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TCSC Power Oscillation Damping and PSS
Design Using Genetic Algorithm Modal
Optimal Control

Sasongko Pramono Hadi, Hatta Imaduddien Wiennetou, Rian Fatah Mochamad

Abstract— This paper presents the coordination of PSS and
POD in a SMIB power system equipped with TCSC. Some
effective controller using PSS and POD schemes were proposed
to improve power system stability. These controllers produced
supplementary signals, the PSS output signal for machine and
the POD’s for TCSC. A two stage lead lag compensator scheme
was considered in the PSS structure. A new controller design,
linear optimal control associated with modal control schemes, is
proposed in both PSS and POD design. By selecting the weighting
matrix Q in conjunction with the close loop pole shifting, the
proposed modal optimal control has been formulated. The GA
method was usedto determine the parameter controllers for both
PSS and POD. The dynamic and stability of power system with
proposed controllers was investigated by using small disturbance
to power system, 20% load variation. Simulation results show
that the presence of TCSC in power system network provided by
PSS and POD controller is very potential to improve system
stability. A 45% of owvershoot reduction could be reached, it is
obtained significantly settling time shorter, although the MO
POD shorter only 16% than PSS ones. The dominanteigenvalues
shift to the more stable area, the real part of new eigenvalues
approach their threshold -0.1. This result indicates that the
proposed modal optimal control has a good performance.
Simulation results also revealed that the role of POD controller is
more dominant than the PSS, however both PSS and TCSC POD
controller simultaneously present a positive interaction.

Index Term—  GA, modal optimal control, power system
stability, SMIB, TCSC

I INTRODUCTION

Recent developments of power electronics result in the use of
flexible alternating current transmission system (FACTS)
devices in power system. FACTS devices have the ability to
increase power system operation flexibility and
controllability, system stability and utilization of exsting
power systems [1]. One of the FACTS device is thyristor
controlled series capacitor (TCSC). A TCSC is consists of a
capacitor and a thyristor controlled reactor (TCR).

TCSC is generally installed in long transmission line of a
power system. Some roles of a TCSC are scheduling power
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flow, decreasing unsymmetrical components, reducing net
loss, providing voltage support, limiting short-circuit currents,
damping the power oscillation; and enhancing transient
stability [2], [3]. The basis of TCSC’s functions is the ability
to give inductive or capacitive reactance to transmission line.

Load changing at power systemcould induce low frequency
oscillations. These oscillations may sustain and grow to cause
loss of synchronization between generators. Power system
stabilizer (PSS) has been used to damp out oscillations in
recent years. The problemis this device may not give adequate
damping. In order to achieve an optimal small disturbance
performance, the coordination between PSS and TCSC is
needed [2].

Recent studies of TCSC show that installation of TCSC in
transmission line could enhance transient and oscillatory
stability [1], [2]. Additional control signal for TCSC has been
developed and applied to improve TCSC performance. This
additional control signal is called power oscillation damping
(POD). Some studies represent that using POD could improve
oscillations damping and enhance power systemstability [2].

Different methods have been applied to control PSS and
POD. Methods such as lead-lag compensation and PID
controller have been studied and reported in several papers.
Panda, et al [5] compares lead-lag compensation and PID
controller method at different disturbances. Simulation results
show that lead-lag compensation is a better method. Another
studies also represent that lead lag compensation method gives
better oscillations damping and system stability in power
system [2], [3], [5], [6]. The problem to devise PSS and TCSC
controller parameter is a complex exercise. Some paper used
conventional techniques such as eigenvalue assignment,
mathematical ~ programming, gradient  procedure  for
optimization, and modern control theory to devise PSS and
TCSC controller. The problem is conventional techniques
requires heavy computation burden and time consuming for
large power system [5]. Recently, heuristic method, especially
genetic algorithm (GA), is very popular to design PSS and
TCSC controller. The reason behind the popularity of GA is
its advantages. The robustness of GA in finding optimal
solution and ability to provide a near optimal solution close to
a global minimum is one of the advantage of GA. GA uses
multiple point instead of single point to search optimal
solution, so it convergence faster [8]. Previous studies show
the effectiveness of GA to design the controller. The
investigation result an improvement of oscillation damping
and power system stability [5], [7-9]. Another heuristic
methods such as particle swarm optimization, fuzzy logic,
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simulated annealing, etc. have been investigated to get better
performance index [10], [11]. These previous studies show
that designing TCSC controller is always interesting and
needed to improve power system stability.

Linear optimal control (LOC) is a method of control where
the system controlled is described in linear state equations.
The control is designed by minimizing a function of both state
deviations and control effort. The main characteristic of the
application of optimal control is the determination of
weighting matrix Q and R. Supposed R is relatively constant,
the objective function should be formulated by selection of
matrix Q. The element of matrix Q represent the weight of
certain state variable, when the weight of state variable are
known, the optimal control can be determined. The optimal
control will modify the system dynamic characteristic, the
pole (eigenvalue) of this close loop systemshould be represent
a better system dynamic response, this technique namely
modal optimal (MO) control.

The main objective of this study is to investigate the
effectiveness of damping function of TCSC in single machine
infinite bus (SMIB) power system, by applying: lead-lag
compensation Power System Stabilizer (lead-lag PSS), LOC
based POD (LOC POD) and a new controller design scheme
modal optimal control POD (MO POD). GA is used to design
PSS controller parameter and weighting matrix Q of LOC and
MO.

Il.  POWER SYSTEM MODEL AND CONTROLLER DESIGN

A. System Configuration

A SMIB power system with a TCSC shown in Fig. 1 is
considered in this study. The generator is equipped with a
PSS. Xt and X, represent the transformer and the transmission
line reactance respectively. Generator terminal and infinite bus
voltage is represented by Vr and V3 respectively.

Components of a TCSC are a capacitor and a TCR. X¢ and
X_ represent the reactance of capacitor and inductor
respectively. T, and T, are a bidirectional thyristor. The power
system dynamic model will be developed according to this
system configuration [4].
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Fig. 1. SMIB power system with TCSC

B. System Dynamic Model

The non-linear equations of the SMIB with TCSC are first
formulated. The equations are linearised to obtain power
systemmodel used.
The non-linearequations

The non linear equations of the SMIB with TCSC are [5] :

. 1
Eq= %[—Eq + Efq] (3)
. KA
Ety=———[Vg—V. 4
fd 1+STA[R T] (4)
with :
E}V, VZ (X, —X;
P, = 2% sins —MsinZ(S (5)
XdEl ZXdEquEr
Xis B, Xy — X
E, = dz q_(d d)VBcosd (6)
Xd):t Xd):r
X,V
Vrg = 22 sins (7)
qz
XerEq | VBXg
Vg = Xop, . cos (8)

Vp = ’V'?d + VTzq (9)

Xepr = Xr + X, — Xrese (@) (10)
XdE’ = Xl’i +Xeff;Xqu = Xq +X€ff (11)
XdZ = Xd + Xeff (12)

Linearised model

The design of power system controller, such as PSS and
POD, has been carried out using linearised model. Linearising
the model of SMIB with TCSC represented by equations (1-4)
around an operating point of the power system will produce a
linearised model of power system. By neglecting the internal
resistance and sub-transient process of the generator, and
when the function of govemor is neglected (AT,, = 0),
linearizing equations (1-4) gives the system equation in the
form of vectors and matrices [5] :

A8 = wyAw (13)
) 1

B = 2 [—KAS — K, AEg — Ky Ao — DAw] (14)
L1 ,

AE) = ™ [—K5AE, — K,A8 — K,Ac + AEg, ] (15)
. 1

AE/, = . [—K, (K508 + KGAE, + K,Ac) — AE;,] (16)

with,

K, = 0P, /08 ;K, = 0P, /0E} ; K, = 0P, /00 (17)

K, = 0E,/08;K; = 0E,/0E; ; Ky = 0E, /00 (18)

Ks = 0Vy/08; K, = 0Vy/0E; ; K, = 0Vy/do (19)

The linearised model of SMIB with TCSC could be
expressed in state space equation. According to the equations
(13-16), the state space of considered model is given below :

8= wpAw

1
@ = [P — P = Da]

(1)
(2)
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Fig. 2 shows block diagram of the system using proposed
method. The proposed method is based on LOC. Input of POD
not only rotor speed deviation (Aw), but also rotor angular
deviation (AS), armature voltage (AEg), and internal voltage

(AEg).
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Fig. 2. Linearised model of Phillips-Heffron power systemwith proposed
method

C. ControllersDesign

To improve the system stability, the control signal PSS is
designed using speed deviation signal Aw as feedback of PSS
to produce supplementary signal as control signal. This
supplementary signal is fed into excitation system (for
electrical loop in machine model). The control signals POD
are designed by LOC based method using state variable,
namely deviation of: rotor angle, angular speed, internal
voltage, and armature voltage, to produce supplementary
signals Ax,... These supplementary signals are fed into
TCSC. The control parameter for both PSS and POD are
calculated using GA.

PSS design

In study of dynamics power system, common designs for
PSS are lead-lag compensation and PI [9]. In this study, lead-
lag compensation is used. It consists of a gain, a washout, and
a two stage phase compensation block as shown in Fig. 3. Aw
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is used as the input of this controller, and the output will give
an additional signal to excitation system.

AW _5'7';"
14 57T,

Fig. 3. Two stage PSS
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Gain of PSS (Kpss) will multiply the amplitude of Aw.
Washout block has a function as a high pass filter that will
eliminate steady state bias at output signal. Washout
parameter, Ty, is chosen at 10 s [12]. Two stage phase
compensation block is used to compensate lead or lag phase of
the transmission. However, most of transmission systemhas a
lag phase because the inductive reactance is more dominant
than the resistance and hence the compensation is lead
compensation generally [1]. The compensation of two stage
phase block is determined by the time constants T4, T, T3, and
T,4. In this study, GA is used to choose the time constant and
Kpss. Moreover, a more stable system can be achieved by
designing eigenvalue to lie in lefter handside of s plane. This
design can be achieved by manipulating fitness function in GA
to produce desired eigenvalue [13].

LOC POD design

A general design of POD for TCSC is a lead-lag
compensation. Based on equation (20), control design of POD
could be designed using LOC scheme to produce a
supplementary control signal [13].

Mathematical expression of LOC can be written as follows
[13]:

Given a linear systemstate equation as :

X =Ax+Bu (21)
Determine the control signal u:
u=-Kx (22)

where K is state variable feedback control matrix, by
minimizing the performance index J, representing cost
function in the quadratic form:

J = % fom(xTQx+uTR u) dt (23)

Q is the weighting matrix of the state variable deviations and
R that of the control effort. Both Q and R, in the most cases
are chosen as diagonal matrices. By minimizing Hamiltonian
H related to the Lagrangian, the control optimal can be
expressed as follows:

u=-(R*B"P)x (24)
in which P must satisfy the Riccati equation:
A'P+PA-PBR'B'P+Q=0 (25)

The LOC design selects the weighting matrices Q and R
such that the performances of the closed loop systemcan
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satisfy the desired requirements. A method based on modal
analysis could be applied, the selection of Q is taken
incorporate with the desired eigenvalue locus. By shifting the
dominant eigenvalue to left hand side of s plane in certain
damping ratio, variations of Q are accomplished that guarantee
the better control by Riccati matrix equation solution.

The structure of POD using LOC scheme is shown in Fig. 4.
Based on LOC scheme, GA will be used to find Ky, Ky, Ks,
and Kjy.

Ab K >
AW \
= K/ % AXtcsc
+ p—>
AE,

|
v

AEg

Y

Fig. 4. LOC based POD

I1l. MODAL OPTIMAL POD DESIGN USING GENETIC
ALGORITHM
A. Genetic Algorithm

GA is an optimization technigue based on natural selection
and natural genetics. GA consists of several individuals that
representing a solution for the problem. At the beginning, GA
initiate some random value for each individual. GA will
maintain some individuals that have capacity as solution
candidate and repeatedly modifies them. At each iteration, GA
will get new individuals that could be better or worse.
Individual with better solution will be maintained and replaced
the old one. The iteration will be stopped after hit the stopping
criteria such as maximum generation, stall generation,
maximum time, or minimum tolerance. Individual at last
iteration is expected to be the best solution. Iteration in GA,
called generation, has a cyclic process as follows :

Evaluation of each individual using fitness function.

The population undergoes a reproduction to get new
individuals called offspring. A couple of individuals will be a
parents through a selection. The higher the fitness, the bigger
the chance to be the parents.

Offspring could be obtained by genetic operators such as
crossover and mutation. Crossover will choose a pair of
parents and exchange a part of parents A by a part of parents
B. Mutation is a process of changing a random bit of an
individual.

The last part of the iteration is elitisme. In this part, the
new individual will be compared with the old one. The better
one will be maintained while the other will be erased.

Iteration process of GA could be presented as a flowchart.
Fig. 5 show the flowchart of GA.
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Fig. 5. Genetic algorithm’s flowchart

B. Selection Q using GA for modal control

GA method proposes a similar way as algorithm mentioned in
Fig. 6. The next iteration of Q using GA is taken by selecting
Q that comply the genetics rule as follows: crossover,
mutation, and elitism. This next value of Q makes equation
(27) and (28) get a better value, its means that the dominant
eigenvalues approach the threshold. In other words, GA can be
used to the selection of Q in order to get a control that will
make the system more stable by shifting the dominant
eigenvalues to the more stable area, at any steps, the proper
shift will be accomplished.
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Fig. 6. Modal optimal flowchart

Using GA, the formulation of modal optimal control design
become:

Find the control u, that minimize the objective function:

J, = % fON(XT Qx+u'Ru)dt (26)
By selecting Q in order to minimize
J2=Z(00—0,-)2,f0r0,-200 (27)
J3 :Z(Sco-fi)z (28)
Subject to:

a. System dynamics constraint
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x = Ax + Bu

b. Eigenvalue locus constraint

Fig. 7. Region of eigenvalue for J;

o;j is the real part of the i-th eigenvalue and o is a
chosen threshold. The condition oj < op is aimed to
evaluate J, to consider only the unstable or poorly
damped ones [14].

c. Damping ratio constraint

\%‘V

Fig. 8. Region of eigenvalue for Js

Where §; is the damping ratio of the i-th eigenvalue.
The condition & > &, is aimed to minimize the
oscillation [14].

IV. NUMERICAL SIMULATION
A. Systemunder Study
System configuration of this study was as shown in Fig. 1. The
parameter data of system component is presented in TABLE |
as follows:

TABLE |
SYSTEM PARAMETERS
Parameter Value
H 3.12s
Xa 1.014
x'y 0.314
D 0
Xq 0.77
T’y 6.55s
Ka 400
Ta 0.05s
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Transmission lines: R, = 0; Xr= 0,07 pu, X, = 0,325 pu.
TCSC: X.=0,21 pu; X, = 0,0525 pu; a=160°.
Suppose the operating condition P = 0.9 pu.

B. Simulation Resultand Discussion

Purposed method in this paper was investigated based on
eigenvalue analysis and the system dynamic response against
disturbances. A 0.2 pu increment in electrical power (Pe) is
given to the system as disturbance. There are three scenarios
simulated to know more about the effects of purposed method,
they are:

1. Neither PSS nor POD

2. With PSS only

3. With both PSS and MO POD

System without PSS and POD

To evaluate system in normal condition, simulation in
SMIB is performed. Using system parameter as shown in
Error! Reference source not found.ll, and disturbance in the
form of a 0.2 pu increment in P, the dynamic response of the
generator will be known. System without POD and PSS is
simulated and its results are shown in Fig. 9 and Fig. 10. The
first swing of rotor angle reaches 75° the steady state
converges to 64° (11° overshoot). Rotor angle deviation (A§)
and speed deviation (Aw) response is going toward steady
state, but their settling time are still not known though the
simulation has run for 10 s. A long settling time can lead the
systemto loss of synchronization.

]
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Fig. 9. Rotor angle deviation in system without PSSand POD

=x10°

Speed deviation (rad/s)
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Fig. 10. Speed deviation in system without PSSand POD

PSS controller performance

PSS is used to enhance dynamic responses performance.
Performance of PSS depends on its parameters. Appropriate
PSS parameters are needed to ensure that PSS will enhance
dynamic responses performance. GA is used to choose PSS
parameters by minimizing fitness function expressed in
equation (27) and (28). These fitness functions are expected to
make system’s eigenvalues to shift to the further left hand side
of s plane with certain damping ratio. The chosen real part
threshold o is — 0.1, the damping ratio & is 0.1. TABLE
lIError! Reference source not found. shows PSS parameters
that GA found out.
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Using increment of P, as disturbance, the performance of
system with PSS is investigated. Fig. 11 and Fig. 12 are the
results of the simulation that show (Ad) and (Aw) of the
generator respectively. Each figure consists of two responses
with different operating conditions. The first condition is a
condition where there is neither PSS nor LOC POD installed,
and the second one is the systemwith PSS only.

Based on Fig. 11 and Fig. 12, the dynamic response of
system with PSS is better than system without PSS. System
with PSS gives better oscillation indicated by lower first swing
(71°) and faster settling time (3s).

TABLE Il
PSSPARAMETERS
Kpss T1(s) Ta(s) T5(s) T4(9)
2.4602 3.2038 2.4579 3.4040 2.0260

1
V3

Rotor angle deviation (degree)

{3}
L]
x ¥ )
! \! /
Y
7

1iEr g
I 1 Y
VY 1! \

\/ ) M
’---noPOD‘ncPSS ‘
| —no POD. with PSS

9 10

50 1 1 i
[

5 8
Time (s)

Fig. 11 Rotor angle deviation in system with PSS, but without POD

Speed deviation (rad/s)
A S S S Sy

tr 1 1 Y
Y VA Y A YA VI

5 6 7 8
Time (s)

Fig. 12 Speed deviation in system with PSS, but without POD

MO POD control performance

Based from result in Fig. 11 and Fig. 12, we want to
increase the stability of the system by using MO method to
process input signal for POD.

This subsection aims to show the role of MO POD in
damping the oscillation of system dynamic response following
a disturbance, where the weighting matrix Q in LOC formula
are selected based on modal control. Using multi objective
GA, optimal parameter for weighting matrix then searched.
From n-th iteration, the optimal matrix shown are in TABLE
IlIError! Reference source not found..

TABLE Il
MO POD PARAMETERS
A6 Aw AEp, AE,
-0.0799  8.8890 0.3698 0.1122

Using weighting matrix from TABLE Ill, a simulation then
conducted. The result shown in Fig. 13 and Fig. 14 indicating
that a better stability has been achieved.
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Fig. 13. Rotor angle deviation in system with POD and PSS
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Fig. 14. Speed deviation in system with POD and PSS

Fig. 13 and Fig. 14 illustrate the effect of the three type of
condition: without PSS and POD, with PSS only, and with
PSS and MO POD scheme. The rotor angle dynamics and the
speed deviation as depicted in Fig. 13 and Fig. 14 show that
damping function MO POD (first swing 70° and settling time
2.5s) is more significant than the PSS’s one. It is also shown
that the synergy between PSS and POD has been achieved; the
system responses (with both PSS and MO POD) have the best
damping, and is more effective than PSS only.

TABLE IV
EIGENVALUE LOCI

No POD With MO POD

-10,0061 +20,1916i
-10,0061 — 20,1916i
-0,0323 +7,8079i
-0,0323 - 7,8079i

-1.2739e+003
-0.0722 + 8.5664i
-0.0722 - 8.5664i

-0.9502

Table IV shows how the dominant eigenvalues shift to the
more stable area, the real part new eigenvalues (-0.0722) close
to their threshold -0.1. This result indicates that the proposed
modal optimal control has a good performance.

V.  CONCLUSION AND FUTURE RESEARCH

GA has been proved as effective solution of optimization
problems. This paper investigates a proposed control scheme
where PSS using lead-lag compensation and POD using LOC.
GA could be used to design MO POD by selecting the
weighting matrix Q in order to shift the dominant eigenvalue
to the further left side. This new design has been tested with
disturbance in the form of increment electrical power.

The simulation compared three different conditions, without
PSS and POD, with PSS only, and with PSS and MO POD
scheme. The simulation results show that systemwith PSS and
MO POD has the best oscillation damping. Its overshoot is
lower and its settling time is faster than the others. Applying
PSS and modal optimal control could give a reduction in
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settling time (16%) as well as in response overshoot (45%)
than systemwith PSS only.

The dominant eigenvalues shift and approach their real part
threshold -0.1, the proposed modal optimal control has a good
performance. Both PSS and TCSC POD controller
simultaneously present a positive interaction. Shifting
dominant eigenvalues in great increment is not recommended,
it could lead to non-linearity conditions.
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