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ABSTRACT

This thesis is concerned with the development of a supplementary con-
troller associated with a Static Var Compensator for damping of low-frequency oscil-
fations (0.05 = 2.0 Hz) which are normally present in power systems. The objective of
this thesis is to demonstrate that with the use of load modulation, damping of interma-

chinc and system oscillation can be increased.

‘The development of supplementary controllers requires that a simpli-
licd model of the system be available. In large systems this can be a difficult process.
In this thesis a simplitied approach is presented. It is based on fast fourier transform
analysis of the response of the system in time domain from which a reduced order
transfer function 1s determined. This analysis is carried out on a system similar to that
of Hydro-Québec. Classical control system design methods (root locus and bode plot)
are then used to design the controller, limiting the analysis to the linear region. The

extent of this region is defined in the thesis.

'The design of this controller is carricd out and its cffectiveness demon-
strated i the envitonment of Matrix,, a mathematical software pachage. It is then

confumed for the detailed system using in-house transient stability program.

The simulation results show the effectiveness of these controllers to
damp the oscilfations with the use of locally available variables. It is also shown that
these controllets can be used to damp out the oscillations which may not be locally
observabie on the bus but are made available through the use of remote communica-

tion.
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CHAPTER 1

INTRODUCTION

1.1 Introduction and Background

This thesis is concerned with the development of a design procedure ton
a stabilizer associated with a static var compensator for damping out low fiequency
oscillations ina power system, thereby increasing the stabiity margin. 'The term stabal-
ity of any power system can be defined as the ability of the svstemto return to s ongr-
nal o1 new operating point following the disturbance. This can be actaeved through
control of synchronous generators by ensuring that synchronism s mantained be-

tween all operating generators during and after the disturbed conditions.,

The term stability can be further subdivided mto two categornies, thi
is steady state and transient stability. These subdivisions are based on the level of dis-
turbance. If the disturbance is small and the system returns toits catlicr state, it can
be termed as steady state stable. If the disturbance is Iarge (for example a 3 phasc fault
with a removal of transmission line) and the system is able to withstand dns and return
to its earlier operating point or to any new acceptable operating, it can be termed as

transiently stable [ 157

= references have been listed in chronological order as given on page T ansaid



In any power system, power transfer between two voltage sources con-
nected by a pure reactance is given by the expression

ro- I:’I"’xlnr) (1.1)

4

whete Iy, Eaare the voltages of the sources between which power transfer takes place,
b is the angular separation between the two voltage sources and X is the reactance

of the interconnecting line over which power flows (refer figure 1.1).

The steady state limit of power transfer occurs when & reaches a value
of 90° and it 1s defined by the equation

p o Bl (1.2)
A

Machine Machine 2

iy /8 X E, /8
-~ } N

Py —» <— Po

Figure 1.1 ‘Iwo machine system

‘The maximum value of § that is 90° can be exceeded under transient
conditions immediately following a disturbance when the electrical power output is
ditterent from the mechanical power input. During fault conditions for example a
Iphase fault, the electical power output during the fault drops to zero but the me-
chanical powerisnotattected for some time as time constants involved are quite large.

thereby resulung in acceleration of the rotors. When the machines are of ditferent

<



sizes thisresultsin the increase of the angular separation (8-82). Hthe faultis cleared
within a certain time period. the electrical power output again rises and the machines
decelerate and lose the kinetic energy accumulated during the period of the fault. The
system remains in synchronism if the arcas under the curve defined by equation 1.1

for these two conditions are equal.

It can be observed tfrom the power flow equation 11 that the contiol
on power swings in steady state and transient conditions is dependant on voltage levels
E, and E; and angular separation (81-85) between the two machines. The Ie reac-
tance X can be assumed to be constant for this analysis. Introduction of change n the
relative angle § involves changes in the speed of the prime movers attached to the gen
erators. The prime movers used in this study are mostly of the hydiaulic type where
speed changes can be affected only through control of gate position which regulates
the amount of water flow into the turbine, this usually involves time constants ot the

order of few seconds.

Controlling the power swing by voltage control action can be very fast
through the use of fast acting control devices for reactive power compensation such
as static var compensators ( SVC ), synchronous condensets ete. This can be shown
with the help of a system similar toas shownin the figure Ll eaceptiona SVCisplaced
in the middle of ttansmission hine(refer figure 1.2). This midpoint pomt voltage can
be defined as k. By rapidly controlling the reactive power at the midpomt, the SVE
can control E,, and maintain it cqual in magnitude to Lyand b, the required power
flow beiween the two buses Ly, Eyand oy, Lo can then be achieved with halt the angu-

lar difterence.



Machince | Machine 2

iy /b Epn/ 8m E, / 52

l X/2 X2 I

Py — [] syc E— Pg

Figure 1.2 "Two machine system with SVC
jud

‘Thisreduction in the angular separation makes the system more stable
as cnough margin is available to the two machines to remain in synchronism during

and i the tme period following the disturbance.

‘The other important factor in power system stability is damping. After
the disturbance has been ceared the generators tend to oscillate about the pre-fault
ornew operating conditions in order to find a balance between input mechanical pow-
¢t and output clectrical power. Large groups of machines may oscillate together or
ithere can also be interactions between two group of machines in different locations.
These oscillations result in oscitlations of voltage. power and frequency and are unac-

ceptable if they persist for a long time.

In order to effectively damp out these oscillations, special stabilizers
have been installed in fastacting excitation systems of generators. Similar type of sta-

bihizers are being proposed tor use with fast acting static var compensators also.



1.2 Review of Literature on SVC Control of Power Systems

In this section. teview of some enisting literature describing the use of
SVC and its stabilizing contioller for improving the system damping. transmission ca-

pacity and transient stability is carried out.

For any system with n machines, there are n—1 modes of oscillation asso-
ciated with it [ 48,54 ]. These modes are gencerally well damped and appear for only
a few cycles following a disturbance or a fault. However, if some of these modes be-
come less or negatively damped because of a change in system configutation or oper-
ating condition, it can pose a serious problem to system stability. Further, i view of
the many interconnections expected in the near future, the requirement to imcrease

damping has become more of necessity for stable operation] 45 .

Initial work onstability was cartied out by Heffornand Phillips] | and
they proposed for analysis purposes a system model represented by ane machine con-
nected to aninfinite bus . Concordiaand de Mellof 2] utiized thisapproach for deter-

mining the stability criteria for different operating conditions,

Reactive power compensation as a means for increasing the system
damping has been recognized by many authors | 23,29, 30 | SVO's e one ol the
control devices which are being used to provide reactive power very quickly when
needed. D. McGillisetal., |7 ]andR. Elsigeretal. | 8], looked imnto the importance
and optimisation of SVC’s for the Hydro-Quebec system. L. Genn Lajoie et al. |
56 | studied the application of several SVC's to Hydro-Ouebece systern using crgenva-

lue technique.

1.. Gyugi [ 9.25 ] presented the importance of SVO on voltage contiol
and thereby increasing the transmission capabihity of the system The use of the

supplementary controller is also stressed to improve the systemn damping requie-



ments. It was highlighted in the paper that an SVC with only voltage control loop will
not be able to damp out the low frequency oscillations and a supplementary controller

IS necessary.

F. V. Larsen etal. [ 28 ], showed the interactions between SVC parame-
ters and system strength. Various cases were discussed and the effect of Power system
characteristics and strength on SVC transient response was demonstrated. The au-
thors highlighted that the voltage regulating loop of the SVC can, under certain condi-
tions ( based on system strength and its parameters), become unstable leading to un-
damped oscillations.  The effect of various load models on system damping was
studied using a two-area system. The choice of input signal was studied using control-
lability and observability factors. The signals highlighted were frequency of ac voltage,
cutrent or power flow on a tie-line, voltage magnitude. A design of damping control-
ler was suggested and was tested on the two and three area system with different sig-

nals as input.

A. E. Hammad [17,19. 26] presented the applications of using a SVC
for stabilizing power systems. It highlights that constant voltage control of the SVC
limits its capability to enhance the damping power. Analysis was carried out using ei-
genvalue techniques on IEEE benchmark system and control action based on bang-
bang operation of SV was suggested. It was also pointed out that the signal propor-
tional to rate of change of power or § may not be able to provide the necessary

damping in certain cases.

A. Olwegard et al., | 10 | showed that the thyristor controlled reactive
power can be used as an efficient tool to improve the system damping. The network
studied was Nordel system which consists of national system of Sweden. Finland and
Denmark. Control strategies were developed based on switching of capacitor banks

dependant on the rate of change of power flow in the lines.

0



Ohyama et al.. [ 21] presented that in view of complex power transmis-
sion networks and heavy load characteristics, it becomes necessary that the SVC be
also utilized to improve the system damping. The authors propose to apply a technigue
called as “Reset filter™ which is added to voltage determining circuit of the SVC. This
Reset Filter will contribute in increasing the damping torque. Analysis was performed
based on eigenvalue analysis and time domain simulations on a sample system. ‘The
results presented showed that the employment of reset filter makes SVC more effec-

tive to damp oscillations.

The power system is a nonlinear system and for analysis in most of the
literature discussed above, use is made of equivalent comprising of two machine ot
one machine connected to infinite bus. J. E Hauer [ 16 ] proposed the use of fitting,
structured models to measured frequency response of the system. It was presented in
the paper that with the help of some computer routines developed at Bonneville Power
Administration (BPA) system models were identified and developed in the frequency
domain to represent a linear model of power system for their use in digital filter and

controller design applications.

Analysis of time domain outputs from transient stability programs on
from actual field results is an another possibility for identification of reduced order
models of the power system. K. P. Poon and K. C. Lee | 32 | presented the use ol Founr-
er transformation to analyze the transient stability swings of a interconnected system.
In this method the frequencies of interest are identified individually using founer
transformation and their damping constants are obtained by comparing the magni-
tudes of different frequencies in several time windows. 'The results of somce test cases
were compared with the linear eigenvalues analysis and good corrclaton was ob-

served.



J. I< Hauer et al. | 35, 36. 45] presented the use of Prony analysis for
analyzing the outputs of transient stability programs and actual field results. This
method could be used directly to determine the frequency, damping. strength and
phase of modal components present in the signal. This method was applied to model
the results of a brake pulse applied to Pacific AC intertie exporting power to Pacific
Gas and Electric. The system as identified by this method gave a good fit to the original
signal obtained from ficld results. The use of Prony method was further extended by
D. J. Trudnowski et al. [ 42 ]. The authors used this method to determine a reduced
order model for a sample system comprising of 27 buses and 16 machine system. The
system was a simplificd representation of western North American power system. With
the help of reduced order model and root locus technique a power system stabilizer
was designed at one of the machines in order to effectively damp out the interarea

oscitlations.

1.3 Problem Description and Scope

In the present thesis, the design of system stabilizers associated with
static var compensators is examined and a demonstration is made that such stabilizers
can be effective for the damping of system oscillations. In chapter 2 the theoretical

basis for the feasibility of such stabilizers is briefly examined.

Power systems in general are non-linear in their behavior. However it
is shown that within an important range of interest they can be considered to be linear
and therefore classical techniques developed for control of linear systems can be used

for the design of the stabilizers.

Fhe first step in the design procedure is the definition of the system un-

der study and its model as viewed by the stabilizers. Power systems are very complex



and of very high order with hundreds of buses, ditferent types ot loads, and many types
of generators with their prime movers, voltage regulators ete. Furthermore they are
interconnected to other systems and therefore finding a incarised model based onthe

knowledge of its components, would be practical.

The system total generation and load is another factor which is varying
periodically, it can change depending on the season c.g. average load in summer is
different than average load in winter. The load condition may also vary during part
of the day and specially in the mornings when the load change can be as fast as 100

Mw/min for some power systems [ 15a ]

Considering the above, the approach adopted hereis to identify the sys-
tem as an equivalent reduced order model obtained from examining its response to
an impulse function. The behavior of the system after the disturbance by the impulse

function is studied through simulation using a transient stability program.

The model so obtained is then used to design the compensator asso-

ciated with one of the SVC existing in the network.

Y



1.4 Organization of Remaining Chapters

The following sections are organized into five chapters. Chapter 2 is
further subdivided into two parts. The first part contains a preliminary theoretical
analysis of the effect of load modulation on intermachine swings. The second part of
this chapter analyses the criteria for chosing the most suitable location of SVC( for
damping of low frequency electro-mechanical oscillations) in a power system. Chap-
ter 3 describes the system identification process for finding the reduced order model
of the system. The model identified is validated with the help of general purpose math-
ematical software matrix,. Chapter 4 contains the design procedure used for designing
the supplementary controller in the matrix, environment. The design is finalized with
the help of root locus technique and simulation results . Chapter 5 describes the inte-
gration of this supplementary controller to the transient stability program. The confir-
mation of the design procedure is carried out by comparing the simulation results
before and after the controller being put into service. Chapter 6 presents a brief dis-

cussion on the conclusions and aspects requiring future work.

10



CHAPTER 2

THEORETICAL ANALYSIS AND SYSTEM DESCRIPTION

2.1 Introduction

In this chapter a simple system is analyzed to determine the factors thin
influence inter-machine the intermachine oscillations. 'The knowledge of these factors

is then applied to damp power swings in a network similar to that of Hydro- Quebec.

For a preliminary analysis, the simple system shown i figure 2.1 15

studied. It consists of two generators feeding into a foad,




Machine 1 Machine 2

r:] ﬁl Ez Z_S_Z

P.y —» «— P>

Z3 Load

Figure 2.1 ‘Two machine feeding into a load

When such a system is disturbed, machine oscillations are set up. As
mentioned in chapter 1, for a system with n machines there are n-1 modes of interma-
chine oscillations, These can be termed as ™ intermachine ™ or ™ swing " mode. There
also exists an n’th mode which represents all the machines acting together as one unit
and oscillating about their inertial center | 48 ] against the load. This n'th mode of
oscillation can be termed as ** system™ or * load " mode. The frequencies of oscilla-
tions for these two modes ( intermachine and load) are quite different. In the load
mode  the oscillations typically vary from 0.05 Hz to .1 Hz and in the intermachine

or swing mode it can vary from a value fiom 0.1 to 2.0 Hz.

I'he n-1 intermachine modes are further dependant on many factors.
I mitially the machines are assumed to be unregulated and of classical model type

( constantvoltage behind reactance ) then these n—1 modes will result in n-1 fixed sim-

12



ple frequencies. However if the effect of the voltage iegulatorand the speed governor
are included. the system becomes more complex and these n-1 modes are notample
fixed frequencies but are composite of many ditterent frequencies which change wieh
respect to time. For purposes of analysis of machine swings the voltage can be asumed
to be constant as the variations are generally small. The oscillanonsare therefore de-
pendant mainly on the actions of speed governors. The time period after the distur -
bance can also be divided into two parts. In the tirst part, which 1s too small to take
into account the action of speed control, the oscillations set up will be natural osctlla-
tions, similar to the unregulated case. However for the time period following the stant
of the actions of governors, the frequencres of oscillations will be quite ditferent from
the natural frequencies as described above and will be dependant on the governon

characteristics.

In the drawing up of the above conclusions the elfects of veltage reguta-
tors are neglected. The effects of network conductances, fast acting devices hike SV
etc. have also been neglected which may affect the resultant frequencies to certam ex-
tent. These two assumptions are assumed forinitial basic understanding but have been

taken into account for the final design i this study.

Controlted changesin the load will have certainattecton the Toadmode
but it is not evident that they will atfect the intermachime maode. One of the objecnves
of the present work was to study the controllability of both the modes by maodulation

of the load.

In the system of Figure 2.1 the controllability of thie swing mode s o

amined in terms of the amount of load and its position wiath respedt to the maclime:,

The electrical power outputsand mechamcal power mputstor these two

machinesare Pep Pooand Py Pooorespectively 7y, Za are the impedances betweon



the Toad and the two machines: Z3 is the impedance of the load itselt and . s are

the voltages at the termimals of the machines.

It can be shown that power output from these machines is given by [ 55]

“ -

I P IRV
P o= =Lan(og) + ,] “ {2~ crya)
/11 412 2.1
(2.1)
¥ -
5 Y PR
P = —=sim(u) + — sin{day ~atay)
122 Z12 (.2
where 512 = by by and §;. &> arethe angular positions of the voltage vectors

1., and Lo wart. to a reference axis rotating at synchronous speed:

ry) = ()() - ()”

Y - €1n

'3
It

9 - 05

l

(2
011, 02 and 05 are the impedance angles ot Zyy, Zya. Zay 1espectively.
711, and 7> are the impedances viewed trom machine T and machine 2 respectively
with termmals of the oner machine bemng short arcuited and Zyy is the transfer im-

pedance. These are caleulated as follows

YAYA
Ty =1+ 77—
VAR A
YAVAS
Lo = 1o+ -
VAR VA
YAYA
L= 1T+ 72+ ,! =
75 (2.3)

Fhe bold faced charactersare vector quantities. while all other variables

and constants not mghhighted m bold are scalan quantities.



Considering small perturbations. we have from cquation 2.1

FyEs
APy = /I 'L‘n\‘.h\g-a‘,:\,‘ Ady»
‘12 (24
APy = Lk . . . i -
(1 = ——=(COSAcos pa + sindpsind 2 AN
s (2.5)

Substituting cos(ay2) = xj3/ 7Z)p and sin(aegn) = 113/ 75 inequation 2.5, AP,

can be written as

E\E> 1o _ o
AP, = ,1 = cnsmg—,—l—'— + sindys _1‘ YA
AN VAR AR
(2.0)
Similatly, for the 2nd machine, APq can be derived as
];4‘ I‘."‘ REE . IR
APy = - ,] =1 condya ,l“ -sin ,]“ ARIR
‘12 Z12 ‘12
(2.7)

The swing equation which describes the dynannes of a swnchronous ma-
chine can be whitten ( 50)

"ILQ =1, -1,
T fde- (18)

where His inettia constant. & is the angulan positon of the rotor of the madime witl
reference to areference anis rotating at synchronous speed and 1y, 1, are the me
chanical and clectical torques acting on the rotor

The swing equations tar small perturbations tor the two machines shown i fipure 2|
are

L N N
7/ (j’~ (‘) ())




II;\ (1"/\?3 — A'/',n: _ A'l(vz
A dr (2.10)

where the subscripts 1 and 2 identify the two machines 1 and 2 respectively. For small
perturbations the terms ATy and ATy can be neglected as the time constants in-
volved in prime movers ( hydraulic turbines) are large. On a per unit basis and assum-
ing that changes in speed are small, the change in electrical torque can be taken equal
to the change in clectrical power, that is, AT, = AP..

Applying these assumptions and subtracting equation (2.10) from (2.9), we have

d*Adya yp =APy -APw
dr* ’ H, H>
(2.11)
L0z o AT 1 (apot Hy- AP 7 1)
dr’ TN (2.12)

I.quation 2,12 represents the relative acceleration between the two machines and
theretore represents the swing mode oscillation. The term [AP*H1 - APq;*Hy ] can
be evaluated with the help of values of APej and APe; found in equation 2.6 and
2.7,

For the sake of simplicity. it is assumed that

1=\
72 =N
and 73 = 1.

To study the changes in load and its position with respect to the machines, two new

parameters are introduced

!
g+ ol

L2

i (2.13)
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using X; = X, we have

r=afl+eh (214

Substituting the values of ¢ and « from equations 2.13 and 2. 14w equations 2.6 and
2.7 for evaluating APy and AP the term [APPHT = AP H: | can be denved

as

1
.x[cz + (1 + ) d?

AP, * il - AP, * Hy = - E\E:Ad lcosdu (1 4 ) (Hy v HY 6 sy ca (1 O, 1)

(2.15)
After further simplification this can be reduced to
> * )+ 1 ' 3 i,
AP *H -AP * H, = - —[a' (14 )|+ § e = = a1 ()]
.x[c“+(l4()‘a'] \[( Fh v ot al
(1.10)
where uy = = EyEaAdjacosids) [Hy + )
and uy = - E[5HA0 2 sintogn) [Hy - 1H5)

Multiplying by ( 1+ ¢ ) to both the numerator and the denommator ot cquation.

2.16 we have

w, (14 ¢)
() [+ (1A O et

; AL , 1
{u'(l beppe ——-_-_IT’__-_ B a1 )
byt gt el '

APn * Hy= AP, * Hy =

(2.17)

The two terms on the RHS in the equation 2,17 can be further subds
vided 1nto two parts each. One part which 1s dependant on the amount and the posinon
of the load in the system ( that is dependant on varables o and ¢ ) The second part

which is independent of Toad. To simplify this. two new variables b pand 1) aremtio

17



duced. These two variables represent the part which is dependant on « and ¢ and are

defined in cquation 2.17a.

. (1 + ¢} o 3 and
b ¢t + (1 +¢) (12[[(”]+C)] 4

S (1 +¢) ,
o~ [+ (1 +0)f ] [ac{l + ¢)] - (2.17a)

The equation 2.17 can now be written as

I3 IZE)

AP, 1 -AP P H, = d 2 gy {2 e
(v +x.) ) + 1)
(2.18)
In the cequation 2,18 the terms —2— and —22_ are independent of
X, + X, X+ Xa

the load amount nd its position. The values of Fyand F; are shown plotted in figures
2.2 and 2.3 respectively for varying values of « and c. The value of « is varied from
0.1 to 10 that is from a very high load to a very low load and c is varied from .01 to
100, this bemg equivalent to the load being moved {rom very near to one machine to

very near the terminals of the other.

To determine the significance of varying o from 0.1 to 10 an example
of a 735 KV hne is taken with a typical value of X of (.33 ohms/km. Considering
a distance of 1000 kms from each machine to the load. the total reactance of the line
is 0.33* 1000 *2 = 660 ohms. The range of o from 0.1 to 10 translates into a load range
of SISS MW (0 82 MW at 1.0 p.u. voitage. Typical loading tor such lines is 2000 MW

cach. This vatiation in «¢ is thus equivalent to a load range of 2009 to 2%.
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Figure 2.2 Plots of variable Fy vs ¢ for different values of «

: : i ",
Since the expressions 20« and X

<1, represent the rela-
yotox oo

tive acceleration torque it follows that the relative acceleration between the machines
or swing mode machine oscillations are dependant on the load and also its position

with respect to the machines.

Irom the iigure 2.2 1t can be seen that when the value of oas large (

corresponding to lightly loaded condiuons) the funcuon |y becomes independent of

10



variation in ¢, however for smaller values of « , the term F varies in a symmetrical

manner for increasing values of c.

0.49
0.4
0.35

0.3

0.05

z BRI ot S
On@: fndial 2l S U 2N O IV N

g 107! 10°

107
¢ = X2/X1

Py = (¢ a*(1+c)?) /(2 + (1+c) " a?)

Figure 2.2 Plot of variable F> vs ¢ for different values of «

The function | ; also varies in symmetrical manner for increasing values
of ¢ as shown in the figure 2.3. When ¢ is very low (0.01) or when it is very high value

(10). Eaas nearly zero.
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Figure 2.4 Variation of rate of change of Fy + Fwart wand ¢

Figure 2.4 shows a plot of the function Iy + P asalso itsrate of change
with respect to o for three values of ¢, If we consider d( Fy -+ o) /doe as i measure
of the controllability of the swing mode then this figure shows that the controllability
is maximum at high loads and approaches zero at light loads. Atc=10.1 the controlla-
bility is maximum upto value of & =0).1 but this corresponds to very high loads which
might be above the normal operating range and as the value of ois increasedat diops
very sharply to zero and even goes into negative region. As ¢ is increased towards 1.0
the maxima of the controllability function are reduced but their dechine towards 7ero

isslower and if we consider that the normal load correspondsto o = 0.2 then the mia-

mum controllability occurs at ¢= 1.0 ( at the center )
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From the above analysis two conclusions can be drawn. One, that since
the load influences the swing mode oscillations, modulation of load could be used as
a mcans of damping the swing mode and two, that the position of the load with respect
to the machines is important and therefore any process of reducing the network must
allow for the impedance between each load and the machines. Since no other factor
is involved it follows that for the purpose of load aggregation for network reduction,

impedance is a sufficient parameter to define electrical distance.

2.2 Load Modulation

One mecthod of modulating the load is to install loads equipped with
fast controlling devices, such as thyristor switches , as for example in stored magnetic
energy ystems. The sole purpose of such special loads is to enhance damping capabil-

ity of the network.

Another method is to modulate the existing loads by modulating the
voltage at the loads since most loads are voltage dependant. This would be in addition
to the function of the voltage regulator loop and may be sometimes in opposition to
its normal operation. However since the need for system damping is felt most follow-
ing a disturbance which has in any case introduced some voltage fluctuation, a small
determined modulation of the voltage for a short period of time could be acceptable.
This method of load modulation would seem particularly attractive for systems which
already have voltage regulators placed at a number of points near enough to the loads

to influence them.

One such system is the Hydro-Quebec system which has a number of
static vat compensators, some of which could be used to modulate the voltage to damp

the oscillations

]



For the present study. a system similar to Hydro-Quebec equipped with
SVC controllers was chosen and the damping capabilitics of load modulation were
examined. A sensitivity analysis was first carried out to determine which of the existing
static var compensators provided the maximum load voltage variation. This compen-

sator was then selected to introduce the damping control.
23 System Description

The system used for this study is similar to Hydro-Quebee 1990 winte
network and is shown in figure 2.6. The total generation capacity of this network is
about 29,000 MW. There are three major generating centers as shown in the figure
2.6. The power generated at these three centers (22000 MW ) is transmitted through
two corridors, each comprising five transmission lines, bringing about 2200 MW on
each line down to load area. The main transmission system s rated at 735 KV level
with sub -transmission at 315 kV. Transmission and distr ibution below thislevelisrep-
resented by equivalents comprising of loads and equivalent generators as shown in the
figure 2.5. The equivalent generator represents the total of local machines with small
generating capacities. These machines are assumed to be swingmg together duning
post faults recovery periods. Similarly all the loads below 315kV fevel were summed

up and transferred to the 315 KV busbar.

to
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Xd , 315 kV
Machine 1 Po bus

Figure 2.5 A simple representation of the equivalent at 315 kV bus

For the purpose of this study the network was reduced to one having
20 generators, thirty 735 kV. twenty 315 KV busbars and eight buses ranging from

voltage level of 230 to 120 kV.

The generator model included the representation of their excitation

circuits, stabilizers and turbines,
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Voltage stability is a very important concern when transferring large
amounts of power (2200 MW on each 735 kV line ) nearly equal to its surge impedance
loading. 'This necessitates that a voltage profile of near 1 p.u. be maintained at various
intermediate points between the generating and receiving ends. All the reactive pow-
c¢r gencerated by long transmission lines is consumed within the line itself during these
pcak loading conditions, therefore any spare reactive power which may be available
for fault recovery in the case of lightly loaded conditions has to be provided by external
devices. To provide this necessary support in the HQ network use is made of synchro-
nous condensers and static var compensators. These reactive power devices are de-
signed to provide the support in capacitive and inductive loading. During steady state
conditions these voltage support devices are floating on the network with an output
of approximately between 0-50 Mvars and they provide the required reactive power

support during post fault recovery conditions.

The figure 2.6 represents the degraded version of the Hydro~-Quebec
network. Some transmission lines have also been removed to highlight the oscillations

and the effect of the corrective damping method using load modulation.

‘lo itHustrate the dynamic response of the system it was simulated on the
load flow and transient stability programs of Hydro-Quebec (RP600 and ST600) .
The load flow program establishes the initial conditions of the network which are then
utilized to caleulate the dynamic response of the system. A fault of 10 cycles duration
was placed on the VD7 and the voltage and fiequency of the system as seen at the
bus were recorded for a time period of 30 seconds (1800 cycles) from the simulation

using the stabihty program. These are shown in figure 2.7.

Thiee static compensatorsatre present in the svstem at the buses NEM?7.

VD7 and CHIZ. These SVC's have the primary objective of keeping the voltage con-
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stant on the 735kV busbats.
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Figure 2.7 Output waveforms for fault at IVD7 showing the dynamic responae of

the system under study.



2.4 Choice of Control B

The basic approach to damp out the various mode of oscillation is to

modulate the load veltage.
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In order to determine which one of the thiee SVC's mentioned abowve

is most suitable for load voltage modulation, the following simulation study was cai-

tied out.
Sr No. | Load | Load Modulating SVC i
Bus MW
NEM?7 LVD7 CHI17
V! AV AV [AVZ*T AV jAV-
Vo Load 1.oad l.oad
1 DUV7!| 2838 | 0.9999/ | 34.62 | 1.00467 | 84.20 { 1.0003/| 39.73
().9938 ().9897 0.9937
5 | CHAT| 2039 | L0003/ | 23.65 | 1.0046/ | 57.30 | LO007/| 2051
().9945 0.9905 0.9942
3 | HER7 | 2008 | L0027/ | 24.09 [ 10065/ S3.01 | 1.0032/| 27.32
().9966 0.9933 (.9964
4 BCV7 | 2704 V10011 | 33.53 [ 10048/ | 7139 [ 10015/ ] 36.77
().9949 0.9916 0.9947
= CHET] 2011 (0993517 | 23.53 | 10011/ ] 6938 [0.0036/ | 26.75
().9892 ().9837 0.9889
¥ AVI - Joad 139.42 33337 T 157.08

[able 2.9 Affect of variation of B on load modulation showing that the agpregate

of load voltages 1s most sensitive to the sve at the 1VD bus.

Adow frequency change insusceptance (THz sine wave ) correspondime
to a magnitude of 230 MVAR was introduced at cach of the SVC buses one ata time

Voltage vartations were ecorded at five major Load buses representing about 11600

’7(,



MW. The waveforms for a typical case, when voltage modulation was applied at the

SV placed at the IVIDT7 bus, are as shown in the figure 2.8.

The values of maximum and minimum voltages were averaged over
1200 cycles and are as shown in table 2.9. This change when multiplied with the load
on cach busbar gives a factor which indicates the influence that the SVC can exert
on changing load and thereby damping out the electromechanical oscillations. From
the table it can be clearly observed that the SVC located on the busbar LVD is able

toinflucence the load around two times more than other SVC's present on the system.

The SVC at 1 VD7 was therefore chosen for introducing a supplementa-

ty control loop to modulate the voltage for damping purpose.

2.5 Controllability and Observability

Various simulations of the chosen system have revealed the presence of
domimant mode at 0,068 Hz and thice swing modes at 0.55, 0.88. 1.24 Hz. With refer-
ence to the figure 2.6 these swings occur between LG and CHU (0.55 Hz), MAU and
.G ot CHU (0.88. 1.25 H/). All of these modes can be observed in the frequency sig-
nal except for the 0.55 Hz mode, the value of which is too small to be noticed in this
signal. ‘To damp this mode its observation will have to be sought in a separate signal.
For the purpose of demonstrating the feasibility of damping this mode the angular sep-
aration between LG and CHU was used although it is recognized that this has the dis-

advantage of being dependent on remote sensing,



In order to facilitate the design procedure a reduced order model of the
system is derived in the next chapter followed by the design of the controller in chap-

terd.



CHAPTER 3

SYSTEM IDENTIFICATION

3.1 Introduction

In order to design and optimize the supplementary loop of the static
compensator itis essential to know the transter function of the system as viewed by the
compensator, that is, to know the 1esponse of the system in terms of voltage and

frequency to changes in the reactive power introduced by the compensator at the bus

The system being used for this study is a large power transmission system
and although reduced. is sull very complex. Deriving the transfer function from a
knowledge ot its components would be impractical. In view of this it was decided to

determime the transter function of the system by simulation of the system.

For a lincar ime invariant systermn the transfer function can be given as
G(S) = Y(S) 7 X(S) 3.1
where Y(8) is the Taplace transform ot the output and X(8) is the laplace of the input.
The output Y(S) can be expressed as

Y(S) = G(S)” N(Y) (3.2)



If the system is excited by a unitimpulse whose 1 aplace transtormis 1 then
equation 2 can be written as
Y(S) = G(S) (3.%)
which implies that the Laplace ttanstorm of the output of the system can be taken as
the transfer function of the system. The transfer function as desciibed above continns

all the necessary information on the system dynamics.

In areal system the applicationof a true impulse can be difticult buta pulse
may be used instead provided its width issignificantly small compared to the smallest

time constant of the system.

In the present study, the system was simulated on the tansient stabihity
program ST600. A pulse of susceptance was applied at the bus of mterest and the
response was recorded in terms of voltage and fiequency at the bus The duration ol
pulse was 0.167 seconds. The test was repeated for o number of values ol the

susceptance, that is, varying the height of the pulse tor different cases.

3.2 Linecarity of the system :

The responses of the system todifferent pulses rangmg from susceptance B egual to 10

to Bequal 334 p.u. are shown in the figure 3.1
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‘Taking the maximum dewviation of the fiequency as a measure, it can be
obuerved that the response s not uniformly proportional to changes in B. The
response for value of B equal to 100 pau. (B100) is indeed 10 times the response for B
cqual to 10 pau. . but this hineanty 1s not mamtained for all values of B. Using the

response of B10O as 1O pou. the frequency deviations for different pulses are plotted in

~

~
Al

A4 Output frequeney at VD7 for pulses of B (different strengths)

the fieure 3.2,

considered for this purpose

Only the Towest trequency component ( 0.0683 ) of cach response is
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Figure 3.2 Maximum fiequency deviation wart pulse height

Yrom the figure 3.2 it can be concluded that the system may be consdered
linear for changes in susceptance pulses of heights ess than 100 (p.u). Thas

corresponds to voltage drop (during the tme penod of the pulse) of 5097

The change 1nrelative phase of the dominant frequency componentis also
an indication of nonlinearity. '-igure 3.3 shows graphs with response for BIOO s
reference, from which it can be observed that as the susceptance is icrcased the phase
difference between the two curves increases. However the basic mode of osallanon
remains the same as obtained by FET analvas petformed on the output ficquency

This is shown in the frgure 3.4,
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Figure 3.3 Plot of frequeney deviations for different disturbances(pulse
height) showing the shift in phase with reference to the case of B100

The pulse width was same in all cases =10 cycles.(lcycle = 1/60 second)

Inany practical system, although the variation in voltage followinga fault or
other major perturbation can exceed 0.5 p.u.. the fault is removed very rapidly and itis
only after the removal of the fault that the stabilizing circuits are called into operation.
At this time the amplitude of the voltage oscillations 1s much lessthan 0.5 p.u. and the
system can be considered Tinear. Consequently, a linear model of the system can be
comsidered appropriate and in the present study the system response for a pulse of B

cqual to 100 paue corresponding to reactance of X= (.01 p.u. was retained for the

tdennfication of the system
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3.3 System Identification for the observable modes at the control bus

Spectrum analysis was carried out on the output voltage and frequency to

obtain the major frequency components present in the waveform. These were 008,
.88, 1.25 Hz as also shown in the figure 3.4.

{uoun ," ‘." .E
l.',' .»}t
1000 [ '
A
P,
" 068 11z 3 B ~
f h “ _ Laea " J\‘
2\ A 1200 o
f Y ) Bl . : -
) RN 1717} AL R )
[ ; N |
]' \ §8Hs vy 12§/ -
( \ v
1 \\
\ l&,
\ 7
. B0 I

0 ! //
. . \ -~ ‘i /
\ / / L
Y i .
L YU SN0 JNNS NS TR N 30 JAE WOURS JUNS0 WUNUS WK NN U0 Y W0 S SUNS 06 NS NG WS U SUOO VAN S SO B B S JOR S R IR
u .2 1 .5 ] 1 1.2 1 4 1.4 1.4
Irequency (Hs)

Figure 3.4 Power spectrum of output frequencies for different pulses

In the process of system dentification a set of ttanster lunction blocks are
built with the cunve fitung technique to obtarm the same response e terms of voltage

and frequency from these blocks  when subjected to the same pulse of B oas i the
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system. These transfer function blocks have been  built with the help of Matrixx, a
general purpose mathematical software package. The blocks used are second order
functions, in which adjustment of damping was carried out to match the system

response.

A second order function can be represented as

, ko}
C(S) B s+ 26w, + (1),2, (34)

where o, is the natural frequency of oscillation and sigma is damping factor.

In the time domain the output of a underdamped second order function to
any impulse input is oscillatory initially and then settles down to its original state in a
manner dependent upon the damping( provided the damping factor is greater than
sero ) and natural frequency of the function. The transfer function of the system i1s
built up with the help of parallel combinations of many second order blocks
representing the different modes of oscillations defined by the spectrum analysis of the

simulated results.

The addition of the output of these gives the change in frequency as
observed at that particular bus for a given change in the susceptance input. The voltage
signal is also obtained from the same set of blocks with some corrections applied to
phase and gain of the signal. The connection of the set ot blocks is as shown in the
ligure 3.5 where cach individual block represents a first or second order function as

defined by the equation 3.4.

The transfer function for these blocks as shown in the figure 3.5 are given in
the appendix A There are five sets of transfer function blocks used ( one blocks is of
first order and four are of second order ). The input B is given to all these blocks
simultancously and output is summed up to recreate the signal which is similar to

frequency deviation as obtained from the stability program. The output of each block
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is further treated to formulate the signal corresponding to voltage output signal. The
value of B used for simulation in the simulation (matix) and in the stability program

was 100 p.u.

n,

(1]

100 pu

0 pu n; Al

n.
d.,

Figure 3.5 Power system transfer function representation in matrix

The total transfer function so obtained gives the relationship between
change in susceptance B at that particular busand the resulting changesin voltage and

frequency.

Figures 3.6 and 3.7 show the frequency and voltages iesponses of the set
transfer function blocks superimiposed on the responses obtamed hom the time

domain sitnulation of thie detailed system for the same input.
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The close proximity of these curves indicate that the system as wdentitied by
the reduced order transter tunction can be taken as an equivalent ot the detarled

system for changes in the linear region.

34 SVC Modeling

To the system model as identified above a SVC with only voltage
control loop is added in the simulation study and also in the matrixx model. The SVC
model used for this study ( as represented in the T oad flow and stability program)
is composed of mainly two units thyristor controlled reactor (FCR)Y and thynstor
switched capacitor (TSC). The basic structure and the modelling detals are discussed

in the following section.

Thyristor controlled reactor is basically areactor of fised mductance |
in series with a pair of thyristor valves connected in reverse—parallel for bidiectional
conduction. The current in the reactor is controlled by changing the himg angle of
the thyristors. The current and the duration of conduction 1s nasimum tor o 90
when either one of the thyristors conducts all the time. As the finmg angle s imacased
from 90° to its maximum value of 180° the conduction mterval and the effechive value
of the current flowing through the thyristors reduces, which is equivalent to a change

in the reactor inductance and thereby a change in the reactive power.

Thyristor switched capacitor consists of capacitors connected 10 a panr of
thyristors connected for bidircctional conduction with a smalt inductor i senes to
Iimit the current peaks during capacitor switching. Typical representations for 1€ R

and TSC are as shown in figure 3.8
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Figure 3.8 Representation of TCR and 1S8C

The VI characteristic of the TCRA+TSC type SVC is as shown in

figure(3.9)

.97

[.man «— | ; —>» I max

Frowre 3.9 VI charactenstic of TCR -+ 15O



As indicated earlicr, the SVC under steadv state condinon as floating
on the bus, that is. its output is practically zero and 1t is neither inductive not
capacitive. Thisvoltage s termed asieterence voltage (Vi) and is obtaimed tromload
flow program. If the system voltage changes because of any disturbance, the SVC
control block will compare the new voltage (Vi atits terminals with Vg and ancerion
signal is fcd to the regulator to determine the value of susceptance B ( capacitance
or inductance). The value of desired susceptance B is converted to a signal wineh
controls the firing angle of the thyristor valve and switching of reactive or capacitive
branches. The value of desired susceptance Bis proportional to reactive power needed

by the system to correct its voltage to the desired (Vi) value.

In practice the terminal voltage is allowed to be ditferent from s
reference value Vi by a value determined by the droop charactenisties as shownn
figure 3.9. The value chosen for this study is a droop of 3% which means that the
terminal voltage is allowed to vary between 0.97p.u. (considering reference voltage
of Ip.u.) for SVC being fully capacitive and 1.O3p.u. for SVC being fully mductive. 'The
droop characteristic of an SV is necessary to ensure the stability of the SVC. Having
no droop (that isdroop = 0% ) might result in multiple operating pomts with the S\
oscillating between inductive and capacitive regrons. It the voltage nises above or falls
below the predetermined levels as defined by the dioop charactensties ( 1.0O3 pou and
0.97 p.u. ) for our case. the SVC behaves like pure capacitor or inductor and the van

output is proportional to applied voltage and the fisxed susceptance.

Ihe block diagram of the SVC used for this <tudy 15 shown in the hgare

3.10. It basically consists of the following blocks
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Figure 3.10 Block diagram representation of SVC and connected network.

voltage measuring and filter circuit which is represented by a a single
order lag circuit 1/(1+5sTy,) where Ty, represents the measuring and

filter time constant

Voltage regulator control block representing the lead-lag compensation
clicuit.

Gain Kp to represent droop characteristics of the voltage and an integral
controller.

‘Thytistor action 1s represented by (e714.0) 7 (1 +8Tyy,) where I g1 18 the

gating transport delay and Ty, represents the additonal time constant

representing the effect of thynistor firing sequence contiol.
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3.5 Validation of Identified Transfer Function with addition of SVC

This model of the SVC is introduced in the transter tunction model aetined
in the matrix environment. A pulse of Bis applied to the system and analysis is canned
out for a time period of 30 seconds(1800 cycles). The response is compared to the
output as obtained from the stability program and the two are supetimposed as shown

in figure(3.12)

V
Vi
+
Vit SVC Transter- '
Function ol jee—
block

the system

_!.

100pu ‘I

Opu — B

Figure 3.11 Block dhagram representing

addition of SV to transfer funcuon block

Vyisthe measured termimal voltage and Vs the pre disturbance termmal

voltage.

1{



l.
r
¢
q
u
¢

n /\‘ﬁ r == --. Actual data
¢ t,h. c s .

y b

y :I‘ i ¥

’ \

Modclled output

¢ . * X
v Z
1 05 |

v
a \‘\“\_\
t S -
v T = —
i \
By f
Y L ;
n \ J
\
{ . - /f
H 3
\\‘-« /"‘
/ ' .
P S TR SO GRS Ny S Y SN SO SN W YU NS GHNY VAR SN W WY UUDOS T By N VY S GOSN S GHiot SO SIS NGRS WU W U WS NS W A B W
) 0 200 100 800 800 1000 1200 1400 1600 1800 2000

time in cycles (Icycle = 1/60sec.)

Pigure 3.12 Output Frequency at LVD7 with SVC model

The output fiequenciesin the two cases match close enough to validate the

idenuficd transtfer function model and the addition of SVC block.

J.o INTER MACHINE OSCILLATIONS NOT OBSERVABLE

IN THE FREQUENCY

1 he system transfer function identified above gives the set of blocks which
detine the relationship between change in susceptance B and the resulting change in
voltage and frequency at the same bus This model has been used to design a controller

o damp the load mode (0.08H2) and the two swing modes (.88 and 1.25 Hz) which
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could be observed in the frequency signal. In addition to the above there s another
swing mode ( 0.55 Hz ) between 1 G and CHU which could not be observed i the
frequency signal. lotfacilitate the design ot a separate loop to damp thismode asecond

system identification block was determined.

The figure 3.123 shows the response of the angle ditterence for changesin

B at LVD7 bus and figure 3.14 show its frequency spectrum.
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Figure 3.13 Angle between machines at FG and CHU
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Frgure 3.1 P analysis on the angle difference between LG and CHU

The BET analysis of the signal corresponding to the angle difference
between 1.G and CHU highlights modes quite different from the modes found by
doing FET on the output fiequency. The major fiequency in this type of oscillations is
(.35 Hz (this was not observed in the FFT analysis of the frequency at the control bus

VD7) and a low trequency component varying from 0.068 o 0.1 Hz.

Atransier function block was identified to model the relationship between
the angular difference and B. The response of this transfer function is compared to that
obtained by simulation, m figure 3.16. The figure shows that the system is well
identified for one of the intermachine oscillations not observable in the fiequency

signal at TVD7 bus.
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Figure 3.15 Machme angle at LG3 (ref CHU) simulated/reduced model
The complete system is now defined in terms of two transfer function for the

same input pulse of B and different outputs as shown in the figure 3.10

\Y
(
Thv
e >
Tt
B

d12
VD7 q - :

Figure 3.16 Block diagram representation of the two transfer tuncuions,
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In the first transfer function block the part Tfvis necessary to complete SVC

voltage control loop. Blocks ‘T and Tid are necessary for the regulator to damp out

the load mode and swing mode osallations.

The design of these controllers is the subject of the next chapter.



Chapter 4

Design of Feedback Controllers

4.1 Introduction

It was mentioned in chapter 2 that two modes of oscillation (interma-
chine and load modes) can exist in a system and whereas it s obvious that load mode
can be contiolled by modulating the foad. it was shown that the swing mode ( between
machines ) can also be controlled by the load modulation. It was also shown i chapie)
2 that of the three location of SVC's on the system the maximom voltage vination
and hence the load vanation. is obtained by controlling the reactive power at the

LVD7 bus.

In the present chapter, the design procedure tor supplementary loops
in the SVC at LVD7 will be desenibed. In the tisst controller. the frequency at the
LVD7 waus taken as the controlled vartable. The desien and performance of a wecond

supplementary loop for damping the swing mode osallation between 1 Goand €T




is also discassed. The affect of introducing the supplementary loop is examined and
its parameeers optimized. The well known root locus technique was used to study the

affect of different parameters on the damping of the different modes.
4.2 Open Loop poles

Table 4.1 gives the open loop poles of the system including the SVC
with its voltage control loop. These poles are plotted in the S plane and shown in the
figurc 4.1. These poles correspond to the transfer fnction which relates susceptance
BB and frequency f. The fact that all the roots are on the left half of the S plane shows
that the system is stable but as also seen from the plot, the roots of frequencies of
interest ( this corresponds to item 2, 6 and 7 in the table 4.1 and figure 4.1 which repre-
sent the low frequency of mterest thatare 0.0683 Hz, (.88 Hz and 1.2 Hz respectively)
are located very close to the Y axis indicating very little damping at these modes. The
abjective of the supplementary loop will be to increase the damping by moving these

roots more to the leftin the S plane.

S. no. pole
L. ~0.243 = j0.000
2, ~0.179 =+ j0.3998
3. —0.800 = j0.000
1. —4.720 = 50.000
s, —3.020 = 3.1113
0. ~0.148 = j3.5664
7. ~(.8242 =+ j7.8358
- 8. ~14.043 = {7.2760
- 0. -19.962 = j0.00
10). ~125.0 = 40.00

Lable 11 Open toop poles
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Figure 4.1 Open foop poles

Design of Feedback Controller with Frequency Signal as Feedback

The figure 4.2 1epresents i block-diagram form the system with gt

feedback circuit. The block G(s) represents the transfer tunction of the system as

viewed at the bus LVD  giving the variations in the frequency for changes i suscep

tance B at the busand the teedback loop THs) represents the SV supplementary loop

Also as shown in the figure 4.2 the output vanable (or input variable to the feedback

block H(s) ) 1s fiequency but it can be any other vanable like the intermachine swing

between two machines which seems to be ennical Cocarimstabihty ) and requires addr

tional damping.



The output from the supplementary block is fed into the summing junc-
tion of the SV Thus the tinal susceptance B produced by the SVC will have a compo-

nent thatas dependant on frequency or the other variable.

G(s)
Vier Total network f
+

SVC voltage
loop

Supplementary signal

HI(s)

SvVC
supplementary
controller

Froure 4.2 System with supplementary feedback loop
£ y Pl

The transfer funcuon of the closed loop system shown in figure 4.2 4y

_ (rs) (4.1

The denommator of the equation (4. 1), thatis, 1 + G(S)H(s). represents the character-
1stic equation of the system. In the root locus techmque the roots of the charactenistic
cquation also named as cigenvatues of the system. are plotted (in the S plane) with
the vanation of gain kin the feedback cireuit. The necessary condition for the stability
of the ssstemos that all the rood of the charactenstic equaton or the eigenvalues ol

the closed Toop system must be located in the left half of the S plane.



Initially. to evaluate the effect of adding a frequency dependant signal
as feedback. the loop was closed with the feedback loop H(s) simply representing a
block of pure gain (k). The root locus plots for the system are shown in the figure 4.3

for variation of gain.
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rtoot epresentiniy,

mstability
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Figure 4.3 Root locus with frequency( with gain k) as feedback signal

Two points were observed from this plot : firstly that even with small
variations of gain k the roots corresponding to the slow frequency component (
0.0683 Hz) were crossing over to the right side indicating instability for this mode with
the closure of the loop. Secondly. for the roots corresponding to the other major fre-
quency components of interest ( 0.88 Hz and 1.2 Hz ) there 1s only a4 smaldl movement
to the left. This implied that the teedback loop gam must have a block that s func-

tion of frequency. having low gain atlow frequencaes and high gain at bhigh frequenaes,

N
n



One way of domg this s to add a block 1 che feedback cireunt, usually reterred to as

U Indes study T was chosen as 2,73 seconds.

of

a washout block having the form

‘The gain of this block as a function of frequency is shown in figure 4.4.
It behaves basically as o high pass hlter introducing a fractional gain (negative in dbs)

at low frequencies and approachimg 1( 0 db ) as frequerev inceases.
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Frguie -1 Bode plot tor washout block (High Pass Tilter)

With thas block 1twas tound that it was possible to move the higher fre-
quenctes toots shehtly to the letom the S plane without the 0.0683 component going
unstable However the immprovement was himited and as the gain was increased the
lower frequeney became unstable Towas then deaded to mroduce an additional sec-
ond order trllter tor turther reducimg the gam on thee partcular trequeney. The transtaor

I

tunction of thas fitier s ot the toom © . This filter inttoduces a turther 1e-



ductnon in gam about =30 db tor 0.0683 Hz while for trequencies 0.5 Hz and aboye
the gainis 0 db, that1s the original signal goes through without any moditicanon. 1 he

bode plot for this filter is shown in the higure 4.5,
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Figure 4.5 Bode plotfor second order filter (Theh Pass Bilter)

To the blocks desenbed above lead/lag compensator and the hinter
blocks were added. The lead/lag biocks are necessary to correct the phase and pam
of the difterent frequencies i the feedback signal ‘The Tmnter block s added so that
the output of SVO (with its voltage control loop ) is not atfected by a large magpmtude
under transient condimons but s sull able to damp out the osallations Fhe bt
of the miter block swere tined at 01 (masamunn to - O 3 Goiooemuanng Fhe faal <o

ture of the supplementary block s shovwn i the tipure 16

i
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Frgure 1O SVC supplementary foop

Lhese set of blocks as shown in the figure 4.6 form the function H(s).
detined m the frgure 4.20 The bloch G(s) (refer figure 4.2) s the transfer function of
the network with s voltage control loop. Based on the vatious plots of root locus
thevalues were timalized tor the vanous tme constants thatis from 1> to T for lead

Lag cireunts and also the value of gam k.
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Figure 4.7 Root locus with supplementary loop

The tinal plot of the 1oot Tocus plot with the supplementny Toopas as
shown in the tigure 4.7, The lines onginating from the ongain correspond to the con
stant damping ratio ‘Therr are ten lines i cach half of s plane representmg the varia
tion of damping from 0 1 to LO i steps of 0.1 1t can be observed fromthis roat locus
plot (figure 4.7). that tor the roots correspondmg to 0.8 Hzand 1.2 Hz the dampiy
increased from 0.027 to 0.2 and from .1 to 2 respectively. The new posibon of oot
of interest is highhghted by arrow marks in figure 4 7.7 The damping for the pan of
1oots correspondimg to the second order filter was reduced toavalue Jessthat 01 Hire,

is acceptable as the system s not resonant at that partcalar freguency



4.4

Simulation Results using Matrix Model

Simulation was carried out in the software package Matrixx described

carlier, with the same value of disturbance as used for system identification, to deter-

mine the influence of the addition of the supplementary loop. The results of the same

are as shown in the figure 4.8 below.
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Lrgure 1.8 Output frequency at IN'D7 without and with supplementary loop using

NMat iy model
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These results clearly indicate that the supplementaiy loop has helped

increase the damping of 0.068. 0.88 and 1.2 Hz oscillation.

The design parameters have also been tested by ime domam simulation
using the transient stability program ST600 program and the results are presented in

the next chapter.

4.5 Design of Controller for LG - CHU Swing Mode oscillation

The choice of the input variable for controlling this patticular swing
mode proved to be a difticult process as this mode 1s not observable inany of the van-
ables present at the control bus. For the putpose of the present study the angulan dit-
ference between LG and CHU machine was chosen as the control varrable. Some
practical difficulties in getting this signal are foreseen due to remote communication
but for the purpose of establishing the feasibility of the contiol techmique, these are

ignored for the moment.

As discussed in chapter 3, a ttanster function was built for estabhishing
the relationship between B and the angular separation between T Gand CHU. Using

this a supplementary controller was designed to damp this mode.

It was noticed that i addition to the swing mode osallation of 0.55 Hy
present in this signal there was a noticeable component of the 0.068 117 oscillation
as also seen in the frequency signal at the SVC bus. As i the case of the frequency

control loop this component had to be completely filtered out

Initially, a similar structure for the supplementary controller was pro-
posed for the control of the 1.G - CHU intermachine oscllation as dessgned for the
modes observable in the fiequency. However dunimg optimisation of the vanons pa
rameters used 1 the supplementary blodk it was found nocessanry to change same of

the blocks. e.g. lead/lag function was replaced by only a lead function. 2nd order hlier
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as used 1 the carher controller was replaced by a block of single order high passfilter.

‘The fmal structure of the supplementary controller is shown in the figure 4.9.

Wash out Gain
ST2 k
1+ STZ
| ead 0.1
Compensator - A%
> ref .
limiter / SVC summing
block
l 4 \7; VS +
l t .\Il
- j v, "

~-0.1

Ligure 4.9 SV supplementary block for angle (LG-CHU) control.

Furthermore, the controllability of this swing mode ( LG-CHU) with
SV Ccontrolislimited and high gain had to be used which made the presence of 0.0683

Hz componentin the feedback even more oscillatory if proper filtering was not done.
4.0 Simulation Results with LG - CHU Angle Difference as Feedback

Frgure 4010 shows the response of the system to a pulse of B at the con-
trol bus i terms of the angular separation between 1.G and CHU machines. The con-

tnuous hneaswithout the supplementary loop and the dotted line is with it. No appie-

0o



ciable damping is noticeabie. This was achieved with an SVC rating of 219 Myar, the

same that was used to damp the modes observable in the frequency.
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Figures 4.10b show the response under same conditions except for SVC
rating which is increased to 638 Mvar. Itisseen th t the damping of the swing mode

( 1.G-CHU) can be increased with a higher rating of SVC.

The values of the various parameters were found, using the simulation
results on the reduced order model. The parameters of the feedback loop were pro-
grammed and interfaced to stability program ST600 and the results are presented in

the next chapter.
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CHAPTER 5§

SIMULATION RESULTS

5.1 RESULTS

The effectiveness of the two separate supplementary controllers way
demonstrated in the previous chapter using the reduced order model built i the Ma-
trinx envitonment. 'The above design procedure was then venhied onthe full network
using Hydro—Quebec’s transient stability program (S1600). A special subroutine rep-
resenting SVC with its control loop was written and inter taced to stabihity prograim
(ST600). The Histing of this program is given in the appendiy B The controllers were
tested individually under same conditions of disturbance and the results are presented

in the following two sections.
5.2) Local and Swing modes observable in the frequency

The amount of disturbance for this test case was the same as betore
that is a pulse of B corresponding to 100 p.u.. the plots for frequency at IVD7 are
shown m the tigure 5.1. Both these curves are with SV 1 senvice: however the first

curve represented by contmuous hmes represent the SVC plas controllon e ervice
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Figure 5.1 Qutput frequency using stability program at LVD7 ( with SVC and

with and without supplementary control.

For the conditions described above the following plots compare the
machime angles for difterent machines at the location Le Grande identified as LG
and MIC3 (refer to chapter 2, figure 2.0 ) for two cases, one with just SVC in service

and second with SV plus 1ts supplementary controller,
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SVC plus frequency input supplementary control and with SVC alone)

The results presented above show that addition of frequency input
supplementary controller is able to increase the damping of oscillations observable
in the frequency signal between the machines in the load area and set of machunes lo-
cated in the major generating station located at a distance of 1000 kms. However the
important point to be highlighted is that this controller has a little negative effect on
the machine oscillations between the LG and CHU. These results are presented in
the fig S where it can be seen that the angular difference between these two set of
machimes(represented by broken lines) has increased. The damping of this mode re-
(quires the second controller designed specifically for this mode as described in the

chapters 3 and 4. The results for the same are presented m the following section.
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2) LG-CHU Swing Mode oscillation

The signal used for this study was angular difference between G and
CHU itself. As discussed in chapter 4, it was observed during the design procedure
that the rating of the SVC at the bus VD7 had to be of sutficiently high valuc 1o en
able it to exert certain sigmficant influence on the first few peaks. The ratng of SV
used for all the tests described above was 319 Mvars, However tor this mode an addi-

tional unit of SVC was added resulting in total of 638 Mvais.
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Figure 5.5 Machine angle between 1.G and CHU for SVC rated 638 Mvar with

and without the 1.G-CHU swing controller

The test cases were tun imitially with this increased rating of SVC and
then with SVC plus the angle input supplementary controller. The resuits are asshown
in the figure 5.5 for SVC rated 638 Mvars and for comparison purposes figure 5.0, 5.7

show results for 319 and 1270 1ating.
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The addition of this control had very little opposite efiect on the modes
obscrvabi« in the frequency at the bus LVD7. The plot of output frequency at the bus

for these two cases is shown in the figure 5.8
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Figuie 5.8 Output Frequency at VD7 bus for 638 Mvar SVC.

The two set of controllers discussed are able to damp out the different
modes of oscillattions which may or may not be present in the locally available vari-
ables, The choice of mode to be damped will depend on the system conditions and

requirements. It was also obseved that one type of controller designed and optimsed



for a particular input may have no or a little negative effeet on the other modes. In
case the requirement demands that several modes be damped ttom one SVC, it may

require the controllers to work in parallel.



CHAPTER 6

SUMMARY, CONCLUSIONS AND FUTURE WORK

6.1 Summary

Fhe approach presented m this thesis provides a method for designing
asupplementary control to a SVC for damping of electto—-mechanical oscillations us-

mg load modulation

As descrtbed in the chapter 2 following any disturbance, there are n—1
inter machime osallations set up. where nois the number of the machines in the system.
Fhere also enists an n'th mode whieh represents the swing of all the machines in the

system agatast the load.

Fhese two modes as mentioned above are quite distinet and ditterent
m trequenay Fhe Joad or wstem mode osallanon is upto 0.1 Hz while the interma-

hine osallatrons vary torm O 1 o 2 0HL,.



An analysis was performed on a simple svstem comprising of 2 machmes
feeding into the load to determine the intluence of the load modulatnon on interma-
chine swings.The location of controller was limited to the places where SVO's are al-
ready present in the system. However a sensitivity analysis was carned out (o deter-
mine which one of the enisting SVC's can be most effective for load modulation.

Based on the results of this analysis, the SVC at bus IVD7 was chosen.

To be able to effectively damp out these modes, the question ot contiol-
lability and observability comes up. Few of the modes which are observable in the fie-
quency could be easily damped by using this signal as teedback and this was demon-
strated. The modes which were not observable in the tocal signals avalable on the bus
could also be damped if required feedback signal at the controller could be con-
structed with the help of commumcation. This was demonstrated by damping swings
between machines at 1 G = CHU. This will result i supplementary loops i parallel

with their output summed up before bemg fed mto the sumnung juncoion of the SV,

To determine the parameters of the controtfers mentioned above a re-
duced order model representing the full system was identitied. In the wentification
process for the reduced order model, the response of the systenm to a hioted: distur -
bance was considered as itresulted inlincar relationship between susceptance Band
deviations in frequency and voltage. A block of transfer functions was bl which
gave the similar response in terms of voltage and frequency when subjectad to a pulse
of B. An other block was also built to represent the change m B to changesimmacinme

angle between 1.4 and CHU.

These blocks were built in the Mats, envitonment and the utihzed o

determine the various paramceters hke tnne constants and the gainto be v donthire,



feedback circuits. ‘These parameters were found using root-locus method and by

simulation ( using Matrix, software package ).

‘The values once finalized were verified using Hydro-Quebec's transient
stability program on a network similar to Hydro-Quebec with 20 generators, ( total
generating capacity of 29,000 MW), 2 synchronous condensers, 3 SVC'’s , thirty 735
kV, twenty 315 kV buses and eight representing voltage level from 230 to 120 kV.
A special subroutine was written representing SVC plus the controller and interfaced

to stability program.

The results presented here clearly demonstrate the usefulness of these

controllers for damping low frequency oscillations.

'J(,



6.2 Conclusions and Future Work

The results show the usctulness of these controllers for increasing the
damping of intermachine and system oscillations present ina powet system. s in-
crease in damping is a result of controlled load modulation which can be effectively
carried out by proper placement of a SVC plus supplementary controller. It was also
demonstrated that damping can be increased for the intermachine modes which may
not be locally available on the SVC bus. However there are many arcas highhighted

below which need to be examined and further rescarch cartied out.

Further analysis might reveal that the swing osallations not observed
in the frequency are known and exist in some other signal avinlable on the bus | then
thisinformation cetld be extracted from the other signal for example ke branch pow

er enteting the control bus thus eliminating the need for remote commumcation

The contiollers designed above are of fined type and are usetul tor op-
erating conditions which resultin similar mode of osallations and then usefulness may
be limited if the operating conditions change resulting in different modes This arca
can be avoided by making these controllers adaptive. so that the controllers can
change the values of feedback tme constants and gamn parameters depending on the

system operating conditions
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APPENDIX A

System transfer function

The transfer functions defined below represents the functions used for

designmg the controller for damping of low fiequency oscillations observed in the fre-

quency signal at bus 1NVD7.
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APPENDIN B

|
Subroutine Interfaced to Stability Program
SHCol

Static compensator model with supplementary signal

The following appendin describes the program wntien and antertaced 1o
the in house stability program (STo00) at IRF Q. The block diagrams corresponding to

this program are given in figure 3.10 (chapter 3) and bgure .o (chaprer ).

P.TM.0.005
PK.2.85
PVIL.MAX.(.10)
PVLLMIN-0.10
PKP.33.33
PTC.0.12
PDMAX.1.0
P.DMIN,-1.0
PT1.3.50
P.T2.0.01
PT3.0.100
P.T4.0.50

~0



PT5.0.09
P.16.0.0005
P'17.,0.0005
PEX.0.0005
P19,0.0605
PT10.,0.0005
PTHEL0.0005
PAMAX 1.0
PAMIN-1.0
P.PC16.253185
PJ1.0.20
PJ2..6306

PJ4 1.0

PKb..0001
I ecture des parameties du modele dans e fichier de donnees stabilite

PSLIDPULTMNUNCTIT203 TS K VEMINVEMAN

PSLTC.DMANDMINAXNOMCINOMITOT7 I8 TO.KPAMAX AMIN

Desenption des donnes .

i © numero du banre

P . static compensator base power { MVA)
IM Doomeasurement tne constant

-1 o fead lag phasmg cucurt time constant
VAN © nnimum value tor the other signal
VEMAN manimum value tor the other signal

1( control ame constant

RAVE RN crror value and mppimg aceeleration



PMAN o error value and tnipping aceeleranon

KP o slope adjustment

AMIN : dvnamic value of the compensator susceptanee
AMAX :dynamic value of the compensator susceptanee
TDEL : o true delay due to thynistor response

XNOMC : bus number of the controlled bus (volt)
JNOM : bus number of the controlled bus (freq)

Identification du circuit

PIDE #1D(1D)

Conditons initiales
PFRO.OMEGAO(NUNM)
PVRELV TO(NNOM(O)

calculation de autre signal
=,VRFIL.VRI |

FREQ.FRJNOM

1l

JFRILFRO

+ DFR.IFRIRTLT.O-1.01.0

+ ,DFR.DI'RSOO-1.0.0.0

DB.DI'Rs.DI Ra..(0009

DER.DI Ra.s

DEF RO



DER y,sy
DER sy,s2y
+ .52y 8y, Y8 2x I 10204 -11.0.0
DERy.DIRETI
FILEDEPFREDIER]LLOMT
+,3FR1.DIFR2.K,-1.0,0.0
=, VMIN,VI.MIN
=, VMAX,VI.MAX
TR.DER2.DER41L.OT2LOT3
TR.DFRIEDERZLOT2 10T
+.DEFR2.DIR4.K,-1.0.0.0
LINM.DEFRADERS VMINVMAX
4+ DIRS.DERS 1.O-Kb
svstem caleulations
TENSNTXNOMC
FINEVINVTLLOTM
+ V' TLVI2ZDERSVRELLOT 0,1.0.-1.0.0.0
TR T2VEZLOT01.0T7
TRNTANTH OIS0

= AMLAMIN



= AMAAMAX
TRL VT4 VIS AMLAMAKP0,1.0.TC
+.VERVT.-1.0.1.0.1.0
EPS. VTS5 VC,VER DMIN.DMAX. AMIN. AMAX
TRL,VC.CB.AMLAMA 1.0.0.0.1.0,TDEL
**.VI,VB.2
=.VB.1.0

*,VB.CB.POWER.PUI
+ POWER.QR.1.0.1.0.0.0

stability interface

QLB,ORXNOMC

report monitoring

RAPPVTI.CB,POWER VRE L DER2IR.DIFRDIREDERSDERLvERT]

Y



APPENDIX C

SVC modeling parameters

The parameters given below were used for modeling the static var com-

pensator in the stability program (refer drawing 3.10).

I'm = 0.017 seconds

Kp = 3333 (slope of 3% )

Te = .12 seconds
T = 0.005 seconds
T2 = 0.005 seconds
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