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System Oscillation Stability
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Abstract—Damping of inter-area electromechanical oscillations
is one of the major challenges to the electric power system operators.
This paper presents Gravitational Search Algorithm (GSA) for tuning
Static Synchronous Series Compensator (SSSC) based damping
controller to improve power system oscillation stability. In the
proposed algorithm, the searcher agents are a collection of masses
which interact with each other based on the Newtonian gravity and
the laws of motion. The effectiveness of the scheme in damping
power system oscillations during system faults at different loading
conditions is demonstrated through time-domain simulation.

Keywords—FACTS, Damping controller design, Gravitational
search algorithm (GSA), Power system oscillations, Single-machine
infinite Bus power system, SSSC.

[. INTRODUCTION

ECENTLY, the deregulated energy market and the
Rincreasing demand of electricity have led to the expansion
of power systems. This raised the problem of poorly damped
inter-area electromechanical oscillations. In the past three
decades, power system stabilizers (PSSs) have been
extensively used to enhance the system damping for low
frequency oscillation. However, there have been problems
experienced over the years of operation. Some of these were
due to the limited capability of PSS in damping only local and
not inter-area modes of oscillations. In addition, the tuning of
PSS is in some way not flexible and therefore sometimes they
are not able to cope with changes in the power system
structure. To avoid such problems, it has necessitated a review
of the traditional power system concepts and practices to
achieve a large stability margin, greater operating flexibility
and better utilization of existing power systems. Recent
development of power electronics introduces the use of
Flexible AC Transmission Systems (FACTS) controllers in
power systems. FACTS controllers are capable of controlling
the network condition in a very fast manner and this unique
feature of FACTS can be exploited to improve the stability of
a power system. The detailed explanation about the FACTS
controllers are well documented in the literature and can be
found in [1], [2].
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FACTS controllers can be categorized into three major
groups: Shunt devices such as the Static Synchronous
Compensator (STATCOM), series devices such as the Static
Synchronous Series Compensator (SSSC) and series-shunt
devices such as the Unified Power Flow Controller (UPFC).
Static Synchronous Series Compensator (SSSC) is one of the
important members of FACTS family which can be installed
in series with the transmission lines. SSSC is very effective in
controlling power flow in a transmission line with the
capability to change its reactance characteristic from
capacitive to inductive. SSSC has become an effective tool for
power flow control [3].

This paper investigates the static synchronous series
compensator (SSSC) FACTS controller performance in terms
of stability improvements. It consists of a solid state voltage
source converter (VSC) which generates a controllable voltage
at fundamental frequency. When the injected voltage is kept in
quadrature with the line current, it can emulate as inductive or
capacitive reactance so as to influence the power flow through
the transmission line [4], [5].

The power system is a highly nonlinear system that operates
in a constantly changing environment: loads, generator
outputs, topology and key operating parameters change
continually. When subjected to a transient disturbance, the
stability of the system depends on the nature of the
disturbance as well as the initial operating conditions. The
system must be able to operate satisfactorily under these
conditions and successfully meet the load demand. To
improve the voltage stability and the damping of oscillations
in power systems, supplementary control laws can be applied
to existing devices. Moreover, a SSSC with a suitably
designed external damping controller can be used to improve
the damping of the low frequency power oscillations in a
power network. The objective of control design exercise is to
ensure adequate damping under all credible operating
conditions. A conventional lead-lag controller structure is
preferred by the power system utilities because of the ease of
on-line tuning and also lack of assurance of the stability by
some adaptive or variable structure techniques [6]-[8]

The problem of FACTS controller parameter tuning is a
complex exercise. Recently, many researchers have
investigated the use of artificial intelligence-based approaches
to design a FACTS-based supplementary damping controller.
These approaches include particle swarm optimization [9],
[10], real coded genetic algorithm [11], differential evolution
[12], multi-objective evolutionary algorithm [13]. Recently,
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Gravitational Search Algorithm (GSA) technique appeared as
a promising optimization algorithm for handling optimization
problems. The gravitational search algorithm (GSA) is one of
the newest stochastic search algorithm developed by Rashedi
et al. [14]. This algorithm, which is based on Newtonian laws
of gravity and mass interaction, has great potential to be a
break-through optimization method. The most substantial
feature of GSA is that gravitational constant adjusts the
accuracy of the search, so it is to speed up solution process.
Furthermore, GSA is memory less; it works efficiently like the
algorithms with memory [15]-[17].

In this paper, SSSC based damping controller employing a
newly developed gravitational search algorithm (GSA) is used
to improve the damping of single-machine infinite-bus power
systems. The parameters of the proposed controller are tuned
by using gravitational search algorithm (GSA). To show the
robustness of the proposed design approach, simulation results
are presented under various disturbance and faults for single-
machine infinite-bus power system. The effectiveness and
superiority of the proposed design approach is illustrated by
comparing with existing approach.

This paper is organized as follows. The single-machine
infinite-bus (SMIB) power system model is described in
Section II. The SSSC based damping controller is discussed in
Section III. Gravitational Search Algorithm (GSA) is
presented in Section IV and in Section V; the tuning of
damping controller parameters using GSA has been described.
Simulation results and discussions are illustrated in Section
VI. Some conclusions are given in Section VII.
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Fig. 1 (a) SSSC based damping controller
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Fig. 1 (b) Equivalent Circuit

II. DESCRIPTION OF STUDIED SYSTEM

Fig. 1 shows a third order nonlinear mathematical voltage
source converter (VSC) based series connected SSSC. Fig. 1
(b) is the equivalent circuit of the system. The transformer
leakage reactance is represented by reactance X,;, whereas
equivalent reactance of the parallel lines is represented by

International Scholarly and Scientific Research & Innovation 8(2) 2014

reactance X, which also includes the leakage reactance of the
series booster transformer if required. The SSSC voltage Vg,
changes the magnitude of the current for a given Vyand V, and
not its angle. The resistances of all the components of the
system like transformer, transmission lines, series converter
transformer and generator) and transients of the transmission
lines are neglected while deriving the algebraic equations. The
algebraic equations are as follows:

Py = Viglg + Vigly (1
Vig = Eclz + Vgl 2)
Via = Xqlg 3)
E, =Eq+ (Xg — Xplg “4)

Vea + JVeq = Xolq + J(Eq=Xi1a) = jXe(Ia + j1g) + Vata + Vieq + Vg + Voq (5)

Vpgq = 27ece2n (©)
Vth = %ﬁn% (7
Vpg = VpSind (8)
Vog = VpCos8 )
Xs=X,+ X + X, (10)
Xo=X),+X. +X, (11)

The non-linear dynamic model of the system using SSSC is
given below. The static excitation system, model type
IEEESTI1A, has been considered [1]. The SSSC is assumed to
be based on pulse width modulation (PWM) converters.

A. Non -Linear Dynamic Model

8 = wow (12)
. _ (Pm—Pe—Dw)

W= (13)
., (Efa—Eq)

E; = Tq (14)

B. Linear Dynamic Model

By linearising the non-linear model around an operating
condition, a linear dynamic model is obtained [18], [19]. The
linearised model is described below.

A8 = wydw (15)
Ad = Ere) (16)
AEL’I _ (AEf:é_OAEq) (17)
AEj, = -T2 Katle (18)

Ta Ta

409 1SN1:0000000091950263



Open Science Index, Electrical and Computer Engineering Vol:8, No:2, 2014 publications.waset.org/9998017/pdf

World Academy of Science, Engineering and Technology
International Journal of Electrical and Computer Engineering
Vol:8, No:2, 2014

AP, = K; A8 + Ko AE} + Ky AV, + Ky AMp + Ky3485 (19)
AEy = K348 + K,AEy + Kp1 Ve + K AMp + K348 (20)
AV, = KsA8 + KgAE; + Ky1AVae + Ky AMp + Ky3485 (21
AVye = Ko A8 + KoAE] — KoAVge + Koy AMg + K,q3485 (22)

III. SSSC BASED DAMPING CONTROLLER

The damping controller is provided to improve the damping
of power system oscillations. The input to the damping
controller is the speed-deviation signal [20], [21] and the
output signal is the injected voltage V, The damping
controllers are designed with a purpose to produce an
electrical torque in phase with the speed deviation.

\%
A(Ob. »| sTy |l L+sTy [ | 1+5T3 AVq Vqr-*éfSV — Vq
Input 1+sTy 1+5sTy 1+5Ty + Output
Gain Washout Two stage + Vq min
Block Block lead-lag Block aref

Fig. 2 Lead-lag structure of SSSC-based controller

Fig. 2 shows the damping controller that consists of gain,
signal wash-out and phase compensator blocks. The
parameters of the damping controller are obtained using the
GSA technique. In this paper, Gravitational Search Algorithm
is proposed for the optimal computation of phase compensator
block parameters. The phase compensation blocks time
constants (T, T,, T3 and T,) provide the appropriate phase-
lead characteristics to compensate for the phase lag between
input and the output signals. The desired value of
compensation is obtained according to the change in the SSSC
injected voltage AV, which is added to V.

IV. GRAVITATIONAL SEARCH ALGORITHM

Rashedi, Hossein and Saryazdi [14], first introduced
Gravitational Search Algorithm in 2009 as a new heuristic
method. The original intention of their research was to
graphically model the Newton’s gravitational law and laws of
motion. The basic physical theory from which GSA is inspired
is Newton theory, which says: ‘Every particle in the universe
attracts every other particle with a force that is directly
proportional to the product of their masses and inversely
proportional to the square of the distance between them’. GSA
can be considered as a collection of agents (candidate
solutions) which have masses proportional to their value of
fitness function. During generations all masses attract each
other by the gravity forces between them. The heavier the
mass, the bigger the attraction force is. Therefore, the heaviest
masses which are probably close to the global minimum
attract the other masses in proportion to their distances.

According to [14], [15], suppose there is a system with N
agents. The position of each agent (masses) which is a
candidate solution for the problem is defined as follows;
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Xi =X o X3 LX)
for i=1,2,...,N (23)
where N is the dimension of the problem and x; is the position
of the i th agent in the d th dimension.

The algorithm starts by randomly placing all agents in a
search space. During all epochs, the gravitational forces from
agent j on agent i at a specific time # is defined as follows:

Mpi(£)XMg;(t)
Rij(f)+€

Fi(©) = 6() (O -xm) e

where M ,; is the active gravitational mass related to agent jM,,
is the passive gravitational mass related to agent i, G(?) is the
gravitational constant at time ¢€ is small constant R;(?) is the
Euclidian distance between two agents 7 and ;.

The gravitational constant G and the Euclidian distance
between two agents i and j are calculated as follows:

G(t) = Gye “/r 25)

Rij () = [|lx:(6), %, (1) - (26)
where o is the descending coefficient, G, is the initial
gravitational constant, ¢ is the current iteration, and T is the
maximum number of iterations.
In a problem space with the dimension d, the total force that
acts on agent i is calculated by the following equation:
drpy — d
FA(t) = X} j= rand; FE(t) (27)
where rand; is a random number in the interval [0,1].
According to the law of motion, the acceleration of an agent is
proportional to the resultant force and inverse of its mass, so
the accelerations of all agents are calculated as follows:

e

d _
a; (1) = Mi;(t)

(28)
where d is the dimension of the problem, ¢ is a specific time,
and M; is the mass of object i. The velocity and position of
agents are calculated as follows:

VA(t + 1) = rand;vi(t) + al(t) (29)

XA+ 1D =x2@) +vit+1) (30)
where d is the problem dimension and rand; is a random
number in the interval [0], [1].

As can be inferred from (29) and (30), the current velocity
of an agent is defined as a fraction of its last velocity
(0<randi<l) added to its acceleration. Furthermore, the current
position of an agent is equal to its last position added to its
current velocity. Agents’ masses are defined using fitness
evaluation. This means that an agent with the heaviest mass is
the most efficient agent. According to the above equations, the
heavier the agent, the higher the attraction force and the

410 1SN1:0000000091950263



Open Science Index, Electrical and Computer Engineering Vol:8, No:2, 2014 publications.waset.org/9998017/pdf

World Academy of Science, Engineering and Technology
International Journal of Electrical and Computer Engineering
Vol:8, No:2, 2014

slower the movement are. The higher attraction is based on the
law of gravity, and the slower movement is because of the law
of motion [14].

The masses of all agents are updated using the following
equations

_ fiti(t)-worst(t)
mi(t) - best(t)—worst(t) (31)
where fit;(t) represents the fitness value of the agent i at time ¢,
best(t) is the strongest agent at time ¢, and worst(t) is the
weakest agent at time ¢, best(?) and worst(t) for a minimization
problem are calculated as follows:

worst(t) = maxjeq ny fit; (t) (33)
best(t) and worst(t) for a maximization problem are calculated
as follows:

best(t) = maxjeq ny fit; (t) (34)

worst(t) = min;eqy yy fit; (t) (35)
The normalization of the calculated masses (9) is defined by
the following equation:

m;(t)
E}‘le (6

M;(t) = (36)

In the GSA, at first all agents are initialized with random
values. Each agent is a candidate solution. After initialization,
the velocity and position of all agents will be defined using
(29) and (30). Meanwhile, other parameters such as the
gravitational constant and masses will be calculated by (25)
and (31). Finally, the GSA will be stopped by meeting an end
criterion. The steps of GSA are represented in Fig. 3. In all
population-based algorithms which have social behavior like
GSA, should be considered: the ability of the algorithm to
explore whole parts of search spaces and its ability to exploit
the best solution. Searching through the whole problem space
is called exploration whereas converging to the best solution
near a good solution is called exploitation. A population-based
algorithm should have these two vital characteristics to
guarantee finding the best solution. In GSA, by choosing
proper values for the random parameters (G, and o), the
exploration can be guaranteed and slow movement of heavier
agents can guarantee the exploitation ability [14], [16].
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Generate initial population

>
A

4

Evaluate the fitness of each agent

A 4

Update G, best and worst of population

A 4

Calculate M and a for each agent

A 4

Update velocity and position

Meeting end of
criterion

Return best solution

Fig. 3 General principle of GSA

V.SSSC CONTROLLER DESIGN USING GSA

In the proposed method, the SSSC controller parameters
must be tuned optimally to improve overall system dynamic
stability in a robust way. The parameters of the SSSC damping
controller are tuned for different loading conditions.

TABLEI
SSSC CONTROLLER PARAMETERS
Operating conditions P (pu) 50
Nominal Pe=0.75p.u 453°
Light Pe=0.4p.u 22.91°
Heavy Pe=1p.u 60.7°

For our optimization problem, an integral time absolute
error of the speed deviations is taken as the objective function
J expressed as:

J = [, 1dw(®)| t.dt (37)

In the above equations, 4w (#) denotes the rotor speed
deviation for a set of controller parameters i.e. the parameters
of the SSSC controller and t; is the time range of the
simulation. The optimization problem design can be
formulated as the constrained problem shown below, where
the constraints are the controller parameters bounds.
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Minimize J
Subject to
K min = K<K max
T Imin ST] < T Imax
T 2min ST2 <T 2max
T 3min ST} <T 3max
T 4min T4 < T ymax (38)
Typical ranges of the optimized parameters are [0, 100] for
K and [0.01, 1] for TI, T2, T3, and T4. The mentioned
approach employs the GSA to solve this optimization problem
and searches for an optimal or near-optimal set of controller
parameters. It should be noted that GSA algorithm is run
several times and then optimal set of output feedback gains for
the SSSC controllers is selected. The final values of the
optimized parameters are given in Table II.

TABLE 11
GSA OPTIMIZED SSSC BASED DAMPING CONTROLLER PARAMETERS
Controller Gain Tissscl Tisssc2 Tdssscl Tdsssc2
SSSC 69.0026 0.6871 0.4416 0.6771 0.6423
VI. SIMULATION RESULTS

In order to demonstrate the effectiveness and robustness of
the proposed controller, a 3-cycle 3-phase fault att =1 s, on
the infinite bus has occurred, at all loading conditions as
described in Table I. The speed deviation and electrical power
deviation based on the SSSC based controller in three different
loading conditions are shown in Figs. 4-7. It can be observed
that the GSA based SSSC controller tuned using the objective
function achieves good robust performance and provides
superior damping in power system. Each figure contains two
plots as: Selid (black): stabilizer with GSA approach Solid
(red): without stabilizer. It is evident from these figures that
the system without stabilizer contains insufficient damping
and the responses are pendulous. But the proposed GSA based
stabilizer can greatly enhance power system stability and
damp out the oscillations effectively.

A alpu)

Timelsec)

Fig. 4 Speed deviation response for a 3-cycle, 3-phase fault
disturbance at middle of transmission line cleared by 3-cycle line
tripping at nominal loading
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Fig. 6 System response for a 3-cycle, 3-phase fault at bus 1 Light
loading
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Fig. 7 System response for a three-cycle fault at bus 3 at heavy
loading

To test the robustness of the controller, the generator
loading is changed to light loading and the effectiveness of
the proposed controller for unbalanced fault is also examined
by applying different types of unsymmetrical faults namely;
single line to ground fault (L-G), double line to ground fault
(L-L-G), double line to line fault (L-L). The speed deviation
based on the SSSC based controller in these fault conditions
are shown in Figs. 8-10. It is observed from these figures that
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the proposed GSA approach is a superior optimized technique
with SSSC- based controller as the system is stabilized
quickly.

A mlpu)
—_

05

=
T

Time(pu)

Fig. 8 System response for a three-cycle, unbalance fault (L-G) at bus
3 at Light loading

£ efpu)

Time(sec)

Fig. 9 System response for a 3-cycle, unbalance fault (L-L-G) at bus
3 at Light loading
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10 System response for a 3-cycle, unbalance fault (L-L) at bus 3
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Fig. 11 Power angle response without SSSC Controller
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Fig. 12 Power angle response with SSSC Controller
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Fig. 14 SSSC output signal with controller

The power angle response without and with SSSC based
controller (GSA approach) is shown in Figs. 11 and 12
respectively. The SSSC-injected voltage is shown in Figs. 13
and 14 respectively from which it is clear that the injected
voltage is suitably modulated to damp the power system
oscillations.

VII. CONCLUSION

The results obtained showed that in a single-machine
system, SSSC based damping controllers can be tuned to
provide satisfactory damping performance over a set of
operating conditions. The GSA-based tuning process has
produced robust controllers, satisfying the design criteria in a
large-scale realistic power system. The results show that the
power system oscillations are damped out very quickly with
the help of SSSC based damping controllers in few seconds.
The performance of proposed controller has been investigated
under various disturbances and loadings. It is concluded from
these results that the use of SSSC is having improved dynamic
response and at the same time faster than other conventional
controllers. The gravitational search algorithm has been
proposed to capture its near global solution .Moreover, this
approach is also simple and easy to be realized in power
systems.

International Scholarly and Scientific Research & Innovation 8(2) 2014

APPENDIX

TABLE III
DATA OF THREE MACHINE NINE BUS POWER SYSTEM WITH SSSC

Generators Sp1= 4200 MVA, Sg,= Spz= 2100 MVA,
H=3.7s, V3 =13.8 kV, f=60Hz, P.,=0.75,
Vo=1.0, Ry = 2.8544 ¢ *, X, =1.305, X, =0.296, X;=
252, X, = 0474, X,» = 018 T, =101 s, T,
=0.053s,T,,=0.1s
Hydraulic K, =333 T,=0.07,Guin = 0.01, Gax=0.97518, Vmin = -
Turbine and 0.1 pu/s, Vgye = 0.1 pu/s, R, = 0.05, K, = 1.163, K;
Governor =0.105, K;= 0, T,=0.01s, p =0, T,, = 2.67 s
Excitation Tip=10.02s, K, =200,T,= 0.001 s, K, =1,
System T.=0, T, = 0,T.=0, K, =0.001, Ty=0.1s,
Epnin=0, Epnin=7, Ky = 0
Transformers Sg11=4200 MVA, Sgro2= Ser3=2100 MVA,13.8/500 kV, 60

Hz, R; = R, =0.002, L, = L,=0, D,/Y,connection,R,, =
500, L,, =500

Transmission 3-Ph,L; =175 km, L,=50km, L; =100km., R,

Line =0.02546 Q/ km,Ry= 0.3864 Q/ km,
L1=0.9337¢7 H/km, Ly=4.1264¢H/ km, C,
= 12.74¢° Ffkm, C, = 7.751¢° F/km
SSSC Suom = 100 MVA, Vo = 500 kV, = 60 Hz,Vyua= 0.2,

Max rate of change of Vywer =3/s, ,Vpc = 40 kV, Cpc =
375¢° FKp=0.00375, K;=0.1875, Vq = £ 0.2 Kp yucx
=0.1¢7 K} yaer =20€
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