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Damping Of Power System Oscillations Using
CSC In Coordination With SVS Auxiliary
Contreiler

Dr. Narendra Kumar, P.R. Sharma

Abstract. Incthis paper an SYS controller, Knewn as the

combined reactive power and frequency (CRPF) auxiliary
controlier has been developed and incorporated in the SVS
control system located at the middle of a series compensated
long transmission line in coordination with controlled series
compensation (CSC) along with Induction machine damping
unit (IMDUY coupled to T-G  shaft after Intermediate
Pressure (IP) turbine to achieve its optimal damping effect
for Torsional oscillations. Studies are conducted on a system
having a similar spread of the torsional modes as the first
IEEE benchmark model. The proposed SVS auxiliary
controller in coordination with CSC with its bang — bang
form of control is very effective in damping power system
oscillations over a wide operating range thus enhancing the
Transient performance of the power system.. A digital Time
domain  simulation study has been performed using a
nonlinear system model, to illustrate the effectiveness of the
prapoesed damping controller for power system oscillations
under large disturbance conditions.
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I INTRODUCTION

AMPING of power oscillations associated with the

gencrator  rotor  swings s an  important and
challenging task in the power industry. These low
frequency oscillations arise due to the dynamics of inter
arca power transfer and exhibit poor damping at high
power tmnsfer levels. Oseillations associated with single
generator (Local Modes) have frequencies in the range of
0.8-1.8 Hz. The mter area modes have the frequency of
oscillations in the range 0.2-0.5 Hz and involve large
aroup of generators swinging against each other. The
stabthity 0! these low frequency  oscillations is a pre
requisite for secure operation of system  after critical
CUHHH‘:{CHCIU\. )

With the advent of fast acting, power electronic based
FACTS controllers like SVS, TCSC, SSSC, STATCOM,
TCPAR and UPFC, it 1s feasible to enhance the damping
ol power system oscillations effectively at low cost
[4.5.7.11].In recent years SVS has been employed (o an
mereasing extent in modern power systems [1,4,10] due to
s capabihiy o wark as Vi gencration and absorption
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systems. Besides, voltage control and improvement of

transmission capability SVS in coordination with auxiliary -

controllers [3,4,6,10] can be used for damping of power
system oscillations. Damping of power system oscillations
plays an important role not only in increasing the
transmission capability but also for stabilization of power
system conditions after critical faults, particularly in
weakly coupled networks.

The controlled series compensation is one of, the
novel technique under FACTS philosophy for damping of
power system oscillations [5]. D. Povh and Mihalic
proposed the application of CSC and SVC for transient
stability enhancement of an ac transmission system.
Noroozian, M et. al. {6] proposed a robust control strategy
for thyristor controlled series capacitor and static VAr
systems to damp electromechanical oscillations. Larsen et
al [2] have presented the design concepts and a systemic
approach for the selection of input signals for FACTS
damping controllers based on various damping controller
design indices. The angular difference of two remote
voltages on each side of TCSC is chosen as damping
controller input Control strategies for damping of
electromechanical power oscillations using an energy
function method have been proposed by Gronquist et al in
[3 ] Chaudhuri, B. Pal et al designed a multiple - input
Single output (MISO) controller for TCSC to improve
damping of critical inter area modes using global
stabilizing signals[12] )

In the present literature it is seen that the system
dynamics has not been properly taken into account as a
result the models are less sensitive towards the voltage
overshoots due to fast switching of controlled capacitors.

In the present paper the CRPF SVS auxiliary
controller along with IMDU has been employed in
coordination with controlled series compensation in a long
series compensated transmission line A continuous control
of mid point located SVS with the bang —bang form of
control of CSC is very effective in damping Torsional
oscillations. The above coordination provides an efficient
and robust control of power oscillations damping for wide

range of power transfer under large disturbance
conditions.

1. SysTEM MODEL

The study system consists of a steam turbine driven
synchronous generator (a six- mass model) supplying bulk
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power to an infinite bus gver a long transmission line
(IEEE first benchmark model). An SVS of switched
capacitor and thyristor controlled reactor type is
considered located at the middle of the transmission line
which provides continuously controllable reactive power
at its terminals in response to bus voltage and combined
reactive power and frequency (CRPF) auxiliary control

signals. The series compensation is applied at the sending
end of the line.
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Figure . Study System

A Generator

In the detailed machine model [8]used here, the stator
is represented by a dependent current source parallel with
the inductance. The generator model includes the field
winding ‘f" and a damper winding ‘h’ along d-axis and
two damper windings ‘g’ and ‘k’along g-axis. The IEEE
type-1 excitation system is used for the generator. In the
mechanical model detailed shaft torque dynamics [9] has
been considered for the analysis of torsional modes due to

SSR. The rotor flux linkages ‘y’ associated with different
windings are defined by:

Yr=a,Yrt aynt by vet by g

Yh= a3 Yt agyt bsig

Y= as Wt agyict bsiy

W= a7yt agyit b ig (1)
where v is the field excitation voltage. Constants a,

to ay and byto bs are defined in [9]. iy, i, are d, and q axis

components of the machine terminal current respectively

which are defined with respect to machine reference

frame. To have a common axis of representation with the

network and SVS, these flux linkages are transformed to

the synchronously rotating D-Q frame of reference using
the following transformation:

Iy

i @)
where ip_igare the respective machine current components
along D and Q axis. § is the angle by which d-axis leads
the D-axis. Currents I and I, which are the components of

the dependent current source along d and q axis
respectively are expressed as:

-sin &
cos §

cos &
sin &

ip
ig

lg=ciyr+coyy _ :
Ig=c3y,+cqyy (3)

where constants ¢- ¢y are detined o [9]. Substituting
eqn.(2) in eqn.(1) and linecarizing gives the state and
output equation of the rotor circuit as:

Xgr = Ag X + Brj Ury + Bra Upz #Bys Ugs

Y= Cr Xg + Dy, Uy, (4)
Yr2=Cra Xg * Dpa Upi+ DgaUga+ DpyUsgs

where

Xz = [Ayr Ayy Ay, Ay, ], Ug =[ A8 Aw], Ug, = AV,
Urs = [Aip Algl, Yri = [Aly Algl,Yra =[Alp Alg]

B Mechanical Svstem

The mechanical system (fig.2) is described by the six
spring mass model. The governing equations and the state
and output equations are given as follows:

Tm1 Tm2 Tm3a Tmé Te

5 Jo
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Fig. 2. 6-Spring mass mode! of mechanical system

6; =00 i:1,2,3,4,5,6

O =[-( D+ D)oy + Dipwa— Ky (8- 8) +T0 ] /M,

@= [( D@y (D + Dyy+ Doy) 0yt Dayeoy
= Ki2(82-8)) — Ky (8:-83)+ Tan ] /' My

-03= [( D303 =(Da3 + D33 + D3y) 03+ Dy
- K3 (81-8;) — Ky (83-84)+ Tya ]/ My

04= [( D3403 —(D34 + Dys + Das) 04+ Dasos
—K34 (84 83) — Kas ( 8a-85)+ Tia ]/ My

5= [( Dyswq —(Dygs + Dss + Dsg) ws+ Dsgtg

=~ Kys(85-84) — Kso ( 85- 8)+ Tc ]/ Ms

0 = [( Dsstys —(Dsg + Deg)we — Kise ( 86- 85)+ Te ]/ My
_After linearzing the above egns., the state and output

eqns. can be written as:

Xy =AnXum + BpiUyy + Byz Uni
Y =Cp Xnm 16)

Where
Xm=[ A8, A8, Ad:, A8, Ads, Adg,
Aoy, Ay, Awy, Awg, Aws , Aw, |
Yu= [Ads, Aws]' Uy, = [Alp, Alg]"
Upz = [Alp, Alg ]

C  Network

The transmission line (fig.3) 1s represented by lumped
parameter T- circuit. The network has been represented by
its a—axis equivalent circuit which is identical with the



itive sequence network. The governing equations of

a-axis, T-network representation are derived as
OWS:

Figure 3. a - axis representation of the network

tLyz) dijo/dt = Vi, - Vi, _Riy,

ALA) dig/dt=Vy,  (R+R,) iy -L ¢ lat- Vg (7)
Vs /dt = -iag - ig- igg

¢ OVyeld 15 = i

ere Ly=Ly + Ly and C,=C+ Cpe

Similarly, the equations: can be derived for the B-
twork The a-f network equations are then transformed
D-Q frame of reference and subsequently linearised.
1e state and output equations for the network model are
1ally obtained as:

= [ An ] Xn +{ Bai]Uni +[ Baa]Una +[ Bis] Uns
w1 =[Cri]Xn +{ Dyy] Uni+[ Dna]Upa+ [Dis] Uns

Ny = [ Cual Xy Yy =[Cra] Xn
/here,
-’N = [Ai|[; AiD AVZD AVqD Ai“) AIQ AVZQ AV‘;Q]:

(8)

Ini = [Aixp Ay ]‘ » U =[Alp Avlg ll '
I =[Aly Alg)

f",\‘-]:[ AVgD AVQ;Q ]l, YN1: Ai[) AIQ ]l,
(ni=[ AVap AV:Q ]1

D Static Var System

Fig. 4 shows a small signal model of a general SVS.
(he terminal voltage perturbation AV and the SVS
ncremental current weighted by the factor Kp
‘epresenting current droop are fed to the reference
junction. Ty represents the measurement time constant,
which for simplicity is assumed to be equal for both
voltage and current measurements. The voltage regulator
is assumed to be a proportional- integral (PI) controller.
Thyristor control action is represented by an average dead
time Tp, and a firing delay time T,. AAB is the variation in
TCR susceptance. AVy represents the incremental
auxiliary control signal. The a, B axes currents entering
TCR from the network are expressed as:

Frg b SVS contral system with auxihary feedback
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LS dizafdt = Vza = RS i:u
LS d]lzﬁ /dt= VZB - RS lzp {9)
where Rs, Lg represent TCR resistance and inductances

respectively. The other equations describing the SVS
model are:

2-1 = Vier = 23+ AVg

= (AVZ - KDAil ) /TM = Zz/ TM

(10)
Z3 :(-K[zl +KP Zy-2Zy-~ KP AVrel‘)‘/TS

AB=(z, - ABY Ty

where AV, , Ai, are incremental magnitudes of SVS
voltage and current, respectively, obtained by linearising
Vz =

2 2 . %) )
(Vap +Viq), 1= (i%p + %)

The state and output eqns. of the SVS model are
obtained as;
Xs = [Ag] Xs+ [ Bg;] Usi+[Bs;)Us, +[Bss) Us;
Ys =[Cs]Xs + [ Ds] Us,

(1

where

Xs = [l 10Z1Z27; A B,

Usi =[AVap AV |, Ugy= AV,
Us; = AVg

YS = [ AizD Aizg ]'

III. DEVELOPMENT OF SVS AUXILIARY CONTROLLER
The auxiliary signal Uc is implemented through a
first order auxiliary controller transfer function G(s) as
shown in fig.5 which is assumed to be:

G(s)= AVE/Uc = K (1+5T, )/ (1+5Ty)

This can be equivalently written as:
AVF

Uc

4 \{3 Ue

Figure 5 General first-order auxiliary controller

G(s)=KpT\/To+ Kp (1- T| / ToY (1+sTy) (12)
The state and output equations are given by

Xc = [Ac]Xc¢ + [Be]Uc

Ye = [Cc]Xe +[Dc]Ue (13)

where X. = [Zc ], Yc=AVe, [Ac]=-U/T,,
[Be ] =Ky/ T, (1-T/ T,), [Ccl=1, [Dc]l=Kg T/ T,

180
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A Reactive Power Auxiliary Signal
The auxiliary control signal in this case is the
deviation in the line reactive power entering the SVS bus.

The reactive power entering the SVS bus can be expressed
as:

Q= Vipig- Vg ip (14)

Where ip ig and Vyp, Vg are the D-Q axis
components of the line current i and the SVS bus voltage
V, respectively. Linearizing eqn. (14) gives the deviation

in the reactive power AQ, which is taken as the auxiliary
control signal Ug,.

Uci = A8Q,

=V2DOAiQ+ iQoszo -‘VIQOAiD = ‘Do AV;Q (15)
B Bus Frequency Auxiliary Signal

The SVS bus frequency is given as:
fovs = d/dt [tan™(Vaq/ Vap)] (16)

Linearising eqn. (16 ) gives the deviation in bus
frequency, Afsys which is taken as the auxiliary control
Slg‘nﬂl (Ucz).

Ucs=Afsvs=(Vapo/ V2o )AV20-(V20o/ Vo)AV 2p
‘0’ represents operating point or steady state values.
By using eqns 13, 15 & 17, the state and output

equation for the CRPF auxiliary controller are obtained as
follows:

Xei Ao 0 Xci| |Bet 0 Ue
X 0 Ac|| Xa| [0 Bal | Ua
Xer : Ucq
[ Yc] =[Cei Cca] + [ Dci D2
Xez Uz (18)

Where the state X¢; and matrices Acy, Bey, Cey and
D¢, correspond to reactive power auxiliary controller and
the state X, and matrices Acz,Bc2,Cez and De; correspond
to the bus frequency auxiliary controller.

(17)

C  Induction Machine Damping Unit (IMDU)

The property of induction machine to act as a
generator or motor is utilized to absorb the mechanical
power when there is excess and to release it when there is
a deficiency. Since the machine comes into operation
during transients only, it is designed for very high short
term rating and very small continuous rating.
Consequently the machine has low inertia , low power ,
small size and low cost. Because of it small mass and tight
coupling with the intermediate pressure turbine it has been
considered as a single mass unit with IP turbine.
Electrically it is connected to the generator bus. The per
unit torque (Tyy) is given by :

Timl= 3s /[ (@p. £ ).(1 +(s.xy /r))?]
and slip s = (g - )/ wp

Hence by considering eqn.(17) the mechanical system
model is modified as below.

(19)

M;wy=-(Dy3 + D33+ Dyy) 03:Day w2+ Dig g
+ Ky da— (K + Kag) 63+ Ky &yt Toat T

T = (3 wo. 1) [ 1+ (sx) /1))
s{0xg /1) A/ (1 + (sxy /14 )]
As deviation in slip, As =-Aw,;/ wy
At normal operating point As = 0,
hence ATy =3As/ @gr 5
AT = -3A01/ wg? . 15

(20)

M;Awy= (D3 + Dys+ Dy +3/ 00”12 ) Aw;
+ Doz Awy + Dyg Awg + (K + Kig )ADy K34 Ady

The damping coefficient term - (Dy3 + D3y + Dy,) of
intermediate pressure turbine is thus modified to -(Dy; +
Ds; + Dy + 3/w, 12) on application of IMDU, similarly
other mechanical equations can be modified to account the
damping effect of IMDU for its different locations on the
TG shaft.

The state and output equations of the different
constituent subsystems along with the auxiliary controller
state and output equations are combined to result in the
linearised state equations of overall system as:

Xr = [A]Xy
Where,
Xr = [ XR XM X Xu Xs

b
Xe 1
The dimension of the system matrix 1s,35.

D. The Controlled Series Compensation (CSC) Scheme

The CSC scheme as shown in fig. (6) has been
simulated by step- wise control of the degree of series
compensation by means of sections with thyristor by pass
switches. The scheme is implemented as follows.

Cy

—_———TT

=]
-
-~
«
~
-
[ SRR
o
L <
-

I

Lee

Fig.6 Controlled series compensation scheme

The series capacitor C; of the line is split into two
segments C,. and C,, with capacitive reactances X, and
X, respectively. C, is left as permanent series
compensation while C is made controllable segment.
Another capacitor segment C,. equal in magnitude to that
of C,,, and having capacitive reactance X is also added in
series with the line. During steady state condition the
capacitor segment remains by passed. The controlled
capacitive reactance ‘X, can be defined as:



ok

[~ X when C. and C,, are inserted

p O when C inserted and Cee
is by-passed
g when Cax and Ca are
rassed

The control algorithm used senses the angular speed
ations from the steady state value and increases or
cases the power transmission by inserting on by
ing the controlled series capacitors when angular
«d deviations (Aw) reaches a threshold value of +A oy,
Awr, rad/sec. respectively. Otherwise the controlled
:s capacitor Cg, remain by -passed. In such a way the
bang-bang control characteristics of the CSC is
uned. The value of A wy, can be adjusted to minimize
frequent switching of the controlled series capacitor so
the voltage transients are reduced.

IV. A CASE STUDY

The study system consists of 1110 MVA synchronous
erator supplying power to an infinite bus over a 400

600 km. long series compensated single circuit
1smission line. The system data and torisonal spring
ss system data are given in Appendix. The SVS rating
the line has been chosen to be 100 MVAR inductive to
) MVAR capacitive. 40% series compensation is used
he sending end of the transmission line.

Time Domain Simulations

A digital computer simulation study, using a
nlinear system model, has been carried out to
monstrate the effectiveness of the CRPF auxiliary
ntroller in  coordination with CSC under large
sturbance conditions for damping power oscillations.
plying a pulsed torque of 20% for 0.1s simulates a
sturbance. The simulation study has been carried out at
;=800MW. All the self and mutual damping constants
¢ assumed to be zero. Fig. 7.1 and 7.2 show the
sponse curves of the terminal voltage, SVS bus voltage,
VS susceptance, power angle, variation in torsional
rques without and with the CRPF auxiliary controller
ong with IMDU in coordination with CSC after the
isturbance respectively, It can be seen that there is
ndency towards instability when no auxiliary controller

used in the SVS control system. The torsional
scillations are stabilized and the coordinated application
f CRPF auxiliary controller and CSC damps out voltage
rower angle and Torsional oscillations effectively and
ettling time is considerably reduced.

The bang-bang control characteristics of the CSC
JIves rise to voltage transients. The voltage transients are
ontrolled by closely restricting the reactive power limits
'f the SVS (0 to 0.4 pu in the present case) and avoiding
he frequent switehing of controlled capacitor.

™
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V. CONCLSION

In this paper the effectiveness of coordinated
application of CSC and CRPF auxiliary controller along
with IMDU has been evaluated for damping power
oscillations for a series compensated power system over a
wide opertating range of power transfer. The following
conclusions can be drawn from the time domain
simulation study performed.

1.CSC in coordination with CRPF auxiliary controller

developed for SVS rapidly damps out the voltage, power
angle and Torsional oscillations.

2.CSC generates the voltage transients with its bang-
bang form of control. These voltage transients can be
controlled by restricting the reactive power limits of SVS
and its frequent switching. Thus the proposed damping
controller provides an efficient and robust control of
power oscillations damping.over a wide operating range
and under large disturbance conditions,
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VIIf. APPENDIX ?.0,74 ]
. ]
Generator data: 1110MVA, 22kV, R,= 0.0036, X = 0.21 076
Tao=6.66, To =0.44, Ty =0.032, Tgy =0.057s ) 0,78 1 = —
Xg=1933X,= 1.743,X, =0.467, X{ = 1.144, X, =0.312, X, =

0.312 put. 0 5 10 15
IEEE type | excitation system:

Ta=0, Ta=0.02, Te=1.0, Te=1.0s, K,=400, Ke=1.0: Kr=0.06 put.
Vemar=3.9, Fii=0, 1h,,=7.3, Ve min=-7.3

Transformer data:

R1=0, X1=0.15 put. (generator base)

Tire (Secs.)
Fig. 7.1 ¢

—~ 05
Transmission line data: . ;
Voltage 400kV, Length 600km, Resistance R=0.034€) / km, Reactance & 04
X=0.325Q/km 2 03
Susceptance B,=3.7p mho / km g
SVS data: @ 02 J
Six-pulse operation: %
Tw=2.4, Ts=5, Tp=1.667ms, K;= 1200, K= 0.5, Kp=0.01 04

i
o] 5 10

Torsional spring-mass system data

Time (Secs )
Fig. 7.1d
Mass shaft Inertia H (s) Spring constant
K
{p.u. torque/rad.)
HP 0.1033586 3
HP-IP 25.772 a
P 0.1731106 6‘
IP-LPA 46.635 o
LPA 0.9553691 -
LPA-LPB 69.478 =
LPB 0.9837909
LPB-GEN 94.605
GEN 0.9663006 .
GEN-EXC 3.768 Time (Secs.)
EX(‘ 0.0380697 Fig. 7.1 ¢
All self and mutual damping constants are assumed to
Zero.
31,07 =5
s S
g 1,06 =
kS
3 1.05 -
E 1,04 4 ; : .
0 5 10 15 2 5 10 15
Time (Secs) Time (Secs.)
Fig. 7.1
Fig.7.1a 02y
108 0.1
S g 0
§ -0,1
S
g -0|2 T T T !
= 0 5 10 15
o Tire (Secs |
Fig. 7.1 gear
Fig. 7.1 b Fig.7.1(a-g)  Response curves without any auxiliary controller at Pg =

183

800 MW due to 20% increase in Tmech for 0.1 secs (T-circuit Model)
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Fig. 7.2 (a-h) Response curves with CRPF auxiliary controller and
controlled series compensation along with IMDU at Pg = 800 MW due to

20% increase in Tmech for 0.1 secs (T-circuit Model)



