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Abstract—Recent investigations have focused on the use ofschemes are shown in Figs. 1. Recent investigations have
active phase imbalance schemes using series connected FACT focused on the use of thesetive phase imbalance schemes

devices for subsynchronous resonance (SSR) and power swing e ; ;
damping. This paper compares the effectiveness of TCSC and not only for SSR mitigation but also for power swing damping

SSSC based single phase compensation schemes with the corre[7]_[9]' Itis underStoo_d that if the critical torsional mesi or .
sponding three phase schemes. Controllability of swing mas the low frequency swing modes are controllable by varying
as well as torsional modes is compared by using a simplified, balanced or unbalanced injected reactance or voltage,ithen
dynamic phasor based expres_5|0n of the linearized electat should be possib|e to improve their dampmg by appropriate
torque of a synchronous machine connected to a compensatedcontror However, the actual effectiveness depends on the

transmission line. The analysis and simulation studies shwothat itude of dal trollabilit hich det . th
a single phase scheme is unlikely to be an attractive altertige magnitudge of modal controliabiiity - which determines the

to a three phase scheme from a cost and sizing perspective. ~amount of control effort required to get a certain damping

o ] _performance. The control effort is correlated to the dyrcai
Index Terms—SSR Mitigation, Phase imbalance, Dynamic

phasors, TCSC, SSSC

|. INTRODUCTION Series Infinite
. o N Compensation
Compensauon of transmission line reactance using fixe@en X P Bus

T - - =
. . . . R 7 | |
capacitors is an economical and effective technique @_\_%E J l #_\AM,\_,W\_E
enhance the power transfer capability of transmissionsline R, X, oo R X

sYs sys

[1]. However, such systems are prone to adverse interactio@ AT X * Y \@
with the turbine-generator shafts due to the Sub-Synchusno
Resonance (SSR) phenomenon [2]. The use of controlled se- a [ Xe T Xose
ries compensation - Thyristor Controlled Series Compemsat I X +x
(TCSC) or Static Synchronous Series Compensator (SSSC) b | pre——=ese
[1], [3] in conjunction with fixed capacitor compensatios, i X c csc 1L X Y
one of the possible solutions to the problem. The effectigen — H
of this solution depends on the relative sizing of fixed cépac (a) Single phase imbalance scheme
and the TCSC/SSSC based variable compensation, and the
control strategy used for the control of the TCSC/SSSC.

It has been conjectured that introducing phase imbalance 4 resc HXC
in a series compensation scheme can be an effective counter- b rcscl |1 Xe
measure for SSR [4], [5]. Although the overall steady state X H x Y
compensation is equal in all phases, it is achieved viardiffe € L CSC J | =
combinations of reactors and capacitors in the three phases (b) Three phase scheme
(passive phase imbalance scheme). A recent study of a passive P
imbalance scheme [6] indicates that it can not be a gene@EC : Controlled series compensation
SSR countermeasure. vse

An alternative is to use different relative sizes of fixed XL ood
capacitors and TCSC/SSSC based controlled compensation OR = i
in the three phases, while keeping the overall steady state XTCJF /KIZC_,];
compensation same in all the phases. The schematic of suctr ‘

Xrese — Voltage
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range of the controllable device and its cost. The derivative of the dynamic phasor is given by [10]:
This paper presents the application of dynamic phasor d(z)y, dx _
(%) - torloh ©
k

analysis and digital simulation to evaluate controllabhage a \da
Note that if z(¢) is periodic with a periodI’, then the

imbalance schemes and compare them with balanced schemes.
Modal controllability is compared by evaluating the sinfiphi i .
gynamic phasofz),(t) is a constant.
The basic equations inabc” variables are transformed to

expression of linearized electrical torque of a synchreno
I;‘I)gsitive, negative and zeros sequence variables usiray/iolg

machine. Not unexpectedly, it is seen that the controitgbil
for a single phase scheme is exactly one-third of that in t

three phase case. This is true when network transients Hﬁpsformaﬂon. ,

considered (SSR study) as well as when they are neglected o 1 1 f12 a fa

(power swing study). Jonz= | fu| = 7 1 a2 al |fe
To validate this analysis using simulation, we first conside = 1 1 fe

the SSR performance of constant firing angle control for TCSghere, a = €/27/3 = 1.,/120°.
and constant reactive voltage injection for a SSSC. Her® SS The equations in terms of sequence variables are then
avoidance is by the detuning or passive damping ability @bnverted to dynamic phasor form using (2) and (3).

these devices. The simulation studies confirm that the higria

compensation size requirement to stabilize both torsiandl HI. SIMPLIFIED ANALYSIS

swing modes is much larger in the single phase case. Sirge it iBefore proceeding for a digital simulation using detailed
better to design specific damping controllers in order ttizeti models, we carry out a simplified analysis using a simple
the devices better, a comparison with the use of dampifipltage behind reactance) generator model.

controllers is also carried out. It is seen that good dampingTorsional and electro-mechanical modal damping can be
is achieved with reasonable gains and dynamic range for @éaluated by considering the linearized second orderreliffe
three phase balanced case, while it is difficult to achieee tRntial equation for modal rotor angle deviation [2]:

same for single phase schemes. The analysis and simulation 2H,, d*(Ad,)0
study show that a single phase scheme is unlikely to be an “wp | diz ==

attractive alternative to a three phase scheme from a cadst Wherer, . is the modal inertiaws is the base speed,, is the
sizing perspective. m B

h ) ed oll introducti modal rotor angle as defined in [2], addr’. is the linearized
The _paper 1s organized as Toflows. A_n Intro UCt_'on_t%IectricaI torque. Mechanical torque input is assumed to be
dynamic phasor models is given in section Il. Derivatio ) ,stant
of controllability factors for a Single Machine Infinite Bus If the .mode shapes (eigenvectors) for these modes are
(SMIB) system with simplified models is shown in the nextsgmed to be unchanged due to the compensation, and
section. Dlgltal S|_mulat|on results with detailed modele @ damping is low, then the damping and synchronizing effects
presented in section IV. can be evaluated by obtaining the transfer function between
the linearized electrical torque and the generator rotglean
1. DYNAMIC PHASOR MODELING / speed deviations [2] at the modal frequencies (damping and
) ] . _ synchronizing torque coefficients). In addition, the tfans
~ The aim of the analysis presented in the next two sectiofifyction between the linearized electrical torque and the
is to obtain analytical expressions for electrical torqsé\g  controlled variable (for FACTS devices) will give us the nabd
a simplified model of a synchronous machine and a COpntrollability with the use of these devices.
pensated transmission line. Since unbalanced compensatioTherefore our aim is to obtaitinearized expressions of
is considered in the analysis it is convenient to use dynamifectrical torque under the following circumstances:
phasor modeling because it yields a time-invariant model ofy Network Transients neglected (for study of low frequency
the system. We first present the essentials of dynamic phasor power swings) and reactance modulation.
modeling which is followed by the simplified analysis. 2) Network Transients considered (for SSR studies) and
Any periodic waveform (possibly complex) can be repre- ~ 4y \ith series voltage modulation - to understand the
sented in terms of the complex Fourier coefficients as given effect of a SSSC
in the following: b) With modulation of current through a capacitor - to
o0 understand the effect of a TCSC
x(r) = Z (2)p(t)ed™=™ e (t —T,1 1) The analysis is facilitated by the time invariant nature of
k=—o00 the balanced/unbalanced network equations when they are
) formulated using dynamic phasors. The derivation follokes t
wherew, = 2%

4 T - _ ) ) approach given in [6]. An outline of it is presented below.
Dynamic phasors are the state variables in the dynamic phasore jinearized torque and “internal” voltage of the gerarat
based models(z), represents thé'" dynamic phasor of the are given by [2]:

instantaneous signai(¢) and can be computed as follows:

(ATe)o (4)

AT, = E'Aig
1

t ) /
(@) = 7 / z(r)e /M Tdr (2 Aeg + jAep = A(—-E'£6) = E nwt FE'AS
t—=T wp wpB



(ep,eq,ip,ig) are the generator internal voltage and currettiere is coupling between the n andz variables for a given
components in the synchronously rotatirg-@)Q frame of k.
referencewE’ /wp is the magnitude of the voltage behind Note that it is adequate to consider onty = 0 for
the generator reactance. the mechanical variables ankl = +1 for the electrical

It is assumed here, for simplicity, that the generator is opariables, since these dynamic phasors are decoupled from
erating at no load, i.e., the quiescent currents of the gemer those corresponding to other valueskoidue to the use of the
(ipo, igo) and the quiescent value éfare zero. The quiescentsimplified generator model.
frequency is equal tavs; which is also equal to the base

frequencywp. Therefore: A. Series Reactance Modulation: Network transients ne-
1 glected
/ ; . —
(ATe)o = E'(Aig)o; (Ad)o = g<Aw>0 For the study of low frequency power swings, we can ne-
E' glect the network transients i.€ (i,,,.), = 0 and-% (ve pp-),
(Aep)o = E'(Ad)o; (Aeq)o = E@W)O = 0. The network is in quasi-sinusoidal steady state and the

hi fd h ¢ variable compensation (either by a TCSC or by SSSC) can be
We can rewrite this in terms of dynamic phasors of sequen resented by equivalent reactance modulation. In sueke c

compczjnents _by uhsmg the re""‘t'ngSh'pS betweenliheq and the linearized electrical torque expressions are giveavhel
p —n dynamic phasors - see [6] 1) Single Phase Imbalance Case

1 1 The capacitive reactance of only one phase is variable
_ L d - 5 . ’
(ep)1r \/§<6D>0 and (ep)1r \/§<€Q>0 (5) e X, = Xo =X, andX,, = X, + Az.
. 1. . 1. / _
(inhin = —5tip)o and (ip)r = ~—5ligh  (6) (AT.) = % {2((?8§p(132)EE /cs?rslio)} Az
“\Mp T Pp 0
where the subscript® and/ denote real and imaginary com- 2 (Aw)o /2
ponents. The currents and voltages are related by the egsati G wp BpE"(Ad)o ©)
of a network. For a series compensated RLC network, the where,
equations are given by [6]: G R, _ (X - Xe)
P p2 27 TP T p2 2
d R2+ (X, — X.) R2+ (X, — X.)
_<ipnz>1 - _WBBLRm<ipnz>1 - WBBL <Uc pnz>1 g " ! "
dt 0, andw are the angle and speed of the generator rotor
+WBBL <Epnz>1 - ij <ipnz>1 (7) mass.
(where, Epy. = €pns — €B pnz) 2) Balanced Case
d . . In this case equal variations are applied to capacitive re-
E@c pnz)y = wWBXc(ipnz)1 — JwB (Ve pna)1 (8) actances in all phases. iE., = X = Xoe = X+ Ax

) . . which gives,
where: and v, represent line current and capacitor voltage

respectively.e and ep are the instantaneous values of the (AT.)o = E' {ZGpo(l - £ cos 50)}

generator voltage behind reactance and infinite bus voltage ¢ —(Gy — By)E'sin gy

respectivelywp is the rated (base speed) in rad/s. Subscript (Aw)o

‘1" is used to represent the dynamic phasors corresponding to w

fundamental frequencyk(= 1).
Moreover,

+G,E” — B,E"*(A8)y  (10)

It is observed from (9) and (10) that the controllability of
single phase imbalance scheme is one third of balanced three
phase scheme.

XC(I
0
0

o O

0
Xeb P

0 X B. Analysis with TCSC: Network transients considered

For SSR analysis one has to consider network and stator flux

transients. In order to simplify the analysis, the TCR bhanc
of a TCSC is modelled as a controlled current source. The
single line diagram for the system with a TCSC is shown in
1 “ Fig. 2. The dynamic phasor model for the system shown is

L X, given below.
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where, X, and X, are the positive sequence and zero sequencel .
reactances of the line, which include the generator subdt< ipnz)y = ~WBBLRm(ipnz)1 +wpBL{Epnz)1
transient reactancé, and R, are positive sequence and zero —wBBL{Ve pnz + Vel pnz)1 — JWB{ipnz)1 (11)
sequence resistanceXca, X and X, are the capacitive d . )
reactances of different phases of the RLC series network. E@C pnz)1 = WBXC(ipnz)1 = JwB (Ve pnz)i (12)
If network equations inabc variables are linear time- d
invariant as above, then there is no coupling between dymamjj;
phasors corresponding to variokisHowever, with imbalance —jwB{(Ve1 pnz)1 (13)

<Ucl pnz>1: WBXCI<Z'pnz - Z’TC pnz)l



If the transfer function of the electrical torque is evaluline. Single line diagram for the series compensated system
with SSSC is shown in Fig. 3. The dynamic phasor model for

Ve Vel this system is:
et Ep/0
e=E'/6 B d
X X . )
i "”l’\ E<2pnz>1 = _wBBLRm<anz>1 +WBBL<Epnz>1
! |
ﬁ R X, M R J v Rsys A)(M/b ﬁ p _wBBL <Uc pnz + vsc pnz)l - ij <ipnz>l (15)
- l - _<Uc pnz>1: wBXC<ipnz>1 _ij<Uc pnz>l (16)
X, dt
:H Aire Applying same procedure as in the previous case,
X Xcl } } Y 'U(z vso
L@J Aircy e=FE/§ EpZ0
o] @—\—ww—mm»\—{
1

Fig. 2. Series compensated SMIB system with TCSC

ated for a torsional mode frequency which is nearest to the
subsynchronous network frequency (imaginary part\ods
given below), then the transfer function is dominated by the
following term :

E? E"wp (R, +]X’)<
AX, X (52 — )
JE”(Ry +j X)) _
— " (Aw) (N2
V2E'wpXa(R2+ X)?)
8Xp X (Xe + Xe1) (G2 = A)

(ATe)o () ~ — Ab)o (7€)

(Aircp)i(5€)
(14)

where, X’:\/4X (Xe+ Xe1) — R2
/\_—{ Ry +j(2X, — X.)}

1) Single Phase Imbalance Case
In this case we consider perturbation in TCR branch
current of only one phase ( i.&irc, = Alsin(wpt +

@), Aircy = Airee = 0), which results into
Al
Ai Q) = ——e’?
< ZTCP>1(.] ) 2\/3]6

2) Balanced Case

Here we consider balanced three phase perturbation in

TCR branch currents (i.eAirc, = Alsin(wpt +
(b), AiTCb = Al sin(wBt — 271'/3 + ¢) and Aich =
Alsin(wpt + 27/3 + ¢) ). This scheme has,

. . V3BAIL
(Aircp)1(jQ) = 5 el?

By substituting these results in (14) we can conclude that
controllability of single phase imbalance scheme is, agaie
third of that for the balanced scheme.

C. Analysis with SSSC (Network transients considered)

<AT6>0(jQ

" gb_
Avsca
X +N— Y
Avscy
+ N—
Avsce

Fig. 3. Series compensated SMIB system with SSSC

E"*wp(R, + jXU)
4XpXZ’,’(jQ - A1)
. 2 .
JE(Rp +j X)) .

- - Aw Q

V2E'wp (R, + j X))

4X,,X;)’(jQ — /\1)

where, X = ,/4X,X.— R2

wpB .
AM=—1—-R 2X
1 2Xp{ p+]( p

)~ = (Ad)o(5€2)

(Avsep)i (392) (A7)

- X))}

1) Single Phase Imbalance Case

In this case we consider perturbation in SSSC injected

voltage of only one phase (i.Avsc, = AV sin(wpt +

®), Avger = Avgee = 0), which results into
AV
Av 7Q el?
(Avscp)1 () = WeTh

2) Balanced Case

Here we consider balanced three phase perturbation
in SSSC injected phase voltages (i.&vsc, =

AV sin(wpt + ¢), Avscy, = AV sin(wpt — 27/3 + ¢)

and Avsc. = AV sin(wpt + 27/3 + ¢) ). This scheme

gives,
\/§AV el?

(Avscp)1(32) = o

Static synchronous series compensator (SSSC) is moddBydsubstituting these results in (17) we get the same conclu-
as a controlled voltage source in series with the transonissision as in the previous cases.



Turbine
IV. SIMULATION RESULTS WITH DETAILED MODELS === ====--oom %o oo
0.02 Rpp=0.50

. |
In order to verify the results derived in previous section, .E ea 9@ em en em 0.50 XLO—Lo()

digital simulation was carried out with detailed generator =~ | ‘“------------------—- Koys =00
model using MATLAB/SIMULINK [11]. The test system , _ 5

g = 0.2 * XFC\***
is adapted from IEEE First Benchmark Model (FBM) [12]. | _,, 4_%%_\%%% ; Ty

The single line diagram of the system is shown Fig. 4, _ ¢
network parameters are also shown therein. The FBM has ML AL xcon :;SQ“E
several closely spaced torsional modes and hence it is a szaMvA vse
good system to critically evaluate the SSR performance of Xrs — e -
a scheme. Mechanical (viscous) damping is considered forx,, — x;csc = %€ IO
the test system and the coefficients for damping are taken as o Xre OR Wﬁ” -
Dup = Dip = Drpa = Drpp = 0.2 pu torque/pu speed, le— Xrese —» Yo
Dg = Dgxc = 0 [2]. The maximum value of balanced fixed Converter
capacitor compensation which can be used is approximately All data are in pu on generator MVA base QM
Xre = 0.15 pu, since any value higher than this causes the Voo
network mode to come close to a torsional mode and cau$fs 4. |EEE First Benchmark Model (FBM)
it to be unstable. This is evident from the eigenvalue armgalys
for two values of X p¢ presented in Table-I. Torsional mode
5 is unaffected by the electrical network [2]. 1) Different firing angles keepingr¢ fixed, or
TABLE | 2) Different X1 keeping the firing angle fixed.
EIGEN VALUES OF THE SYSTEM: NO VARIABLE COMPENSATION It is expected that a TCSC will avoid SSR due to detuning
oo = 0I5 pu | Koo =019 U e effects; however this is a function of the TCSC sizing rekati

-0.6745j9.099 | -0.7195;9.377 | Swing mode to Xrc and the firing angle of the TCSC [13] and is not
-3.799£5219.65 | -4.66GE;200.76 | Sub synch. network mode generally true. For example, consider the situatioX o =

-4.624+5533.82 | -4.647;553.51 | Super synch. network modg _ s wn [ Xre
0.145£;99.237 | -0.1445;99.29 | Torsional mode 1 0.15 pu, X7c = 0.04 pu, the ratiogs = \/~7¢ = 2.8, where
-0.024£;127.03 | -0.024E;127.04 | Torsional mode 2 wy, is the natural resonance frequency of TCSC apds the
-0.304+5160.67 | -0.29A45160.72 | Torsional mode 3 nominal system frequency in rad/s.

0.017£j203.29 | 1.021:j202.4 (T{),(,i'lor_‘%r?:iggf,\jode) Note that the test disturbance is a step change in mechanical
~0.3645;298.18 | -0.3645;298.18 | Torsional mode 5 power of all the turbines which is applied at= 0.5s. This

excites all torsional modes and the electromechanical gswin
It is clear for the maximum feasible level of fixed serieghode. Modal speed deviations are plotted to observe theteffe
compensation, that torsional mode 4, denoted henceforthOdsdisturbance on individual modes separately. Note that in
‘TM4’, is the critical mode. If a larger value of overallthe simulation responses, the modal speed deviaian,,
compensation is desired, then it cannot be entirely in the fo corresponding to the mode™is approximately obtained as
of fixed capacitor compensation but will require controlleépllows:
compensation in the form of a TCSC or SSSC. T
The case studies reported in this section focus on the SSR Awmi = q; [Awnrp
damping performance of the FACTS based schemes. Th
studies fall under the following categories:

1) Balanced and unbalanced schemes with fixed capaci
combined with a TCSC or a SSSC. The control schem
for a TCSC or a SSSC are rudimentary: fixed firing ang
for a TCSC, and fixed reactive voltage injection for a
SSSC. The aim of this study is to evaluate SSR mitigati

AWEmc]T

ﬁere g is a vector containing the left eigenvector com-
onents corresponding to individual angular speed devia-
1¥hs of the rotor masses of the turbine- generator system
WHP - AWEze)-

If firing angle isa = 170% then TM4 is unstable [14],
which is observed in the modal speed deviations shown in
due to detuning and passive damping effects. qu 5, for the balanced case. However if the firing anglis

2) The same study as above, except that the firing ang?duced we can stabilize the torsional modes (see-Téble-I
or injected voltage of a TCSC or SSSC respectively, is eI'he real parts of eigen value (decrement factors) corre-

sponding to TM4 are shown to compare the effectiveness of

controlled by a SSR damping controller. the schemes. These values are calculated from the simulated
. i . - responses of the modal speed. It is observed that for fixed
A. Smulation Sudies with TCSC: Constant Firing Angle  firing angle control, the three phase scheme can stabilize
Control the torsional mode-4 (TM4) whenr = 155° whereas the

We assume that the total steady state compensation insafigle phase scheme fails to stabilize the system. Moda&idspe
phases due to a TCSC and fixed capacifor{ + Xrcsc) is  deviations corresponding to TM4 with different firing angle
a constant. The balanced and unbalanced configurations aréa single phase and three phase schemes are shown in Figs.
shown in Fig. 1. Keeping this total steady state compensatié and 7 respectively. These plots also highlight the same fac
unchanged, we do a parametric study for
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Fig. 5. Modal speed deviations for balanced scheme with TESE 170°

TABLE Il
COMPARISON OF REAL PART OF EIGEN VALUES WITH FIXERDX ¢

)

Real part of eigenvalue (TM4)
Firing angle RXeactance (Estimated from simulated response
(degree) Tesc Single phase Three phase
(pu) scheme scheme
160 0.049 0.555 0.104
155 0.067 0.486 -0.037
153 0.085 0.474 -0.075
150 0.179 0.406 -0.101
Xrc = 0.04 pu, wp /wo = 2.8, Xpc + Xrosc = 0.191 pu

The schemes are evaluated with the firing angle of TCSC§ 0.05
fixed and the value oK ¢ is changed. As done in the previou

cases, total series compensation Xg:c + Xrcsc is main-

tained constant for all the cases. The results correspgridin
this approach are shown in Table-lll. It can be concludethfro
the results that three phase scheme is more effective cenhpq_r
to single phase imbalance scheme for constant firing ang

a =160°
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Fig. 6. Modal speed deviations of TM4 with TCSC (single phaskeeme)
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i% 7. Modal speed deviations of TM4 with TCSC (three phadese)

control. For a single phase TCSC, detuning effect obtained
with constant firing angle control, cannot stabilize thetabke

torsional mode.

TABLE Il

COMPARISON OF REAL PART OF EIGEN VALUES WITH FIXEDx

Blocked Real part of eigenvalue (TM4)
Reactance ) :

mode P% (Estimated from simulated response
reactance TC3C Single phase Three phase
X7c (pu) (pu) scheme scheme

0.04 0.049 0.555 0.104

0.045 0.055 0.542 0.065

0.06 0.074 0.498 0.013

0.08 0.098 0.476 -0.032

0.15 0.184 0.422 -0.095

a = 1607, w, /wo = 2.8, Xpc + X1csc = 0.191 pu

B. Smulation with SSSC: Fixed Reactive \Voltage Injection

is regulated by controlling the phase angle of convertepuatut
voltages with respect to the line current. The modulatialein
of the controller is kept constant. The injected voltage is
directly proportional to the DC side capacitor voltage. Any
change in the reactive voltage is implemented by transientl
changing the phase angle of the converter voltages, thereby
changing the power drawn. This causes the capacitor vaitage
change. This control strategy is often termed as Type lIrcbnt
[1]. An alternative control scheme (Type | - not used in this
paper), keeps the capacitor voltage regulated by conteptlie
component in phase with the line current, but changes in the
modulation index of the converter are used to effect changes
in the injected voltage magnitude.

The following may be noted with reference to the simula-
tions carried out with a SSSC in this paper:

1) Converter transformer is assumed to be ideal i.e. mag-

A SSSC [15] is implemented by a voltage source converter netizing branch is not modelled and the series reactance
as shown in Fig. 1, which injects voltage in phase quadrature of transformer is assumed to be lumped with the line

with the current. The net active power exchange with theitine
only to compensate for the losses. The injected reactitagel

reactance.
2) Six pulse conversion is considered. The system reactance



Modal speed deviations of TM4 (rad/s)

Fig. 8. Modal speed deviations of TM4 with SSSC (single predeme)

Modal speed deviations of TM4 (rad/s)

Fig. 9.

The reference value of voltage injected in series in eac™
phase is computed such that it gives approximately the sar
series compensation as was given by TCSC with variot
firing angles as discussed in the previous system«{ie.=
i0XTcsc) where,ig is the line current magnitude in steadyi

1

TABLE IV
COMPARISON OF REAL PART OF EIGEN VALUES WITHSSSC
Injected Real part of eigenvalue (TM4)
voltage per (Estimated from simulated responses)
phase (pu) | Single phase schemg Three phase schem
0.0142 0.412 0.011
0.0194 0.405 -0.035
0.0246 0.335 -0.055
0.0519 0.319 -0.068
Xpco+ US—C = 0.191 pu for all the cases
%0

The three phase scheme is more effective in damping todsiona
oscillations compared to single phase scheme if injected
voltage is constant. Variation in modal speed deviation for
TM4 corresponding to single phase and three phase schemes
with SSSC are shown in Figs. 8 and 9 respectively.

C. Smulation with TCSC and SSR Damping Controller

The rudimentary control strategies for a TCSC and SSSC
discussed before, do not utilize the devices optimally.slt i
preferable to design a special damping controller for SSR.

provides adequate filtering action and the transmissi@utput feedback control is preferred over state feedback fo
line current is almost sinusoidal.
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Modal speed deviations of TM4 with SSSC (three phaberse)

almost all power system controllers that are used in practic
Since complete pole placement is not feasible with output
feedback control, the challenge in the design of such a damp-
ing controller is to prevent destabilization of any modejlevh
ensuring that the order of the controller transfer funcisonot
impracticably high. To compare and quantify the theorética
capabilities of the unbalanced and balanced schemes, it is
appropriate to expend the control effort only on damping the
mode of interest. If the feedback signal in which only the
critical mode is observable is used, then it would serve our
purpose without affecting other modes. Therefore the dagpi
controllers utilize the critical modal speed as a feedbagphad.
The block diagram of the controller is shown in Fig 10. The
controller design is based on damping torque analysis [16].
For roughly the same damping performance, the gain and
controller effort is more (as expected) in the single phase
TCSC or SSSC scheme. This manifests as a larger range

QXmax
sT,, 1+ T, Aa
Awyrg —=| - - ‘Ks +@
1+ 8T, 14 8Ty ‘ 1
o Qpin
Washout ~ Compensator 0
Fig. 10. Subsynchronous damping controller block diagram
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Fig. 11. Responses after a step change in mechanical tolqungwath

state. The variation of real part of eigen value for TM4 withcsc and SSR damping controllery = 160°, Xpc = 0.04 pu, To =
SSSC is shown in Table-IV with different injected voltages.s, Tn = 0.05 s, Ty = 0.0002 s



of variable compensation required to get the same dampithg same damping performance, the required range of variabl
performance for practical disturbances. This is evideainfr compensation and the gain is larger for single phase scheme.
Fig. 11 which shows the modal speeds akigc-sc with a

step change in mechanical torque. Controller parameters ar V. CONCLUSION

shown alongwith the responses. Similar results are olfaine An analytical evaluation of the performance of FACTS
with SSSC. based phase imbalance schemes for damping torsionakescill
Note that the single phase controller requires a much largiins and power swings is presented in this paper. This aisaly
gain. This is not desirable in a practical controller, agéar s facilitated by dynamic phasor modeling since it yields a
gains have a tendency to destabilize unmodelled dynamigge-invariant system of equations even for unbalanceeethr
Also, for controllers which utilize feedback signals in whi phase networks.
other modes are observable, the order of the controller reay b Simplified analysis indicates that the damping torque pro-
higher to ensure that the non-critical modes are not adiyerseided by a single phase imbalance scheme is one third of
affected by the higher required gains. the three phase balanced scheme. Hence to achieve same
damping performance, the control effort and gains need#d wi
a single phase scheme will be much larger than an equivalent
balanced scheme. The time domain simulation results stippor
this. The results indicate that the cost and sizing requerém
The Power Swing Damping Controller (PSDC) structurgnd controller design complexity of a single phase schertie wi

with a SSSC is shown in Fig. 12. The modal speed correspont be advantageous as compared to an equivalent balanced
ing to the swing mode is used as the input signal. The tof@kee phase scheme.

series compensation is taken as 0.15 pu. An Automatic \eltag
Regulator (AVR) for the excitation system is modelled with a REFERENCES
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