 Observability and Inner-Loop Sensitivity
of Verious Input Signals versus Intertie
Power Transfer and Impedance.
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Column {a) 4indicates the observability constant
Koxi» for which the major components of these
complex variables are plotted to give an indication of
sign changes as well as magnitude. Column {Db)
indicates the magnitude of the 4inner-loop constant
Kixi- The phase angle of the observability constant
is relatively independent of operating condition,
except for the slgn changes as shown in Figure &.9a.
The phase of the inner-loop characteristic, however,
varies substantislly with operating condition,
including chenges approaching 180° for some signals.

The following points are significant to note:

1. For both voltage and current-magnitude signals,
the sign of the observability constant changes
with power transfer direction, and the magnitude
of the observablility increases with the emount of
pover transfer.

2. For both power and active current flow signals,
the magnitude of the observabiliiy decreases with
the amount of power transfer, and the sBign 1is
independent of power transfer direction.

3. For the frequency signal, the observability is
low, being less than 0% of the modal spaed for
all cases. The sign of the observablility chenges
with power transfer direction in this particular
case, due to the SVC being located precisely in
the center of the transmission path between
identical areas. Were the SVC located closer to
one end or if the areas were not identical, the
gign of the observability would be very sensitive
to the particular situation.

4. The inner-loop magnitude is very sensitive to
operating condition. Of particular importance are
the conditlions for maximum inner-loop responge.
For wveoltage input, this occurs at the maximum
shunt capaclitive compensation on the weakest
transmission configuration. For current-magnitude
input, thisz occurs at minimum shunt capacitive
compensation with the strongest transmission
system conflguration. MNote that shunt capacitive
compensation is the actual contributing paramater
to these inner-loop galns, while the curves of
Pigure 4.9 show the relation to power flow; shunt
compensation must increase to support higher power
tranafer.

SVSTAB Transfer Function Requirements

Referring to FPigure 4.2, it is geen that the effect
of the SVSTAB control function on power-swing damping
is proportional to the product of the controllability
and the observability characteristics. Provided the
inner loop galn 15 low, the effect 1is also
proportional to the SVSTAB transfer function.

Since the inner-loop characteristic of the system
varies substantially in both phase and gain with power
system operating condition, it 1is important to design
the SVSTAB function such that the inner loop does not
have a significant effact on the performance. This
implies that the total 4inner loop gain must be
significantly leas than unity for all power system
conditions:

|svsranx| "nz-ml <<l {&8.3)
where Ix | = Maximum magnitude of K for all
Lxi-max power system conditionf*?
Por 8 specified inner-loop gain margin, the

maximum gain of the SVSTAD function at the swing-mode

frequency can be defined in terms of Kixj_mayx: ID
addition, the phase shift of SVSTAR nesded to provide
a purely positive-damping contribution can be defined
for a specific power-system operating condition 1n
terms of the controllability and observability
constants. Equations 4.4 and 4.% define these
relationships for & reference power-system operating
condition, and provide a good starting point for
synthaslzing a damping-control funectlon:

SVDMAY, aenxil Ix |
xy " ® My ¥ 1x1-max

Opxy = —ongle {Keyp Kpospl

(4.8)

(4.5)

where  SVDMAXyj = Frequency response of SVSTAB,
transfer  function at sy for
maximum damping contribution to

wode "1 using input signal “"x",

with desired inner-loop gain
margin.

84 = J2wly

£y = Frequency of ith power-swing
mode.

Ryt = Reference angle, needed for
SVSTABy to provide purs
damping for a reference case
with negligible inner-loop
effect.

GMry, = Desired minimum inner-loop galn
margin (typically 10 db or more).

ltcm. Konn = Controllability, Observablility

constents for the reference case.

Damping Contributions With Selected Signals

The maximum damping attaipable varies with the
selected Ainput signal, as does the relationship of
damping contribution to power system operating
condition. For the purpose of comparing the selected
input signals, we define a maximum-attainable damping
parameter for each. This parameter approximates the
damping contribution associated with using SVDMAXyy
defined in Equation 4.4 in other powsr systen
conditions:

DMAX

i ® Real {K

SVDHM(:’.I (4.6)

c1 Foxi

where DMAXyy = Maximum-attainable demping contri-
bution of SVDMAN,y to swing-mode

ﬁi.'l

Plots of this maximum-attalnable damping
contribution parameter as a function of power transfer
for the two-area system are provided in Figure 4.,10.
Operation at 70° separaticn between arsas 1s taken as
the reference case, and an Ainner-loop gain margin of
10 db is used. These plots 1llustrate the following
significant points:

1. Use of mctive current permits greater damping to
be attained than use of other signals, due to low
inner-loop sensitivity.

2. Use of voltage iz significantly constrained by the
inner-loop consideration; this signal 1is so
sensitive to SVC control action that the effect of
the modulation masks the power swing.
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3. Use of power or active current results in a
damping contribution which changes sign as a

function of operating condition, necessitating
adaptive control to alter the gign of the
modulation control as a function of power transfer
direction.

4. Use of current-magnitude enables substantisl
damping to be attained, with = positive

contribution for all operating conditions.

(to +75)

bamping Contribution (pu) Damping Cnnu"ih;l.'lon
pu

] {to -75)
[
AT s 7 A5

Angular Separation = Degrees

Figure 4.10 Maximum SVSTAE Damping Contributions with
10 db Inner-Loop Gain Margin.

Thus, the cholce of input signal is important to
the design of an SVC control functicn to aid
power-swing damping. Low sensitivity to SVC control
action is desired, as well as a&an inherent adaptivity
characteristic to compensate for changes in the sign
of the controllability. Por this two-area example,
the current-magnitude signal possesses these qualities.

4.4 Damping Controller Design

A set of guidelines ig proposed here to gynthoesgize
a simple damping controller. These are based upon the
foregoing discussions and experience with generator
exciter power system stabilizers [11].

1. Select phase shift at dominant swing frequency for
mostly  positive demping contribution. Any
deviation from the phase shift needed for pure
damping to be in a direction to enhance
synchronizing; e.g., the actual phase shift should
lag the "pure-damping” phase shift.

2. Select gain at dominant swing frequency for
desired damping contribution at some heavy-load
condition, but limited to ensure at least 10db of
gain margin for the inner loop in the most
constraining system configuration.

Table 4.1 provides the gain and phase data for
damping controllers designed for the two-area system
using these guidelines, with each of the selected
input signals. The desired damping contribution for
each input signal was chosen such that the overall
system damping wags the same with a 70° angle between
areas as with no intertie power transfer. Note that
the desired damping is achievable for this case with
the line-flow input signals, but not with the voltage
magnitude or frequency inputs.

Table 4.1

Damping Controller Characteristics at 0.5 Hz
For 2-Area Power System, SVC Midway on Intertie

Pure-

Damping Gain (pu/pu) for Inner Loop

Input Phase Desired Inner-Loop Worst-Case

Signal Shift  Damping Constraint Gain Margin
Voltage ~12]1e 2.5%% 0.3% 10 ab
frequency +162° a5+ 20 10 db
Power +93° 1.4 1.3 15 db
I active +91® 1.5 1.5 39 db
I magnitude +91° 1.5 1.5 22 db

This gain would achieve desired damping if inner
loop gain margin were > 10 db; however, actual
inner 1lcop effect would prevent attainment of
desired damping even with much higher damping

conirol gain.

Realization of these gain and phase characteristics
in a trangfer function requires a certain amount of
fitting and engineering Judgment. A Buggested
structure for the transfer function includes washout
and high-frequency filtering stages, to minimize the
response to signale other than those created by the
awing modes for which damping is to be provided.
However, the response should be consistent over a wide
enough frequency range to accommodate changes in swing
frequency with gystem conditions. A simple structure
providing these characteristics 18 41llustrated in
Figure 4.11. A sample frequency response using
constants selected for using line current as an input
is shown in Pigure 4.12,
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Figure 4.11 Simple SVSTAB, Structure.
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Flgure 4.13 Synchronizing and Damping Characteristics of 2-Area 0.5 Hz Swing Mode versus Intertie Power
Transfer for Various SVSTAB Input Signals,

4.5 Damping Controller Performance

This section presents results obtainad by applying
the guidelipnes of Section 4.4 to synthesize simple
damping controllers with each of the selected input
signals for SVC's on both the 2-Area and 3-Areas
systems discussed in this paper.

The following results are for an SVC loceted
midway on the intertle between the areas. The damping
and synchronizing charactaristics versus power
transfer results are obtained assuming the gain and
phase of the damping controller determined with the
procedure of Section 4.4 are achieved at the swing
frequency with 70° separation, area 1 exporting. The
time simulations are performed with a damping
controller structured as Figure 4.11, with parameters
similar to those of Figure 4.12.

Two-Area System

The 4influence of the SVC with various damping
control designe on the synchronizing end damping
characteristics of the swing mode are shown in Figure
4.13, Figure 4.13a shows the synchronizing
coefficient with and without the SVC. The curves
labeled as being with the SVC represent both simple
voltage contrel and having each of the damping
controllers applied in turn.

Note that the system cannot remain synchronized
beyond 90° separation without the SVC, as indicated by
the negative synchronizing coefficient for these
cases. With the SVC, positive synchronizing 1is
maintained beyond 90°, The contribution from the SVC
increases as the angular separation increases,
resulting in a more uniform synchronizing effect over
the range of power transfer. Addition of the damping
controllers does not significantly affect the
synchrontzing torque, as expected since the phase is
determined for pure damping contribution at one of the
operating points.

The SVC without the dJdamping controller does not
contribute much damping torque, s indicated in Pigure
4.13b by the sma)l difference between curves labeled
NO SVC and NO SVSTAB. Also iliustrated in Figure
4.13b is the damping contribution obtained from using
current magnitude as an input. Note that the
contribution 4s positive for all powsr transfer
levels, increasing with the level of power transfer.

Using power or the active component of line
current as an input ylelds the damping contribution
shown in Figure 4.13c. Note that the damping
contribution changes sign as the direction of power
transfer reverses.

Very little demping enhancement is possible using
voltage magnitude or frequency inputs, as shown in
Figure 4,13d.

Responses to a major disturbance are illustrated
in Figure 4.14, comparing performance with damping
controllers using current magnitude input and power
input versus the SVC under voltage regulator control
only. Several performance aspects are illustrated in
this example.
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Figure 4.14 Time Simulation of Disturbance in Area 1

of 2-Arem System, Area 1 Exporting, with
and without SVSTAB. Area 2 is Reference.
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1. The damping control function reduces the magnitude
of the first swing, both in angle and midpoint
voltage. This is due to the more rapid response
to the disturbance obtalned by sensing a quantity
other than voltage.

2. With power input, additional osclllations are
apparent on the output of the damping signal, at a
frequency higher than the power system swing.
This is due to a lower gain margin of the inner
loop compared with the current-input design, such
that the ipner lcop dynamics become evident in the
response.

The first observation is very important. When a
daisturbance causes the power system to swing close to
its stabllity limit and the SVC voltage support 1is
cruclal, the amount of voltage dip is very sensitive
to even small changes in SVC output, These results
indicate that addition of a control function intended
primarily to ald post-disturbance damping can also
gerve to enhance first-swing stability.

The second observation indicates that the damping-
control gain could be further increased if current
magnitude 1is used, while this case represents the most
that can be expected using power flow as an input
signel.

Figure 4.15 demonstrates the negative-damping
contribution when the direction of power transfer
reverses and line power is used as an input signal.
This 1s a simulation of a disturbance with power
transfer from Area 2 to Area 1. Note that the damping
controller using ecurrent magnitude as an  input
provides positive damping, while the power-input
stabilizer is completely out of phase and provides
hegative damping.

Three-Area System

Following the suggested design procedure for the
three-area system, focusing on the lowest-frequency
swing mode, ylelds damping control designs similar to
those for the two-area system. )
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Pigure 4.15 Time Simulation of Disturbance in Area 2
of 2-Area System, Area 1 Importing, with
and without SVSTAB. Area 2 is Reference.

The influence on the lowest mode of the three-area
system is 1llustrated in Figure 4.16. The relative
effect on damping contribution achievable with the
various input signals is consistent with the results
for the two-area sgystem. The only notliceable
difference 1s that the SVC without a damping control
has a greater influence on damping than indicated with
the two-area system (Figure 4.16b). Without the SVC,
very low damping exists for power transfer from Area
1, even becoming negative for large angles. The most
Jikely reason for this difference compared to the
two-area system 18 the change in location of the
loads. Addition of the SVC with a simple voltage
control increases the damping for this situation,
although 1it decreases damping for power transfer in
the reverse direction.
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Figure 4.16 Synchronizing and Damping Characteristics of 3-Area 0.4 Hz Swing Mode versus Intertie Power
Tranafer for Various SVSTAE Input Signals.
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The influence on the higher mode is illustrated in
Figure 4.17. The relative impacts are generally the
same a8 on the lower mode. Addition of the SVC
enhances synchronizing, and use of & damping
controller having current magnitude as an input signal
provides & positive damping contribution for all
intertie power transfer conditions.

One difference is that a damping controller using
frequency as an input has greater influence on the
higher mode. This i3 because the SVC is not at the
midpoint of this swing mode, and hence the frequency
signal contains & greater content of the modal speed.
Unfortunately, however, the contribution to damping of
the higher mode changes 8ign with direction of
intertie power transfer when using frequency as an
input. This effect is because the controllability of
the 0.9 Hz mode changes 8ign at approximately 30°
separation (Figure 4.7), while the observabjlity of
this mode with frequency input does not change sign.

These observations are further illustrated by the
time-domain simulations presented in Figures 4.18 and
48.19. Figure 4.18 1llustrates the system response
following a disturbance in Area 1, while exporting.
The swings of Area 1 angle reflect primsrily the lower
mode, while Area 2 angle contains some of both modes.
Stimulation of the higher mode is shown in Figure
4.19, caused by a disturbance in Area 2. In this
case, both modes are stimulated.
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Figure 4.18 Area Swinge for Disturbance in Area 1 of
3-Area System, Area 1 Exporting, with and
without I, SVSTAB. Area 3 is Reference.
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Figure &4.19 Area Swings for Disturbance in Area 2 of
9-Area System, Area 1 Importing, with and
without Iy SVSTAB. Area 3 1g Reference.

These transient response cases 4illustrate the

bensfit of SVC damping control to both modes, even
when both exist simultanecusly.

5. CONCLUSIONS

This paper presents many insights which should be
helpful to engineers studying the potential benefits
of SVC application. The critical factors influencing
the stabilirty of the voltage regulation function of
the SVC are presented, along with guidelines for
preliminary selection of gain and time-constant.

Guidelines sre mlso suggested for selecting input
signals and transfer function parameters for a simple
supplemental SVC control function to enhance power
swing damping. While considerable work remains to be
done in this area, the concepts presented 1in this
paper should provide a foundation wupon which
innovative engineers can build to evaluate the
potential bensfits to their power systems.
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7. ANALYTICAL TOOLS

Eigenvalue and other frequency-domain analyses
presented in this papsr were performed with the
MANSTAB/POSSIM/FREQRESP {12) family of computer
tools. These tools were developed by General Electric

many years ago, and have been validated with other
simulation tools and with comparisons to field
measurements. Time-domain analyses were performed

with POSSIM for the power-swing damping studies, and
with the EMIP [13] developed by BPA, for the
cycle-by-cycle simulations.
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Appendix A
Simplified Relationships Between System Strength,

Average TCR Operating Points, and
SVC Veoltage Control-Loop Gain

{(a) TCR Only

Assuming that Vg is a constant voltage source in the
simplified representation of the system as viewed from
the ICR, a perturbation of the SVC voltage Vr due to
a perturbation of the current It 1s related as

nvt - - xs!s AI,I. {A.1)
Within the TCR, the current, voltage, and By
perturbations are related by

(A.2)

AI.I- AVT B‘l‘a + ABT V'Io'

Substituting AIr from (A.2)
SVC voltage control loop gain

into (A.l1) ylelds the

;;_ - (F.s;nvma ) o)
T * Pro

(]
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where the effective short eircuit ratio is defined as

ESCR 2 1/1- av /AL) = /X

L% 5YS (A.3)

{b) Measuring High-Side Voltage

*y

v VH S

i 3C T
3C K1

"I

To obtain the SVC high-side voltage contrel loop gain,
the transformer reactance is separated from Xgys.
Substituting Vr, as a function of ¥y, into (A.3),
the required gain expression is

vy - Vo (1 ~ X ESCR)
Ié; " (ESCR Bo_) (1 + % Bp) (A.5)

Appendix B

This appendix summarizes the relationships between
parameters of the power system for modal representation
of SVC control action. All terms are definad on
Figures 4.1 or 4.2, and are expressed as complex
variables evaluated at the “i-th"” modal frequency

s, =28t (B.1)

swhere 3 = frequency of ith power-swing mode,

The SVC voltage regulator 1is involved in all
characteristics. The relationships will be given in
terms of the closed-loop voltage regulator transfer
function at the modal frequency:

VI.OOP1 = VREGl KUB.'I.’“' + VREGi ‘V‘Bi, (8.2)

where VREGy = Voltage regulator transfer Ffunction

at modal frequency
= Kp/(l + Tg B4) (B.3)
Typically, the voltage regulating loop will have a
bandwidth much higher than the =swing mode; hence
VLOOPy will typically be close to unity magnitude,
with 5° to 20° of phase lag.

An additional consolidation is made of the speed
and angle coefficients from Figure 4.1 to obtain an
equivalent, complex transfer function from speed as
follows. To define the impact upon & signal *x" due
tc speed variations, including the angle path:

K (B.4)

xwt ™ Fxut * Fyss 9%
vhere wp, = base system frequency (rad/sec).

The consolidated characteristics of Figure 4.2 are
related to the other parameters as follows:

Kvi = %oy Kysuy VIOOPy/Kypy {8.5)
Kgy = Kpgy VLOOP /K (8.6)
Foxs * Fxaur * Fxpt Fvsu VLOOPy/Kypy) ki)

(B.8)

Krxs = Kypy VLOOP,/Kypy



