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Small Signal Stability

Assessment Employing

PSO Based TCSC Controller with Comparison to
GA Based Design

D. Mondal, A. Chakrabarti and A. Sengupta

Abstract—This paper aims to select the optimal location an
setting parameters of TCSC (Thyristor Controlled rie3e
Compensator) controller using Particle Swarm Omtanon (PSO)
and Genetic Algorithm (GA) to mitigate small sigmesicillations in a
multimachine power system. Though Power System il&tis
(PSSs) are prime choice in this issue, installaibFACTS device
has been suggested here in order to achieve apbledamping of
system oscillations. However, performance of anyCFA& devices
highly depends upon its parameters and suitablatitot in the
power network. In this paper PSO as well as GA dasehniques are
used separately and compared their performances/éstigate this
problem. The results of small signal stability gsal have been
represented employing eigenvalue as well as tinmeadforesponse in
face of two common power system disturbances eagying load
and transmission line outage. It has been revebhbdhe PSO based
TCSC controller is more effective than GA basedteiier even
during critical loading condition.

Keywords—Genetic Algorithm, Particle Swarm Optimization,
Small Signal Stability, Thyristor Controlled Seri@empensator

I. INTRODUCTION

OW frequency power oscillations are the challengin

problem in interconnected power systems.
oscillations may sustain and grow to cause systgraration if
no adequate damping is available [1]. Conventignall
additional damping in system is introduced by tppligation
of PSS [2], [3]. With the development of FACTS [4],
researchers paid much attention to this device db amly
improve the damping of power system oscillations dso to
enhance the system power transfer capability. JnUsified
power flow controller (UPFC), a modern FACTS devits
been used to introduce adequate damping in powsersy
network with changing system conditions.
Controlled Series Compensator (TCSC), a seriesraited
FACTS device has been proven to be very robuseéfedtive
means for this purpose in long transmission linesodern
power systems [6], [7].

optimal allocation of SVC using Genetic Algorithi®4) has
been introduced to achieve the optimal power flORE) with
lowest cost generation in power system.

But the optimal allocations of TCSC controller usiRSO
to investigate the small signal oscillations havat been

discussed in existing literature. In this papes fiaict has been

taken into consideration as well as a PSO basduhitpee is
proposed to place TCSC controller in a multimachsgstem
in order to damp the small signal oscillations.

It is a well known fact that optimal parameter tgiof
power system analysis controller is a complex agercThe
conventional techniques reported in the literatydey, [11]
are time consuming, require heavy computation burded
they have slow convergence rate too. Many stoahastrch
methods have been developed for global
problems, such as artificial neural network, genatgorithm
and evolutionary programming [12], [13].

optimization

Recently, Particle Swarm Optimization (PSO) method,

developed by Kennedy and Eberhart [14] has appeasead
promising algorithm for handling the optimizationoplems.

®S0 is a robust, non-linear and population basechastic
The%’ptimization technique which can generate high-tpal

solutions within shorter calculation time and hasrenstable
convergence characteristics than other stochasgthads.
Though attempts have been made in several respamrs
[15], [16] for the design of optimal FACTS contms using
PSO, the applications are mostly limited to theecaksingle
machine infinite bus system.

In this paper, both PSO and the GA based technigtees

used to search the best location and the parameftar€ SC

Thyristo€ontroller and the application is extended to sttiy small-

signal oscillation problem in case of a multimaehipower
system.

The paper is organized as follows: section Il dbssrthe
small signal modeling of the multimachine systerthiliCSC

The optimal placement of FACTS controller in powetontroller. The desired objective function and dip¢imization

system networks has been reported in literaturegedan
different aspects. A method to obtain optimal lamatof

problem have been formulated in section Ill. Ovewbf PSO
and GA with proposed parameter optimization algomithas

TCSC has been suggested in [8] based on real powsfen discussed in section IV. In section V, the TCS

performance index and reduction of system VAR |tsg9]
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controller parameters and its optimal location mtentified
separately by both algorithms and subsequently

applications of PSO and the GA based TCSC contsoliave
been illustrated following power system disturbandénally,
comparisons between PSO and the GA based resuidbean
drawn in section VI.

the
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[l. SYSTEM MODELING 0=C;AX + DjAl 4 + DyAVg (5)

A.Modeling of TCSC 0=CoAX +D3Al g + DgAVy + DsAV, (6)

The basic TCSC module and the transfer functionehoti 0=DgAVy +D7AV, (7)
a TCSC controller [17] have been shown in Fig. B 1(b) Here (4) and (5) represent the linearized diffdéaknt
respectively. This simple model utilizes the concep a equations and linearized stator algebraic equatiohghe
variable series reactance which is adjusted thrapgimopriate machine, while (6) and (7) correspond to the liieat
variation of the firing angled ). The controller comprises of a network equations pertaining to the generator buases the
gain block, a signal washout block and a phase eosaior |oad buses. The multimachine linearized model WithSC
block. The input signal is the normalized speediat®n controller has been formulated by adding the statéables

(Av), and output signal is the stabilizing signal.(deviation éAXtcscz[Aa Axtcsc]T) corresponding to the TCSC controller

in conduction angleys ). Neglecting washout stage, the TCS ith (4)-(6) and the TCSC power flow equations i ded
I | he follow wi - W w equati [ G|
controller model can be represented by the fo ate in the network equation (7). The TCSC linearizeav@oflow

equations: equations at the node can be obtained by the following
o expression
s am— | : Py 0P, 0P
r_/\/\/\;YYYL_‘ _ 005 0Vs da AO
Ra = Y 0= aQS aQS a& AVS (8)
- S
— L 905 OV o | A
Fig. 1(a) TCSC module 005 0Vs Oda
[ where Py =VZ2gg —VoV; (g COSI4 +bg sindg)  (9)
e 1 Ty || 1+:7) | Ao 1 AXirse and Qg =-VZbg -V4V, (g4 Sindg —by COSSg) (10)
TS [ 145Ty 1457, + 1457, Similarly, the equations for the nodecan be obtained by
Gain Washout  Lead Lag ~ icSCimerna 'EPIACINGS DY L. . e x
stage 09 Min delay Here, Y£ = 1 _ Re + (X + X1cs0)
' +j(Xg — X 2 2
Fig. 1(b) Block diagram of a TCSC based controller Rt J(_ st Tesc) Ry +(Xg +Xres0)
=0« — jbg (11)
K K T oP, dP.
pa=-tag-ttee [ L)y Kee [ T1 )y, (1) and —2=-—%
T os \T2 os \ Tz Oat 0o
ag ag . ab
, — 299« st st
AXICS: - _Ti A _iAxtcsc (2) = _VS W +V5Vt (COSést W"’Sm 55( W) (12)
o oy Py 0P, 0Py 0P
The linearized TCSC equivalent reactance can bairsat by Also —L = -—S5 gnd—L =-—5  The expression for
the following relationship [18]: 00s  00s Vs 0Vs
AXiese :{—2C1(1+cosea))+C2 sin(2a)(wtan@(n—a)) —tana) 6;:]51 and obg can be obtained from (11),
o
+C2{m2 cod? (Tm—-a) _1] Ad 3) Eliminating Al 4 from (4)-(6), the overall system matrix for
cos? (@(Tt- @) anm-machine system can be obtained as
2 =[a]-[B]D'][c (13)
+
Where,Cl _ XC XLC , C2 - 4>§(LC andXLC - XXcX>|(_ . [Atcsc](7m+2)x(7m+2) [ ] [ ][ ] [ ]
T T - ' -1 . -
L c 7L whereA' = A; -B;D; "C{,B' = [BZ -BD; 1D2 0} ,

B. Multimachine Model with TCSC K K. D
The small signal modeling of a multimachine systeith  C' :[ 02} and D’ :[Dé DﬂWith Ky =[D4 —D3D; 'Dy]
IEEE-Type | exciter has been described in [19]. &glations
relating to the performance of the machine withitekcand andK, =[C, -D3D; 'cyl.
network power flow were linearized around the nahin  Therefore, linear zed state-space model of theimadiine
operating condition to obtain the dynamic modelhef system system with TCSC controller can be expressed as
for eigenvalue analysis and are represented byotlevin ¢ —
state—gpace equatio)r:s P ! ° AX = AoghX + AU ()
. AY = CAX (15)
AX = AJAX + BjAl 4 +ByAV + E;AU 4)
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I1l.  PROBLEM FORMULATION

A. Objective Function and Optimization Problem

The optimization problem represented here is tockethe
optimal location and the parameter set of the T€8@roller
using PSO and GA algorithms. It is worth mentionihgt the
TCSC controller is designed to minimize the powgstem
small signal oscillations after a disturbance sdoasnprove
the stability. This results in minimization of theritical
damping index@DI) given by:
CDI =J=(@1-¢) (16)

Here, {j = —o; /W’iz + o] 2 is the damping ratio of theth

critical swing mode. The objective of the optimirat is to

pi (n) = p;(n—1) +vel; (n) (19)

where, vel; (n) is the velocity vector of particle acc,, acc,
are the acceleration coefficients that pull eadtigla towards
gbest andpbest; positions respectively and are often set in the
range (0,2) . w is the inertia weight of valués(01) . rand,
and rand, are two uniformly distributed random numbers in
the rangesl (01) .

1. Algorithms for Implemented PSO

To optimize (16), routines from PSO toolbox [20¢ arsed.
The objective function corresponding to each plartics
evaluated by the eigenvalue analysis program optbposed
test system shown in Appendix (Fig. A.1). The pudatiis
defined as a vector which contains the TCSC cdetrol

maximize the damping rati¢() as much as possible. There argparameters and the location numb€gs, T1, T, andNe.. The

four tuning parameters of the TCSC controller; ¢batrollers
gain Ki), lead time constanf(), lag time constantlg) and

initial population is generated randomly for eacttigle and
is kept within a typical range. The values of th€SIC

the location number No). These parameters are to beParameters and the location numbers are updateeadt

optimized by minimizing the objective functiah given by
(16). With the change of locations and parametdrghe
TCSC controller the damping rati¢() as well asJ varies.

The problem constraints are the bounds on the lpessi

locations and parameters of the TCSC controllere Tk

optimization problem can then be formulated as:
Minimize J
Subject to constraints
min max
Kiese < Kiese < Kiese
T, ST, < T,

T, <T, <T,™

17)

min max
NIoc = NIoc = Nloc

IV. OPTIMIZATION ALGORITHMS

A. Particle Svarm Optimization (PSO)

Particle Swarm Optimization was first developed @95 by
Eberhart and Kennedy [14]. The algorithm begins b
initializing a random swarm of M particles, eachving R
unknown parameters to be optimized. In each immatthe
fitness of each particle is evaluated accordingh® selected
fitness function. The algorithm stores and progveds
replaces the best fit parameters of each partpties(, i=1, 2,
3,..., M) as well as a single most fit particlgbést) among
all the particles in the group. The trajectory atle particle is
influenced in a direction determined by the presimelocity
and the location ofjbest and pbest;. Each particle’s previous
position pbest) and the swarm’s overall best positiaybést)
are meant to represent the notion of individual ezigmce
memory and group knowledge of a “leader” respebtivEhe
parameters of each particlp)(in the swarm are updated in
each iterationr() according to the following equations:
vel; (n) = wxvel; (n-1) +accy xrand, x (gbest - p; (n-1))

+acc, xrand, x (pbest; - p; (n-1)) (18)

generation within this specified range. It is to teted that
TCSC location numbers are updated only for th@kspecific
branch indexes. The particle configuration corresling to
the TCSC controller is shown in Fig 2.

Location

|12 14« . . |15 |20
;;f'mgﬂummzs « + + + [03 05
01 04|« « &

Gain | 1|10 « « « «

Minimiimn
range

Fig. 2 Particle configuration for TCSC controller

Here first string corresponds to the TCSC contradjain,
second and third strings for lead and lag time tornis and
fourth contain the number of transmission line whéehe
TCSC is to be located. The network branches (lib2, #.3,
X4, 15, 16, 17, 18, 19 and 20) between two loacd(Eig.
A.1) are chosen here for possible installing laai of the
TCSC and therefore, the line #12 and line #20 asigaed

min max
forNIOC and NIoc

chart of the implemented PSO has been shown ir3Fig.

respectively. The computational flow

B. Overview of Genetic Algorithm (GA)

Genetic algorithms (GAs) [21] are essentially glodearch
algorithms based on the mechanisms of natural ti@beand
genetics. It has been used for optimizing the patara of the
control system that are complex and difficult tdveoby
conventional optimisation methods. GA maintains ea af
candidate solutions called population and repeptettidifies
them. At each step, the GA selects individuals ftbencurrent
population to be parents and uses them to prodgcetildren
for the next generation. Candidate solutions arealiys
represented as strings of fixed length, called wlasomes. A
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fitness or objective function is used to reflea@ tipodness of Step 4: Evaluate objective functiod ) for each individual in
each member of the population. The GAs start wiihdom the current population.
generation of initial population and then the skteg Step 5: Determine and store best individual whighimizes
crossover and mutation are preceded until the maximumthe objective function.

generation is reached. Step 6: Check whether the generation exceeds maximu

limit/stall generation limit.
Step 7: If generation] max. limit, update population for next

gen. by crossover and mutation and repeat from3tep

Step 8: If generation > max. limit, stop progrand gmoduce

output.
Specify parameters for PSO:
indtial velocity, no. of particles,
max iteration [12] 14]. - - - [1s |20
Il |onr]o2s] - - - + [o09jos Niow
: 01Jo4]. - - - Jo6s]10 T
Generale initial population s 2
1 10 . s s . 17| 20 T
4 Tter=l Koo
Run small signal stability and CECEE s e s
eigenvalue analysis program <
Nina < 12717 [« e+ ]15 ] 20
¢ /]u_u]||],45.... l].2|l]5
Compute ohjective function for |l].1 | 0s + « + .« | 035 |1.I]
each particle in the current her.= Tter. + 1 12 13 20
population l l\ | 1 ‘ | . v . ‘ ‘

For all particles determine range ange
and store phest, ghest Fig. 4 Calculation of the entire population

Update velocity and V. RESULTS ANDPERFORMANCESTUDY
particle position

A. Application of PSO and GA in the Test System
The validity of the proposed PSO and the GA alhani

Output Result has been tested here on an IEEE-14 bus system AFig.

- This system has also been used widely in the titeggd22] for

small signal stability analysis. In order to stuthe small
signal performance of the system the simulatiocaisied out

Fig. 3 Flow chart of the implemented PSO for two independent types of disturbances: (i) seal reactive

) load increased at a particular bus # 9 (15 % mwae hominal
1. Algorithms for Implemented GA case) (ii) outage of a transmission line (# 4-1B&Tswing

The objective is to find the optimal locations andnoges of the system without TCSC dynamics arediste
parameters for the TCSC controller within the ir@dy Tgpie |

constraints given in section Ill. The individuaty the TCSC

: - : e TABLE |
dewcg ha\;e been Iconflg?red fplloyvmg similar pmlqs SWING MODES WITHOUTTCSC
described for particle configuration in PSO. Eautiividual is oad increased atbus # 9 Transmission ine

encoded by four parameters: the controller g&ipy}, lead (P.=0.339 puQ,=0.190 pu (# 4- 13) outag

and lag time constant3y( T,) and the TCSC location number #  Swingmodes DPAMPING  guing modes D2MPINg
(Niee). The range of minimum and maximum values of these ratio ratio
. . . . -1.5446 + -1.5482 +

parameters has been kept identical with the particl 1 i7.5274 0.2010 i7.5222 0.2015
configuration for PSO (Fig. 2). The entire init@dpulation of 2 -1.4244 & 0.2130 -1.4291 & 0.2136
size Ning has been calculated by repeating the individuads f j6.531¢ 16.533¢
Ning times and shown in Fig. 4. 3 'jlé'lffgoi 0.1853 -j16.115é3519¢ 0.1833

The algorithms of the implemented GA have been ritest 4 0.8831 % 0.1497 0.8845 + 0.1499
here in following steps; j5.8324 ) j5.8336 )
Step 1: Specify parameters for GA: population sigmeration
limit, number of variables etc. It has been observed that the swing mode # 4 isritieal
Step 2: Generate initial population for TCSC colféro one as the damping ratio of this mode is smallestpared to
parametersKics, Ty, T, andNq. other modes. Therefore, stabilization of this malessential

Step 3: Run small signal stability and eigenvalumlysis in order to improve small signal stability.
program for the proposed test system.
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The objective function given by (16) is evaluatey small
signal analysis program of the proposed test sysfdhthe
loads are assumed to be of constant power type.nddal
voltage magnitudes and angles were solved by t
conventional N-R load flow while a separate subprogwas
solved at the end of each iteration to update tite yariables
for the FACTS in order to meet the specified liteaf criteria.
The transmission line compensatioX . / X|jne) is kept to

be around 60 % for each of the selected lines lagttoreX, ,

Xc and a for the TCSC are chosen according to the line

reactance. The initial value of the firing angle )( of the
TCSC is kept within capacitive zone.

Both algorithms separately generate the best set
parameters as well as the best location (Table
corresponding to the TCSC controller by minimizitige
desired objective functiod. The damping ratio of the critical
swing mode # 4 with the application of PSO and@#ebased
TCSC controller in its optimal location has beepresented in
Table IlI..

TABLE Il
TCSCCONTROLLER PARAMETERS AND LOCATIONS

Kiess T T2

Nloc

PSO based TCSC
parameters and
locatior
GA based TCSC
Parameters and
location

16.809 1.00 0.2264 Branch # 16

9.986 0.9967 0.1118 Branch # 17

TABLE I
APPLICATION OFTCSCCONTROLLER
with PSO based TCS with GA based TCS
Critical Critical
swing mode swing mode
#4 #4

Damping
ratio

Damping
ratio

Load
increased
(15 %)
Line
outage
(# 4-13)

-1.0611 +
j5.7341

-0.9764 +

01819 j5.7114

0.1685

-1.0602 +
j5.7519

-0.9247 *

0.1812 i5.7731

0.1581

It is evident from Table Il that the damping actiof the
both PSO and GA based controllers is found to kisfaatory
and adequate with respect to the load increasdrendutage
of the transmission line. The performance of thetrdler is
further demonstrated by computing the angular spesponse
of the machine #1 relative to the machine # 2. déndation of

angular speed Aw) response with and without control has

been plotted in Fig. 5 for simulation time 7 sechas been
observed that the damping performance of the PS&edba
TCSC controller is more effective and satisfactooynpared

to the GA based TCSC controller for both cases o jgo0m|

disturbances.
The convergence rate of the objective functibtowards

best solutions with population size 15 and numbér o

generations 200 has been shown in Fig. 6(a) and B(lPSO
and GA algorithms, the maximum iteration number 260
adopted for determining termination condition aadstop the

2517-9438
No:8, 2011

simulated evolution. The convergence is guarantbgd
observing the value o, which remains unchanged upto 8
decimal places.

he

( Load increase 15 %]}

-------- Without TCSC
With GA based TCSC
—— With PSO based TCSC

o

1)

Speed deviation (rad/sec)

-2 I I I I
0 1 2 3 4 5 6 7

Time (sec)

Fig. 5 (a) Speed deviation response of machine#béd increase

atbus #9

a

2

(Line outage #4-13) [_______ Without TCSC
With GA based TCSC

—— With PSO based TCSC

15[

-

0.5

Speed deviation (radlsec)
(=]

-2 L L L L L L
0 1 2 3 4 5 6 7

Time (sec)

Fig. 5 (b) Speed deviation response of machine#lirfe # 4-13
outage

-0.072

-0.076

Fig. 6 (a) Convergence of the objective functiothvi® SO
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0.838
0.836 |

S osaaf

2 -

=

p -

@

£ o832

[T

gy ST

0.83} cm=a,
08280 20 60 80 100 120 140 160 180 200

Generation

Fig. 6 (b) Convergence of the objective functiottwGA

B. Implication of TCSC on Critical Loading

In order to study the performance robustness oflésigned
TCSC controllers, the effect of critical loading @ystem
stability has been investigated in this sectione Témal load at
bus #9 is increased form its nominal valBe=0.295 pu,
Q.=0.166 pu in steps. In each case eigenvalues ofytsiem
matrix are checked for stability. It has been obsérthat at
load P .=2.60 pu,Q.=0.166 pu Hopf bifurcation [19] takes
place for the critical swing mode # 4 (Table IV)daled to
low-frequency oscillatory instability of the systediyhen PSO
and the GA based TCSC are installed at line #16liand#17
separately there is no Hopf bifurcation of swingde® (Table
V). This implies that the TCSC controllers so obéai by PSO
and GA methods can put off the Hopf bifurcationilufarther
increase of load levels.

TABLE IV
EFFECT OF CRITICAL LOADING WITHOUTTCSC

VI. COMPARISON BETWEENPSOAND GA

From the simulation results it is evident that bBtBO and
GA based techniques handle the proposed optimizatio
problem efficiently and generate satisfactory rissuBut the
application of PSO based TCSC controller imparted
reasonably more damping to the critical swing moaiapared
to the GA based TCSC controller (Table VI). It Hasen
found that the GA based TCSC controller improves th
damping ratio of the critical swing mode about B®land 6-
7% for the case of load increase and transmiséiendutage
respectively, whereas the PSO based TCSC controller
improves it more than 20 % against both the cases o
disturbances. This implies that PSO based TCSCraltert
can mitigate the small signal oscillations problemore
efficiently than GA based controller.

The convergence rate of the objective functpplying
PSO has been compared with GA based results (fay.aéd
Fig. 6(b)). It has been observed that in case dd P&sed
optimization method the objective functiod, has been
converged within 15 generations whereas for GA dase
technique it has taken around 60 generations. Tdrereit
appears that PSO has more fast and stable coneergen
characteristics than GA.

TABLE VI
COMPARISON BETWEENPSOAND GA BASED RESULTS

Damping ratio of critical swing mode # 4

Load at bus # 9

Line outage  cyitical load at
0,
(15 % more than (# 4-13) bus # 9
nominal)
Without TCSC 0.14972 0.1499 -0.0015
GA based TCSC 0.16852 0.1581 0.2773
PSO based TCSC 0.18196 0.1812 0.2914

Nominal load a bus # 9 Hopf bifurcation load at bus # 9
(P.=0.295 pu,Q.=0.166 pu) (P.=2.60 puQ.=0.166 pu )

VII. CONCLUSIONS

In this paper a novel stochastic method, PSO ha be

implemented for optimal parameter setting and ifieation

of optimal site of the TCSC controller in a stardlar
multimachine power system in order to mitigate gmeall

signal oscillation problem. The enhancement of Esighal

stability has been achieved employing both PSO @id
algorithms by minimizing a desired objective funcati The

# Swing modes De:g;iyzing Swing modes Damping ratio

LTI eaw  Lmmr o

2 A oms  hwml o

3 'jlé?fg; * 0.1922 '%_gszligi 0.3446

s LM o ONET oo
TABLE V

APPLICATION OFTCSCWITH HOPF BIFURCATION LOAD

PSO based TCSC in line #16

GA based TCSC in lih@ #

#  Swing modes Da;;i[::ing Swing modes Dé::tir::ing
DR o 90 o
D onm SR o
3 ]3; iggf 0.7947 'j22'§5727(i * 0.7282
4 '113;_1628128; 0.2914 'jléf’f:goi 0.2773

performance of the PSO and the GA based TCSC dfmtro
has been compared against power system disturbanges
varying load and transmission line outage. The neatof
critical eigenvalue and time response analysisaletreat the
PSO based TCSC controller is more superior thanGhe
based TCSC controller even during critical loadirighe
present approach of PSO based optimization techniqu
appears to have good accuracy, faster convergeteeand is
free from computational complexity than GA basethtéque.
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APPENDIX

A. Proposed Study System

@K[

19
9
G 1
: VA
A

A L

TCSC
Coniroller

R

Fig. A.1 IEEE-14 bus system with the applicatidiT@SC
B. Machine and Network State Variables
X :[xlT X, DDDXmTr
Xi =[5i o Eg Eg Efg VR Rri Vs o XTCSCi]T

— T
g _[|dl lgt la2 1g2 - - - lam |qm]
_ T
Vg =[01 V1 6, Vo o 0 Vi
_ T
VI —[ermlvmfl 9m+2 sz """ ‘9n Vn]

(PV buses) and=m+1,m+2,....n (PQ buses).
C. Parameters of TCSC module

TABLE A.l
PARAMETERS OFTCSCMODULE
Line # Xline XL XC a thg;
(pu) (pu) (pu) (deg) | (ms
Bralngh #1 0.08450 | 0.00490| 0.0284 150 17
Bral";h #1 027038 | 000726| 0.0726] 155 17
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