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Optimal Design of Power System Stabilizers
Using Evolutionary Programming

M. A. Abido and Y. L. Abdel-Magid Senior Member, IEEE

Abstract—The optimal design of power system stabilizers (PSSs) I. INTRODUCTION
using evolutionary programming (EP) optimization technique is . . . .
presented in this paper. The proposed approach employs EP to ITH the increased loading of long transmission lines,
search for optimal settings of PSS parameters that shift the system transient and dynamic stability after a major fault are

eigenvalues associated with the electromechanical modes to the lefincreasingly important, and they can become a transmission
in the s-plane. Incorporation of EP algorithm in the design of PSSs power-limiting factor. Since the development of intercon-

significantly reduces the computational burden. The performance : :
of the proposed PSSs under different disturbances, loading condi- nection of large electric power systems, there have been

tions, and system configurations is investigated for a multimachine SPontaneous system oscillations at very low freque_ncies in
power system. The eigenvalue analysis and the nonlinear simula-order of 0.2 to 3.0 Hz. Once started, they would continue for

tion results show the effectiveness and robustness of the proposeda long period of time. In some cases, they continue to grow,
PSSs to damp outthe local as well as the interarea modes of oscilla-casing system separation if no adequate damping is available.
tions and work eﬂectlv_ely over a wide range of loading conditions Moreover, low-frequency oscillations present limitations on
and system configurations. - -
the power-transfer capability. To enhance system damping, the
Index Terms—Dynamic stability, evolutionary programming,  generators are equipped with power system stabilizers (PSSs)
PSS design. that provide supplementary feedback stabilizing signals in the
excitation systems. PSSs augment the power system stability
NOMENCLATURE limit and extend the power-transfer capability by enhancing the
system damping of low-frequency oscillations associated with
the electromechanical modes [1], [2].
DeMello and Concordia [2] presented the concepts of syn-
chronous machine stability as affected by excitation control.

p first derivative w.r.t. time d/dt;
o torque angle;
w, speed and speed deviation, respectively;

f/[w inertia constant and damping coefficient respec1:hey established an qnderstanding of the stabilizing require-
D ' tively: ' ments for static excitation systems. In recent years, severe}I ap-
o syncﬁronous speed: proaches ba:;ed on modern contr.ol theory hf';\ve been applied to
1% internal voltage behind’ . t_he PSS de5|gn_ problem. These include opt_lmal _control, adap-
a . o - tive control, variable structure control, and intelligent control
Eq equivalent excitation voIta.ge,. _ _ [31-[6].
b tq s:a:or culrtrents '.g an(éq axis c!rcu!f[s, respec?velly,. Despite the potential of modern control techniques with dif-
1"/‘1’ Yq f ator V(I) ag(gjes ]1 andyg ax;f cireurss, resE[)_ecll\{e Y' ferent structures, power system utilities still prefer the conven-
V’ erminal and reterence vottages, respectively, tional lead-lag power system stabilizer (CPSS) structure [7]-[9].
Ivmf synchronous reactance draxis; The reasons behind that might be the ease of online tuning and
;E;’ J-axis transient reactance: ' the lack of assurance of the stability related to some adaptive or
th time constant of excitation,circuit' variable structure techniques.
Tdo mechanical torque and electric to,rque respectively: Kundur et al. [9] have presented a comprehensive analysis
Tm’ ' §f the effects of the different CPSS parameters on the overall
KGA regulator gain and time constant, respectively; dynamlc_ performa_nce of the power system. It is sh_own 'Fhat the
T ' ’ ' appropriate selegtlon of CPSS parameters results in satisfactory
U PSS control signal. performance during system upsets.

A lot of different techniques have been reported in the liter-
ature pertaining to coordinated design problem of CPSS. Dif-
ferent techniques of sequential design of PSSs are presented
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in other modes. In addition, the optimal sequence of design i
very involved question.

The sequential design of PSSs is avoided in [13]-[16], whe
various methods for simultaneous tuning of PSSs in multim v, .
chine power systems are proposed. Unfortunately, the propo:
techniques are iterative and require heavy computational burc
due to the system reduction procedure. This results in time-cc
suming computer codes. In addition, the initialization step «
these algorithms is crucial and affects the final dynamic r
sponse of the controlled system. Hence, different designs .
signing the same set of eigenvalues were simply obtained
using different initializations. Therefore, a final selection crite-,
rion is required to avoid long runs of validation tests on the noh'9- -
linear model. Other techniques, such as mathematical program-
ming [17], have been applied to the problem of tuning PSSs.
The problem has been formulated as a quadratic and linear gtéymptotically converge to the global optimum with probability
gramming problem. However, this formulation is carried out &€ under elitist selection [19]. Another strong feature of the
the expense of some conservativeness, and the number of dgR-algorithm is that a complicated mathematical model is not
straints becomes unduly large. A gradient procedure for opfigduired, and the problem constraints can be easily incorpo-
mization of PSS parameters is presented in [18]. The optimiZated [20]. In power systems, EP has been applied to a number
tion process requires computations of sensitivity factors afél Power system optimization problems with impressive suc-
eigenvectors at each iteration. This gives rise to heavy comgigsses [21]-[23]. However, to the best of the authors’ knowl-
tational burden and slow convergence. In addition, the sea®#ge, the potential of the EP algorithm to PSS design has yet to
process is susceptible to be trapped in local minima, and the Bg-exploited.
lution obtained will not be optimal. Unfortunately, the problem Inthis paper, a novel approach to PSS design by an eigenvalue
of the PSS design is multimodaloptimization problem (i.e., shifttechnique using the EP algorithm is proposed. The problem
there exists more than one local Opt|mum) Hence, local Opﬂf PSS dESign is formulated as an Optimization prObIem, and the
mization techniques, which are well elaborated upon, are e algorithm is employed to solve this optimization problem
suitable for such a problem. Moreover, there is no local critéth the aim of getting optimal settings of the PSS parame-
rion to decide whether a local solution is also the global solutioter's- The proposed design approach has been applied to the
Therefore, conventional optimization methods that make useM¢W England power system. The eigenvalue analysis and the
derivatives and gradients are, in generaL not able to |0cater&n|inear simulation results have been carried out to assess the
identify the global optimum, but for real-world applications, onégffectiveness of the proposed PSSs under different disturbances,
is often content with a “good” solution, even if it is not the bestoading conditions, and system configurations.

Consequently, heuristic methods are widely used for global op-

timization problems. In this paper, evolutionary programming [l. PROBLEM STATEMENT

(EP), as a promising heuristic algorithm, is proposed for a PSS power System Model

design problem. . .

Recently, evolutionary algorithms such as genetic algorithms” POWer system can be modeled by a set of nonlinear differ-
(GAs) and EP have received much attention for global opfftial équations as
mization problems [19], [20]. These evolutionary algorithms are .
heuristic population-based search procedures that incorporate X =f(X,U) (1)

random variation and selection. Even though several successf

o . .¥chl?reX is the vector of the state variables, aids the vector
applications have been reported, recent research has |dent|d¢fem ut variables. In this study\ — [6,w, £/, Eq], andU
some inefficiency in GA performance [19]. This degradation in P : i g L

efficiency is apparent in applications with highdpistaticob- f tganiS output signals. The nonlinear model is given in the

jective functions (i.e., where the parameters being optimized ar . : . .
highly correlated). In addition, the encoding and decoding pro- n the design of PSSs, the linearized incremental models

. S around an equilibrium point are usually employed [1], [2].

cesses of each solution use a lot of computing time. The n . .

. . erefore, the state equation of a power system witina-
generation of GA after mutation and crossover may lose advarP]-ines andn stabilizers can be written as
tages obtained in the last generation. On the other hand, fhe
competition in the combined old generation and mutated old X = AX + BU @)
generation avoids such a problem in an EP algorithm. On the
other hand, EP has been shown to be more robuspistatic whereA is a4n x 4n matrix and equal8 f /0 X, whereas3 is a
objective functions and is more efficient than GA on many funek: x m matrix and equalé f /0U . Both A andB are evaluated
tion optimization problems [19]. In addition, the convergencat a certain operating poink_ is the4dn x 1 state vector, whereas
theory for EP is well established, and EP has been provenlfas them x 1 input vector.
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IEEE-type-ST1 excitation system with conventional lead-lag PSS.
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B. PSS Structure on local minima, and therefore, EP can reach to a global
A widely used conventional lead-lag PSS is considered in this ~ ©F néar-global optimal solution. o _

study. It can be described as « EP uses payoff (performance index or objective function)

information to guide the search in the problem space.

U — g STw (L4 sTh) (L+sT5i) 3) Therefore, EP can easily deal with nonsmooth, noncon-

‘ ‘14 5Ty (14 sT) (14 sTy) tinuous, and nondifferentiable objective functions that
whereT,, is the washout time constarit, is the PSS output are the real-life optimization problems. Additionally, this

signal at theith machine, and\w, is the speed deviation of ~ Property relieves EP of assumptions and approximations,
this machine. The time constarits,, T, and T} are usually which are often required by traditional optimization

prespecified. The optimal values of the stabilizer gainand methods for many practical optimization problems.

the time constant®;; and75; are to be determined. The IEEE- * EP uses probabilistic transition rules to make decisions:
type-ST1 excitation system shown in Fig. 1 is considered in this ~NOt deterministic rules. Hence, EP is a kind of stochastic

study. optimization algorithm that can search a complicated and
uncertain area to find the global optimum. This makes EP

C. Objective Function more flexible and robust than conventional methods.

To formulate the optimization problem, an objective function Typically, the EP starts with little or no knowledge of the cor-
J, which will be defined, is considered. rect solution, depending entirely on responses from interacting
environment and their evolution operators to arrive at optimal
J= " (00— 0) (4)  or near optimal solutions.
g >00

where o, is the real part of theth eigenvalue, and, is a B- EP Algorithm
chosen threshold. The valueaf represents the desirable level In the EP algorithm, the population has candidate solu-
of system damping. This level can be achieved by shiftifgns. Each candidate solution is arrdimensional real-valued
the dominant eigenvalues to the left of = o line in the vector, wheren is the number of optimized parameters. The EP
s-plane. This also ensures some degree of relative stabil@gorithm can be described in the following steps.
The conditiono; > oo is imposed on the evaluation dfto  « Step 1 (Initialization) Set the generation countér = 0,
consider only the unstable or poorly damped modes that mainlyand generate randomiytrial solutions{x;,i = 1,...,n}.
belong to the electromechanical ones. Theith trial solutionz; can be written as; = [p1, . . ., pml,
The problem constraints are the parameter bounds. Thereforewhere thejth optimized parametey; is generated by ran-
the design problem can be formulated as the following optimiza- domly selecting a value with uniform probability over its
tion problem: search spacfp™", p=x]. These initial trial solutions con-
stitute the parent population at the initial generatios: 0.

Mln!mlze 4 . , ©) Each individual in the initial population is evaluated using

Subjectto K™ < K; < K™ (6) the objective function/. Search for the minimum value of
T < Ty <17 @) the objective function,,;,,. Set the solution associated with
T?g}in < Ty < THax, (8) Jmin @S the best solutiom,.;, with an objective function of

i Jbest-
The proposed approach employs the EP algorithm to solwe step 2 (Mutation) Each parent:; produces one offspring
this optimization problem and search for optimal or near optimal ;. . as follows.

set of PSS parametefs(;, I1;, Isi,i = 1,2...,mj}. a) Perturb each optimized parameterby a Gaussian

random variableV (0,07). The standard deviation;
specifies the range of the optimized parameter pertur-
A. Overview bation in the offsprings; is given according to the
following equation:

Ill. PROPOSEDAPPROACH

EP is an exploratory search and optimization procedure that
was devised on the principles of natural evolution and popula-
tion genetics. Unlike conventional optimization techniques, EP
works with a population of points that represent different po-
tential solutions, each corresponding to a sample point from the
search space. For each generation, all of the population points
are evaluated based on a certain objective function. The fittest
points have more chances of evolving to the next generation.

J Ti max min

szﬂxﬁx(]?j —Pj ) 9)
whereg is a scaling factor, and(x;) is the objective
function of the trial solutiorx;.

b) Using the perturbations described, the offspring.;
can be determined as

The advantages of EP over other traditional optimization techy, . = 2, + [N (07 U%) ,....N (07 Ufn)] . i=1,...,n.
nigues can be summarized as follows. (10)
» EP searches the problem space using a population of trials If any optimized parameter violates its specified range,
representing possible solutions to the problem and not a its value will be set at the appropriate limit. The gen-
single point, (i.e., EP has implicit parallelism). This prop- erated offsprings along with the parents constitute the

erty ensures that EP is less susceptible to getting trapped current population witl2rn individuals.
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Fig. 2. Single-line diagram for a New England system.

Step 3 (Statistics)The objective functions of the offsprings  search will terminate if one of the following criteria is satis-
are evaluated. The minimum objective functidp;,, the fied.

maximum objective functiow .., and the average objec- a) The number of generations since the last change of the
tive function.J,.. of all individuals are calculated. best solution is greater than a prespecified number.
Step 4 (Updating the Best Solution)f Jimin > Jpest, O to b) The number of generations reaches the maximum al-
Step 5, or else, update the best solutig,;. SetJpest = lowable number.

Jinin, and go to Step 5. C) The ratioJ.ye/ Jmax iS very close to 1. If one of these
Step 5 (Tournament) Each member in the populatiorn criteria is satisfied then stop, else, go back to Step 2.

is compared withy opponents that are selected at random
from the populationy < 2n — 1. A weight valueW; of
each individuals; is calculated according to the followingc, Application of EP to PSS Design

competition rule: The EP algorithm described before has been applied to search

1 for optimal or near optimal settings of the PSS optimized param-
Wi = Z Wi (1) eters. In our implementation, the search will terminate if the fol-
=1 lowing occur.
and 1) The best solution does not change for more than 20
1 ifU > - J@) generations.
Wy=47 J(z:)+T () 12 i
t { 0, otherwise (12) 2) The number of generations reaches 100.

3) The ratio.yve/ Jmax > 0.999.
wherel is a uniform random number ranging oy@r1], and - One more stopping criterion has been implemented in this study
=, is a randomly selected individual from the current popusince the search will terminate if the value of the objective func-

lation. After getting the competition weights of alk indi-  tion reachegero(i.e., all of the dominant eigenvalues are shifted
viduals, these individuals are ranked in a descending ordgythe left ofs = oy line).

based on their weights.

Step 6 (Selection) The first n individuals with higher
weights are selected along with their objective functions
to represent the parents of the next generation. Set fhe €St System

generation countef = k + 1. In this study, the ten-machine, 39-bus New England power
Step 7 (Stopping Criteria)These are the conditions undessystem shown in Fig. 2 is considered. Each machine has been
which the search process will terminate. In this study, threpresented by a fourth-order nonlinear model. Gene¥@tor

IV. RESULTS AND DISCUSSIONS
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TABLE |

OPTIMAL VALUES OF THE PROPOSEDPSS RRAMETERS

TABLE 1l

EIGENVALUES WITHOUT PSS

433

Gen# k T T3 Base Case Case 1 Case 2

G, 23.162 0.368 0.365 0.191 4j5.808 0.195 1 5.716 0.189 1 5.811

G 47.485 0.496 0.502 0.088 1 4.002 0.1214j3.798 0.006 4 3.113
G, 46.826 0.508 0.986 0.034 1/ 6.415 0.097 1/ 6.006 0.001 1 6.180

Gs 9.472 0.158 0.381 0.028 15 9.649 -0.032 1 9.694 -0.028 4 9.650

Gs 45417 0.430 0.939 0.056 4 7.135 -0.104 4 8.015 -0.032 4 7.105

G 18.755 0.268 0.102 -0.093 4 8.117 -0.109 4 6.515 -0.091 4j8.115

Gs 39.767 0.889 0.914 -0.172 £ 9.692 -0.168 4 9.715 0.172 4 9.693

Gy 45.728 0214 0.124 -0.220 5 8.013 -0.204 47 8.058 -0.218 7 8.024

Guo 26.870 0.999 0.749 -0.270 4 9.341 -0.250 9,268 -0.269 +/9.342

0.40 — TABLE 1II
EIGENVALUES WITH THE PROPOSEDPSS
c 030 Base Case Case 1 Case 2
- -1.008 % 9.279 -0.968 4/ 9.181 -1.003 +9.276
© -1.023 4§ 7.269 0.867 4 7.215 -1.091 47 8.890
2 -1.108 4/ 3.095 -0.876 %/ 3.058 -0.694 1 2.243
o 020 — -1.154 1 8.912 -0.952 4/ 8.804 -1.203 46.915
2 -1.701 4; 8.828 2480 4j7.213 -1.714 4 8.885
3 -1.725 4 12.965 -1.709 4 12.742 -1.724 £ 12.962
'g' 0.10 -1.816 4/ 13.608 -1.804 1/ 13.549 -1.815 45 13.603
) 2.103 5 11.247 21394 11.185 -2.106 +; 11.248
-3.543 +j 15.280 -3.610 +j 14.720 -3.552 4 15.284
e A T R

6 8 10 12 . . .
Number of Generations These conditions are extremely hard from the stability point of

view [28]. They can be described as

1) base case;

2) case 1, outage of line 21-22;

3) case 2, outage of line 1-38.

is an equivalent power source representing parts of the U.S.the electromechanical modes without PSSs for the three

Canadian interconnection system. Details of the system data @ges are given in Table II. Itis clear that these modes are poorly

given in [24]. The number and location of PSSs can be invesfizmped, and some of them are unstable. The electromechanical
gated using the participation factor method [25] and the Sengigqes with the proposed PSSs are given in Table Iil. It can be

tivity of the PSS effect method [26]; see [6]. However, forillusgeen that the electromechanical modes of the base case with
tration and comparison purposes, we assume that all generafﬂégproposed PSSs have been shifted to the left of —1.0
exceptG, are equipped with PSSs. line. It is obvious that the system damping greatly improved
and enhanced all cases.

A six-cycle three-phase fault disturbance at bus 29 at the end
of line 26—29 is considered for the nonlinear time simulations.

In this example, the optimized parameters &fg T3;, and The performance of the proposed PSSs is compared with that
T3i,i = 2,3,...,10 (i.e., the number of optimized parametergf conventional PSSs with the gradient-based settings given in
is 27).T., Tz, andT} are set to be 5, 0.05, and 0.05 s, respegtg]. The speed deviation @ andGs, along with their stabi-
tively. Typical bounds of the optimized parameters|arel-50]  |izing signals, are shown in Figs. 4-6 for the base case, case 1,
for K; and[0.1-1.0] for T1; andT5; [27]. Here, o is chosen and case 2, respectively. It is clear that the system performance
to be —1.0. The EP algorithm has been applied to search fgith the proposed PSSs is much better and that the oscillations
settings of these parameters in order to shift the eigenvalues@d damped out much faster. It is worth mentioning that the con-
electromechanical modes to the left of the line —1.0 inthe  tro] effort is limited to+0.2 pu to avoid unrealistic values. Al-
s-plane. The final values of the optimized parameters are giv@ibugh the robustness issue has been considered in the design
in Table l. The convergence rate of the Objective functiomith process of conventional PSSs of [18], the proposed PSS is more
the number of generations is shown in Fig. 3. robust, as shown in results of cases 1 and 2. This reflects the po-
tential of the proposed approach to search for the global rather
than the local optimum. In addition, the proposed PSSs are quite
efficient to damp out the local modes, as well as the interarea

To demonstrate the effectiveness of the proposed PSSs undedes of oscillations. This illustrates the superiority of the pro-
severe conditions and critical line outages, two different oposed PSS design approach to get an optimal or near-optimal
erating conditions in addition to the base case are considerset of PSS parameters.

Fig. 3. Objective function variations.

B. PSS Design

C. Simulation Results
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Fig. 4. System responses with the base case.
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Fig. 5. System responses with case 1.

Due to space limitations and to offer clear perceptivenesteren is the number of machines, angl, is the simulation
about the system responses, two performance indices thattie. It is worth mentioning that the lower the value of these in-
flect the settling time and overshoots are introduced. They aliees is, the better the system response in terms of the settling
time and overshoots. The values of these indices with the dif-
ferent cases are given in Table IV. It is clear that the values of
these indices with the proposed PSSs are much smaller com-
pared with the corresponding values, with the PSSs given in
[18]. This demonstrates that the settling time and the speed devi-
ations of all units are greatly reduced by applying the proposed

defined as

n t=tsim

P, =% / (tAw;)2dt (13)
i=17t=0
n t=tsim

PL,=>Y" / (Aw;)?dt (14)
i=17t=0

PSSs.
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0.004 — approach employs EP to search for optimal settings of conven-
"""" With PSSs[18] tional lead-lag PSS parameters. The proposed approach has
—— With Proposed PSSs been applied to a single machine infinite bus system and a mul-
0.002 - timachine power system with different disturbances, loading
. conditions, and system configurations. The main features of
f.; the proposed approach can be summarized as follows.
0.000 — . .
2 1) The proposed PSSs are of decentralized nature since only
< local measurements are employed as the stabilizer inputs.
0,002 4 This makes the proposed PSS easy to tune and install.
2) All PSSs are designed simultaneously, taking into consid-
i eration the interaction among them.
-0,004 o 3) Since eigenvector calculations and sensitivity analysis are
v
000 2.00 400 6.00 8.00 not required to evaluate the proposed objective function,
Time (s) heavy computations of the design process are avoided.
0008 4) The eigenvalue analysis reveals the effectiveness of the
R e — With PSSs[18] proposed PSSs to damp out local as well as interarea
I . .
i With Proposed PSSs modes of_ osmllgﬂons._ _ _
0.002 4 Y 5) The nonlinear time simulation results confirm that the
: | proposed PSSs can work effectively over a wide range of
= d loading conditions and system configurations.
e
ew 0.000
< APPENDIX
1TH MACHINE MODEL
-0.002
-0.004 °
: ' [ T T T T T | 0 =wp(w; — 1) (A1)
0.00 2.00 4,00 6.00 8.00 L L i L
Time (s) dz :Tmz Te; Dz(wz 1) (A.2)
M;
0.20 — 0N o B — (wai — oy )iai — E',
N i / fdi Ldi — Lgi)tdi qi
E: "|'| G E(Ii = 7 (A3)
0.10 N Ky(Vieyi — Vi~ U — E
. - ] 1 L) . PR PR L) — .
] _ BailVrefi 7 i fdi
ll || Efdi = T ) (A4)
— ] } . . a
3 000 VN Tei =vgitqi + Vdildi- (A.5)
“o A
4 b
o
) -0.10 E E (C)
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