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Abstract- In this paper, a multiobjective design of the multi-machine
power system gabilizers (PSSs) using Chaotic Optimization Algorithm
(COA) is proposed. COA, which have the features of easy
implementation, short execution time and robust mechanisms of
excaping from local optimum, is a promisng tool for engineering
applications. The PSSs parameters tuning problem is converted to an
optimization problem which is solved by a chaotic optimization
algorithm based on Lozi map. The robustness of the proposed COA
basad PSSs (COAPSS) is verified on a multimachine power sysem
under different operating conditions. The reaults of the proposed
COAPSS are demondrated through eigenvalue analysis and nonlinear
timedomain smulation.

I.  INTRODUCTION

Stability of power systemsisone of themost important aspectsin
eectric sysem operation. This arises from the fact that the power
system must maintain frequency and voltage levels, under any
disturbance, like asudden increase in the load, loss of one generator
or switching out of atransmission line, during afault [1]. Since the
devel opment of interconnection of large e ectric power systems, there
have been spontaneous system oscillaions at very low frequenciesin
the order of 0.2 to 3.0 Hz. Once started, they would continue for a
long period of time. In some cases, they continue to grow, causing
system separation if inadequate damping is available. To enhance
system damping, the generators are equipped with the power system
gabilizers (PSSs) that provide supplementary feedback stabilizing
sgndsin the excitation systems|[2].

Despite the potentia of the modern control techniques with
different sructures, power system utilities ill prefer the
Conventiona |ead-lag Power System Stabiilizer (CPSS) structure[3].
The reasons behind that might be the ease of online tuning and the
lack of assurance of the stahility related to some adaptive or variable
structure techniques. In addition, Gibbard [4] demonstrated that the
CPSS provide satisfactory damping performance over awide range
of system loading conditions. The robustness nature of the CPSSiis
due to the fact that the torque-reference voltage transfer function
remains approximately invariant over a wide range of operaing
conditions. Despite the potentid of the modern control techniques
with different structures, power system tilities ill prefer the
Conventiond lead-lag Power System Stabilizer (CPSS) structure [5-
6]. The reasons behind that might be the ease of onlinetuning and the
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lack of assurance of the stahility related to some adaptive or varidble
sructure techniques. Moreover, it is shown that the appropriate
section of the CPSS parameters resultsin satisfactory performance
during system upsats. Unfortunately, the problem of the PSS design
isamultimodal optimization problem (i.e., thereexistsmorethan one
local optimum). Hence, loca optimization techniques, whicharewell
€l aborated upon, are not suitablefor such aproblem. Recently, global
optimization techniqueslike Genetic Algorithms (GA), evol utionary
programming, and rule based bacteria foraging [2, 5-6] have been
applied for the PSS parameter optimization. These evolutionary
agorithms are heuristic population-based search procedures that
incorporate random variation and selection operators. A particle
swarm optimization for the design of PSS parameters at different
operating conditionsispresented in[ 7]. However, the performance of
thesmple PSO greetly dependsonits parameters, and it often suffers
the problem of being trapped in the locd optima so as to be
premeture convergence. In order to overcome these drawbacks, a
Chaotic Optimization Algorithm based PSS (COAPSS) is proposed
in this study. Chaotic optimization agorithms, which have the
features of easy implementation, short execution time and robust
mechanisms of escaping from theloca optimum, isapromising tool
for the engineering applications. It is akind of characteristic of the
nonlinear systems which is a bounded unstable dynamic behavior,
which exhibits sensitive dependence on the initid conditions and
include infinite unstable periodic motions. The COA is based on
ergodicity, sochagtic propertiesand ‘regularity’ of the chaos. Itisnot
like some stochastic optimization agorithms that escape from the
loca minima by accepting some bad solutions according to acertain
probability but COA searches on the regularity of chaotic motion to
escape from theloca minima

A new approach for the optima design of PSS parameter is
investigated in this paper. The problem of a robust PSS design is
formulated as a multiobjective optimization problem and COA is
used to solveit. The effectiveness of the proposed COAPSSistested
on a multimachine power system under different operaing
conditions and results are demonstrated through eigenvaue analysis
and nonlinear time smulation. Results evauation show that the
proposed method achieves good robust performance for damping
power system low frequency oscillations under different operating
conditions.



Il.  CHAOTIC OPTIMIZATION ALGORITHM

Chaos often exigtsin the nonlinear systems. It isakind of highly
unstable motion of the deterministic systems in finite phase sace.
An essentid feature of the chaotic sysems is that smdl changesin
the parameters or the starting vaues for the data lead to the vestly
different future behaviors, such as dtable fixed points, periodic
oscillations, bifurcations, and ergodicity. This sendtive dependence
ontheinitia conditionsisgeneraly exhibited by systems containing
multiple dements with nonlinear interactions, particularly when the
systemisforced and dissipative[10]. Dueto the non-repetition of the
chaos, it can carry out overdl searches a higher speeds than
stochastic ergodic searches that depend on the probabilities.

The Lozi's piecewise liner modd is a smplification of the
He'non map and it admits strange attractors. This chaotic map
involves aso non-differentiable functions which makes difficult the
modeling of the associate time series. The Lozi map isgiven by [8]:

yi(k) =1-ax|y,(k -1+ y(k-1) @
y(k) =bxy,(k-1) @
2(k) = (y(K)-a)/ f~a ©

Where, kistheiteration number. In this study, the values of y are
normaized in the range [0,1] to each decison vaigble in n-
dimensona space of optimization problem. Thus, y ¢
[-0.6418, 0.6716] and [ &x, [ ]=(-0.6418, 0.6716). The parameters
used in thiswork area= 1.7 and b = 0.5 [11]. Many unconstrained
optimization problems with continuous variables can be formulated
asthefollowing functional optimization problem.

Find X to minimizef(X), X=Xy, Xz, ..., X

Where, f is the objective function, and X is the decison solution
vector consisting of n variables, x, bounded by lower (L;) and upper
limits (U;). The chaotic search procedure based on the Lozi map can
beillugtrated asfollows[8]:
Sep 1. Initidization of varigblesand initid conditions: Set k=1, y;(0),
y(0), for the Lozi map and Set theinitial best objective function f .
Sep 2: Algorithm of chaotic globa search:

Begin

While k<M, do

x(K) =L +z(K)xU;-L)
If f(X(k)<f Then
X = X(K)
f = f(X(k)
End if
k=k+1
End while

End
Sep 3: Algorithm of chaotic local search:
Begin
While k<(M,+M,) do
For i=1to n

If r<0.5 Then
X (K) =% +Axz(K)xJ, - X||
Else
X (K) =% = 2x 3 (K) x| X, - L|
Endif
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End for
If (X (k) < f Then
X = X (k)
f=f(xX(k)
End if
k =k+1,
End while
End
The My and M, are maximum number of iterations of chaotic
Globd search and maximum number of iterations of chaotic Locd
search, respectively. In this paper, A is the step sizein chaotic loca
searchand linearly isdecreased from 0.1t0 0.01. Also, f and X are

the best objective function and the best solution from current run of
chaotic search, respectively.

A. Power sysem modd

The complex nonliner modd relaed to an n-machine
interconnected power system, can be described by a set of
differential-a gebrai c equations. For a given operating condition, the
multi-machine power system islinearized around the operating point.
In this study, the two-axis modd [12] given in Appendix is used for
thetime domain smulaions.

PROBLEM STATEMENT

B. PSSdructure
The operating function of aPSSisto produce a proper torque on the
rotor of the machine involved in such a way that the phase lag
between the exciter input and the machine eectrical torque is
compensated. The transfer function of theith PSSis[12]:
kS {(1+ ST, (L + sT3)}Awi(S) @
1+sT,| @+ sT, )21+ sT,)
Where, Aw; is the deviation in speed from the synchronous
speed. Thistype of stabilizer consists of awashout filter, adynamic
compensator. The output signd is fed as a supplementary input
sgnd, U, to the regulator of the excitation system. The vaue of the
time congtant Ty, isusualy not critica and it can rangefrom 0.5t0 20
s. In this study, it is fixed to 10 sec. The dynamic compensator is
made up to two lead-lag tages and an additiona gain.

U

C. PSSdesign usng COA

For our optimization problem, an eigenvaue based multi objective
function reflecting the combination of damping factor and damping
ratio is considered asfollows[6]:

NP NP

J = 2 z (oo _Gi)z + axz z (¢o _gi)2

j=loiz0g i=1¢i<¢o

Where, ai; and ¢ aretheredl part and the damping ratio of theith
egenvaue of thejth operating point. The value of « is chosen at 10.
The NP is the totd number of operating points for which the
optimization is carried out. By optimizing J, al the closed loop
system poles should lie within aD-shaped sector are shown in Fig. 1
in the negetive haf plane of the jo axisfor which g; < -1, § > 0.2,
The design problem can be formulated as the following constrained
optimization problem, where the condtraints are the PSS parameter
bounds:

®
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Fgurel: Region of eigenvauelocation for J objectivefunction.

IV. CcASESTUDY

In this study, the three-machine nine-bus power system shown in
Fig. 2 is considered as atest sysem. Details of the sysem data are
given in Ref. [13]. The generator and system loading levels at these
caesaregivenin Tables1 and 2.

Load B

1
Gl

Figure 2: Three-machine nine-bus power system.

A. COA-based PSS Design and Eigenvalues Analysis
In this paper, PSS according to the participation factor as given in
Ref. [5] isconnected to G, and G; machinesin thetest system. Inthe
proposed method, we must tune the PSSs parameters, optimaly to
improve the overal system dynamic stability, in arobust way under
different operating conditions and disturbances. The optimization of
the PSS parameters is carried out by evauating the multiobjective
function as given in (5) which is consdered a multiple of the
operaing conditions. The operating conditions considered are:

i) Nominal caseof thesystem

i) Heavy loading of the system

iii) Light loading of the system

In order to acquire better performance, maximum number of
iterations of chaotic globa and local search are chosen as 1000 and

400, respectively. Also, 4 isthe step sizein chaotic loca search and
linearly decreasesfrom 0.1 to 0.01. Results of the PSSsparameter set
vaues are given in Table 3. In order to facilitate comparison with
CPSS, for design and tuning of the CPSS for this multi-machine
power system, the method in [3] were used. The CPSS parameters
for G, and G; are given in Table 4. The dectromechica modes and
the damping ratios obtained for al operating conditions, both with
and without PSSin the system are givenin Teble 5.

Tablel
Generator operating conditions(in pu)
Nomina Heavy Light
NP T Q[ Pl QP Q
G, 0.72 027 221 109 0.36 016
G 163 007 192 056 080 011
G 08 | -011 | 128 0.36 045 020
Tablell
Loading conditions (in pu)
Nomind Heavy Light
ST o [P T o P [ Q
A | 125 05 20 0.80 0.65 055
B 090 0.30 180 0.60 045 035
C 10 0.35 150 0.60 050 025
Tablelll
Optima PSSs parametersusing COA
Gen K Ty T, Tz T4
G 2123 | 04521 | 01570 | 0.1633 | 00538
G 37.74 | 02135 | 00311 | 0.1249 | 00964
TablelV
CPSSpaareters
Gen K T: T, T2 Ts
G 1526 | 02371 | 00477 | 01811 | 01776
G 2056 | 05751 | 02703 | 0.3755 | 01412

When PSSis not installed, it can be seen that some of the modes
are poorly damped and in some cases, are ungtable (highlighted in
Table5). Moreover, it isaso clear that the system damping with the
proposed COA based tuned PSSsis significantly improved.

B. Nonlinear Time-Domain Smulation

To asess the effectiveness and robustness of the proposed
controller, the performance of the proposed controller under transient
conditions is verified by goplying a 6-cycle three-phase fault at t=1
¢, a bus 7 a the end of line 5-7 is considered [12]. The fault is
cleared by permanent tripping of thefaulted line. The speed deviation
of the generator G, under the nomind, light and heavy loading
conditions are shown in Fig 3. It can be seen that the COA based
PSSs tuned using the multiobjective function achieves good robust
performance and provides superior damping in comparison with the
classic method.

TableV
Eigenvalues and damping ratios of the electromechanical modes with and without PSSs
Nominal Light Heavy
. -0.028 +i7.64, 0.003 0.068 +i6.74, -0.01 0.128+i8.31, -0.015
Without PSSs -0.51+i 3.96,0.127 -0.28 +i4.45, 0.062 -0.014+i4.01, 0.003
CPSSs -0.57+16.83,0.083 -0.51+1i5.64,0.09 -0.15+1i6.31,0.023
-0.44 +i2.65, 0.164 -0.49+i3.13,0.154 -0.32 +£i3.31, 0.096
COAPSSs -154+i4.44,0327 -1.64£i4.07,0.373 -1.92+i4.63,0.383
-1.35+i2.51, 0473 -1.23+i3.12, 0.366 -1.01 + i4.28,0.227
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Fgure 3: System response under 8 Nominal b) Light ¢) Heavy loadings; Soiled (COAPSS) and Datted (CPSS).

V. CONCLUSIONS

In amulti-machine environment, the sequentia tuning of the PSS
(i.e. CPSS) parameters does not guarantee the robustness of the PSS
with variable operating condition, location, and severity of thefaults.
For this reason, in this paper, the PSSs parameterstuning problem is
converted to an optimization problem which is solved by a chaotic
optimization agorithm based on the Lozi map. Since chaeotic
mapping enjoys certainty, ergodicity and the stochastic property, the
proposed chaotic optimization introduces chaos mapping using Lozi
map chaotic sequences which incresses its convergence rate and

APPENDIX
Machinemodds
0, =ay(a -1) (A1)
) 1
o, =—(R,; - PR - D(» -1) (A2
Ivli
e -t iy — E.
qi _T_'( fdi _(Xdi - Xdi)ldi - qi) (A3
doi
: 1
Ew = -I-_(KAi (Vrefi Vit Ui) - Efdi) (A4
Ai
Ts = E(;ilqi - (Xq| - X:ii)ldi Iy (A5
Where,
1) Rotor angle
3} Rotor speed
Pr Mechanical input power
P Electrica output power
E, Internal voltage behind Xy
= Equivalent excitation voltage
Te Electictorque
T Time congtant of excitetion circuit
Ka Regulator gain
Ta Regulator time congtant
Vi Referencevoltage
v Terminal voltage
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