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Multi-criteria optimization of the parameters
of PSS3B system stabilizers operating
in an extended power system with the use
of a genetic algorithm

Adrian NOCON, Stefan PASZEK and Piotr PRUSKI

In the paper, the application of multi-criteria optimization of the parameters of PSS3B
system stabilizers to damping electromechanical swings in an extended power system (PS)
is presented. The calculations of the power system stabilizer (PSS) parameters were divided
into two stages. In the first stage, single-machine systems, generating unit — infinite bus, of
generating units critical for the angular stability of the PS were analyzed. Time constants and
preliminary values of the PSS gains were calculated. In the second stage, the main one, the
main gains on which the effectiveness of operation of PSSs depends the most were calculated
by multi-criteria optimization of the extended PS. The calculations were carried out in several
variants: for two-dimensional objective functions and the six-dimensional objective function.
In multi-criteria optimization, the solution is not one set of PSS parameters, but a set of
sets of these parameters, i.e. a set of compromises that were determined for each analyzed
case. Additionally, for the six-dimensional compromise set, projections of this set on the planes
connected with the quantities of individual generating units and the boundary of these projections
on these planes were determined. A genetic algorithm adapted to multi-criteria issues was used
to minimize the multivariate objective function. Sample calculations were made for the model
of the National (Polish) Power System taking into account 57 selected generating units operating
in high and extra high voltage networks (220 and 400 kV). The presented calculations show
that the applied multi-criteria optimization of the PSS3B stabilizer parameters allows effectively
damping electromechanical swings without worsening the voltage waveforms of generating units
in the extended PS.
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1. Introduction

The power system (PS) is a large nonlinear dynamical system used for the gen-
eration, transmission and distribution of electricity. In an extended power system,
disturbances in the operation of individual generating units may adversely affect
the operation of other units. In the PS, there may appear, among others, elec-
tromechanical swings, that is slowly changing swings of rotors of synchronous
generators which can also be observed in the waveforms of instantaneous power in
generators and transmission lines [5,7,8, 16]. In unfavorable cases, these swings
may result in the loss of angular stability of generating units and, consequently,
their emergency shutdown. Widely used, fast, static excitation systems of syn-
chronous generators contribute to increase in the unfavorable effects of such
swings in the extended PS.

In some generating units, electromechanical swings can be weakly damped,
or even increase, which may lead to the loss of angular stability of the entire PS.
Therefore, it is necessary to locate the generating units which are most endangered
(critical) from the point of view of possible loss of the PS angular stability [19].
These units also have the greatest influence on the angular stability of the PS.
In these units, particular care must be taken to ensure that various measures for
improving the angular stability work properly.

One of the methods of damping electromechanical swings, and thus also im-
proving the angular stability of PS, is the use of appropriately selected power
system stabilizers (PSS for short). Power system stabilizers included in the exci-
tation systems are to damp electromechanical swings by creating an additional
damping component of the electromagnetic moment of synchronous genera-
tors [6, 20, 21]. The use of PSSs may, however, deteriorate other waveforms,
mainly voltage waveforms in individual PS nodes [15].

The problem of using PSSs appropriately selected for an extended PS can
be reduced to the issue of minimizing a certain objective function, describing
the behavior of the PS in selected transient states, when taking into account the
favorable and unfavorable effects of operation of these PSSs. The analysis of such
an issue requires the simultaneous consideration of many, often contradictory
criteria related to the operation of the PS.

This problem can be solved by using multi-criteria optimization (polyopti-
mization, Pareto optimization) [3, 13, 15, 16,23], in which several criteria which
can be presented in the form of a vector being an objective function are simul-
taneously minimized. Many methods, including genetic algorithms [4, 14, 22],
can be used to numerically solve the multi-criteria optimization problem. The
use of a genetic algorithm for multi-criteria optimization does not require sig-
nificant modifications, compared to the algorithm used in single-criteria prob-
lems.
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2. Application of the genetic algorithm to multi-criteria optimization

Assuming that the objective function in which ng components (single criteria)
are taken into account, each of which is a function of n variables (in the considered
case, parameters of the PSSs operating in the PS), is minimized, the genetic
algorithm adaptation function (equal to the vector objective function), in the
general case, takes the form:

-f1(X)- —fl(m,'-- Xy ,xn)_
fZ(X) fZ(xh”"-xja”' ,xn)

£00 | = Gk | (1)

_fnq.(x)_ _fnq(xla"’ "xj,"' axn)_

where: f — objective function, x — vector of control variables, f; — value of the i-th
component function for the set of parameters x = {x1,--- ,x;,--- ,x,}, X —con-
trol space (domain of the objective function, determined by the permissible values
of the PSSs parameters), ng — number of the optimized component functions, n
— number of the optimized variables.

The solution to such a defined minimization problem is not one optimal set
of independent variables, but a set of sets X = {)71, X, fn} € X in which
each of the elements is optimal in multi-criteria optimization. The set of the
objective function values corresponding to the optimal parameters X is called
the compromise set (Pareto-optimal front). The set of compromises A includes

all such points of the objective space f = {ﬁ,f;, . ,ﬁq} € F, where: F —

objective space, i.e. the area of possible values of the vector objective function
(adaptation) f, and the symbol ~ denotes the optimal value in multi-criteria
optimization, for which there is no direction of simultaneous improvement. The
direction of the simultaneous improvement is such a change of the optimized
variables x, which results in the simultaneous improvement of all the components
of the objective function f;. The above definition, when minimizing the objective
function, can be written as follows:

(i3] A > AK)
£(x) H(X) > fo(x)
ﬁ(i) =feA ©~F(xeXAXx#X) fi(?D;fi(X) , (2)
[ fng ()] Fra® > fug(®)
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where: symbol ~ 3 means, does not exist, A — set of compromises, f; — value of
the i-th component function belonging to the set of compromises.

The genetic algorithm [4, 14, 22] used for minimization was adapted to the
defined multi-criteria problem. There was applied the algorithm based on real
number encoding. In the process of initialization, a random initial population of &
individuals was generated. For the selection, a modified tournament method [12]
was used, in which a tournament group was drawn a-times from the entire pop-
ulation and the fittest individual was selected from it for a new population. The
selection of the best individual in each drawn tournament group was sequen-
tial for each optimized function f;. Therefore, each component function f; was
a criterion for a/ng tournaments. Such a selection method required the size
of the population a to be an integer multiple of the number of the optimized
criteria ngq.

The arithmetic crossover [11] was used in the genetic algorithm. For two

parent individuals selected for crossover {x<01> e ,x;"b, e ,x;01>} ex<ol>

<02> <02> <02> <02> . <dl> <dl>
and{x X0y 1eX ,twooffsprlngs{x1 X,

CLX ,f‘“>} eX<4!> and {xfd2>, e ,x;d2>, co,x592>) € X<92> were generated

according to the relationship:

x;d1> — <01> +_,y(x<02> __x701>)
(3)
<d2> <02> <ol> <dl>
. =X. + X - X
x] XJ x] x] ’

where: y is a random number from the interval (0, 1).

To change the values of particular individuals, the uniform mutation [11]
was used. It was modified in such a way that the value of an individual was
changed by a random number of normal distribution &, around the value of
the mutating individual. Moreover, in the mutation algorithm, the control of
exceeding the permissible area of a given parameter, taken from the boundary
mutation method [11] was applied, according to the relationship:

<pl>
x;db:xju = x.p (1+&) > xju,

x7d1> — <1’1>(1 +&) & xjy >x<p1>(1 +&) > Xjd, 4)
<pl>
x;db =Xjq & ij (1+¢) <xja,
<dl> <pl>

where: x: — variable after mutation, X; — variable before mutation, & —
random number with normal distribution, x;4 — lower permissible value of the
mutating parameter, x ;, — upper permissible value of the mutating parameter.
Due to the multi-objective optimization problem, deriving the result of the
genetic algorithm is a complex process. In the case under consideration, there is
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no one optimal solution, so it is necessary to check the condition of optimality
for each individual from all generations. Thus, for the so assumed structure of
the genetic algorithm, the algorithm of searching for a set of compromises is a
two-stage process. In the first stage, the genetic algorithm searches for solutions
“suspected” of belonging to a set of compromises in the objective space. Then,
in the second stage, the condition (2) is checked for each individual and the set
of compromises A is determined.

3. PSS3B system stabilizers, the method of preliminary
parameter determination

PSS3B dual-input power system stabilizers [15, 18], which have two input
signals, proportional to the instantaneous (active) power and to the generator
angular speed deviation, and a simple structure shown in Fig. 1 are widely used
in PS. In each control channel, there are: a derivative element described by

transfer function

T for elimination of a constant component, a correction
+s

coeflicient of type 7 and a gain. Limiting the stabilizer output signal to the

range Vsmax=Vsmin 1s used to eliminate a significant influence of the stabilizer
on the voltage control channel (preventing excessive forcing or reversing of the
field voltage).

Vs

Aw 1 ST Vse SMAX
— ™ 2 K,

1+ sTl 1+5T, +

Vs
K

P _

1+ 5Ty 1+ 5T, Vsp

Vsmin

Figure 1: Structural diagram of the dual-input stabilizer PSS3B

During optimization investigations of power system stabilizers with one input
signal and dual-input stabilizers PSS2A, the time constants of their correction
elements are selected in such a way that the electromagnetic torque component of
the generator, controlled by the PSS, has a character of damping torque, and thus it
is proportional to the angular speed deviation of the generator [1,2,5, 10,15, 16].
Such optimization of the stabilizer parameters is carried out by compensating
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the phase angle (argument) of the torque-voltage transfer function (generator
electromagnetic torque to the voltage regulator reference voltage) of the system

A
Gty (s =j2nf) = AVef (s =j2n f), by the phase angle of the transfer function
Ie

of the PSS corrector in the frequency range of electromechanical swings [15].

The simple structure of the PSS3B system stabilizer does not allow for the
fulfillment of the appropriate compensation condition [15], therefore the param-
eters of the PSS3B stabilizer must be selected in a different way. In this paper,
it is proposed to determine the optimal (polyoptimal) parameters of the PSS3B
system stabilizers operating in an extended, multi-machine PS in two stages of
calculations, which, among others, is presented in Section 4.

4. Polyoptimization of PSS3B parameters operating
in the extended PS

Due to the complexity of phenomena occurring in the power system, the
process of optimizing the parameters of power system stabilizers should take into
account many criteria related to the damping of electromechanical swings and
the limitation of voltage changes in individual generating units during various
disturbances of the steady state [15].

Another, worse solution is the optimization of the parameters of PSSs, leading
to the minimization of one appropriately defined (e.g. additive or multiplicative)
objective function associated with the waveforms in the multi-machine PS [15].
The objective function which is to be minimized in this case must contain vari-
ous components related to the optimized criteria. One of the basic problems in
determining such an objective function is the appropriate selection of the weight
coeflicients corresponding to the individual components of the function (related,
among others, to the waveforms of the instantaneous power and voltage at differ-
ent points of the PS). There are many ways to determine these coefficients [15].
Additionally, the analysis is complicated by the fact that there are contradic-
tory criteria in the objective function (assumed in this way): the criterion of
minimizing changes in the instantaneous power and the criterion of minimizing
changes in the terminal voltage of individual generators [15]. The assumed values
of the weight coefficients of the objective function significantly affect the final
optimization results [15,17].

The solution to this problem can be the use of multi-criteria optimization. It
makes it possible to simultaneously take into account different and contradictory
criteria [13, 17]. In multi-criteria optimization, there is a general vector crite-
rion (1), which in the analyzed case for one operating state of the power system
and one disturbance can be presented in the form [15, 16]:
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n

/ AP(H)Vdr ~ Z AP;
i=1
) n

/ AP(H P dr ~ Z AP;;

i=1

. n
/AP(I)(Ni)dt X ZAPiNi

f= i=1 , (5)

/ AVr()Vdr ~ Z AV

i=1

/ AVr()®Pdr ~ Y AV

i=1

’ n
/AVT(I)(Ni)dt = Z AVTiNi

i=1

where: AP;i, AVrix — deviations from the steady values of active power (instan-
taneous) and generator voltage of the k-th generating unit in the subsequent i-th
time instants, k = 1...N;, N; — number of the PS generating units (to which
power system stabilizers are introduced), dimension of the function f: ng = 2N;.

In order to improve the process of calculating the optimal parameters of the
PSS3B system stabilizers, the calculation process was divided into two stages. In
the initial stage I, each of the generating units into which power system stabilizers
were introduced was analyzed separately, assuming that they operated in single-
machine systems of generating unit — infinite bus type. The aim of this stage was
to calculate the time constants of the power system stabilizers, the value of which
had a smaller influence on the angular stability of the PS, and the initial values
of the basic gains (Ks» and Kg3). At this stage, single-criterion optimization
was used for the calculations, because the single-machine system is a simple
system, and the correctness of the obtained optimization results can be easily
assessed. In the main stage II, by means of multi-criteria optimization related
to the multi-machine system, only the gains Ks; and Kg3 were calculated, on
which the effectiveness of electromechanical swing damping depends the most.
Due to such a division of the calculations, in stage II, the size of the control
space X was significantly reduced during polyoptimization, i.e. the number of
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simultaneously optimized parameters of the power system stabilizers and thus the
time of optimization calculations were significantly reduced.

In stage I, the optimization of the parameters of individual power system
stabilizers operating in subsequent generating units in the single machine system
was performed by minimizing the deviations of the selected control quantities,
such as: generator active power P and generator terminal voltage Vr, from their
steady values for a typical disturbance in the form of a transient symmetrical
short-circuit in the transmission line, which could be brought to the minimization
of the indicator determined in the form [15]:

n

A1) = D" [wpl AP (x)D? + (wylAVE (x1))?] (6)

i=1

where: x| — vector of the optimized parameters of one power system stabilizer,
AP;, AVt; — active power and voltage deviations of the generator under consider-
ation in successive i-th time instants, wp, wy — weight coefficients.

The optimization calculations were carried out for the following load condi-
tions and typical values of transmission line impedance:

* rated state of the synchronous generator, associated with the initial load
Py =0.85, Qg = 0.5 (in relative units),

* Ze = Re +jX. = 0+j0.3,
* Ze = Re +jXe = 0+ 0.6 (in relative units).

In the calculations of stage I (referring to single-machine systems), two sig-
nificantly different values of the equivalent reactance of the PS were taken into
account, assuming that the individual real, equivalent values of these reactances
in the multi-machine PS ("seen" from the point of view of individual generating
units) were in the range 0.3-0.6 (in relative units). Moreover, it was assumed, for
simplification, that the equivalent resistance was equal to 0.

The following values of the weight coefficients were assumed in formula (6):
wp = 1, wy = 4. These values resulted from the analysis of the components
defining the objective function (6). The relatively large values of wy were assumed
due to the need to ensure satisfactory control waveforms of the generator terminal
voltage.

In stage I, the following parameters of the power system stabilizers were
calculated: time constants 77, T», T3, T4 and the initial values of gains Kg, and
Ks3. In the second stage of calculations, the initial values of gains were the basis
for assuming the control space, i.e. the ranges in which polyoptimal solutions
were sought. The following typical parameter values were assumed as constants:
Ks1 = 1, Vsmax = 0.2, Vsmin = —0.066 for all the power system stabilizers
operating in the analyzed PS.
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The calculations in stage II were carried out in several variants, relating to
various forms of the multivariate objective function for multi-criteria optimiza-
tion.

5. Description of the analyzed power system and sample
optimization calculations

5.1. Description of the power system model

Exemplary calculations were carried out for the Polish Power System (PPS)
model. It is a nonlinear model developed in the Matlab/Simulink program en-
vironment, including 49 selected generating units operating in high and highest
voltage networks and 8 equivalent generating units representing the impact of
power systems of the neighboring countries [19] (Fig. 2).

The following models of the generating unit components were taken into
account in the PPS model [19]: the GENROU model of a synchronous gener-
ator [18], the model of a static [15, 19] or electromachine [15, 19] excitation
system operating in the Polish Power System, the model of a steam turbine
IEEEGI [18,19] or a water turbine HYGOV [18, 19] and, optionally, the model
of a power system stabilizer PSS3B [18, 19]. The equivalent generating units were
described by the simplified model of a synchronous generator GENCLS [18], ne-
glecting the influence of the excitation system, the turbine, and the power system
stabilizer. The above names of synchronous generator models and turbine models
are taken from the IEEE standard. On the other hand, it is difficult to assign the
appropriate models from this standard to the excitation systems operating in the
PPS. They are described in the monograph [15] and in the paper [19].

For the investigated PS, the generating units critical for angular stability
were determined: ROG411 (6 units with the rated apparent power 426 MV-A
— Sn =6 - 426 MV-A and the rated voltage Vrn = 400 kV), KRA214 (SN =
2 - 2528 MV-A, Vin = 220 kV) and ZRC415 (Sny = 4 - 209 MV-A, VN =
400 kV) based on the criteria presented in [19]. These criteria are determined
on the basis of participation factors and correlation coefficients depending on
the electromechanical eigenvalues (especially with the largest real parts) and
the right and left side eigenvectors of the state matrix associated with them.
The electromechanical eigenvalues were calculated on the basis of the analysis
of the instantaneous power waveforms of individual synchronous generators at
introduction of appropriate disturbances in subsequent generating units [19]. The
critical units are marked in bold and underlined in Fig. 2.
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Figure 2: Generating units included in the Polish Power System model

5.2. Optimization calculations of the parameters of system stabilizers — stage 1

In the first stage of the calculations, the time constants of the system stabi-
lizers and the initial values of the gains in the critical units of the analyzed PS
were determined by minimizing the single objective function (quality index) (6),
determined each time for these units. The minimization of the quality index was
performed using the Newton gradient algorithm with limitations from the Opti-
mization Toolbox of the Matlab program [9]. This algorithm makes it possible to
determine upper and lower limits, ensuring the physical sense of the optimized
parameters.

The calculation results of the optimized parameters of the power system
stabilizers are presented in Table 1.
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Table 1: Calculation results of the PSS3B system stabilizer parameters (stage I)

G ) . Ks> Ks3 T 1 15 1
enerating unit
- - s s s s
ROG411 17.5 0.521 0.097 4.94 0.026 4.905
KRA214 20.0 0.444 0.010 5.00 0.019 5.000
ZRC415 20.0 0.334 0.100 5.00 0.100 0.147

5.3. Variant calculations of the parameters of power system stabilizers
for multi-criteria optimization — stage II

In the case of optimization of the parameters of the PSSs installed in a complex
PS, many criteria can be included in the objective function. Two variants were
selected in the presented research.

In the first variant, the parameters of a single PSS were polyoptimized, when
taking into account in the objective function the waveforms of the generating
unit with this PSS. Consequently, the control space and the objective space were
two-dimensional.

The first analyzed case was the polyoptimization of the power system stabilizer
in the generating unit ROG411. The optimized vector objective function was of
the form:

n
£ (KROG> [<ROG>)] [ <ROG> >, APSROG>
g<ROG> _ [/11%s2 283 _|/p i=1 7
<ROG> p~<ROG> <ROG> n ’
(K7, K3 7) I >, AVSROG>
i=1
where: K <ROG> . K <ROG> — optimized parameters of the power system stabilizer,

AP<ROG> AV<ROG> deviations of the active (instantaneous) power and voltage

of the ROG411 generating unit generator in the successive i-th time instants.
A disturbance in the form of a symmetrical short-circuit in the transmission
line located close to the ROG411 generating unit, with a short-circuit time of
0.1 s, was assumed. Such a disturbance was also assumed for other calculations
presented in this subsection.

The optimization results, i.e. the compromise set, the objective function com-
ponent values determined during polyoptimization of the objective function (7)
and the PSS parameters corresponding to the compromise set, are shown in Fig. 3.
Additionally, in Fig. 3, two marginal points of the compromise set are marked,
i.e. point A, for which the lowest value of the component fp in (7) was obtained
and point B, for which the lowest value of fyy was obtained.

The next analyzed case was the polyoptimization of the power system stabilizer
for the generating unit KRA214. The optimized vector objective function was of
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Figure 3: Values of the components of the objective function (F<R%%>) and the set of
compromises A (a) and the optimized power stabilizer parameters Ks, and Ks3 corre-
sponding to the compromise set (b) for polyoptimization of PSS in the generating unit
ROG411

the form:
¢ A p<KRA>
£ (KSKRA> g <KRA> <KRA> 2 AP;
p<krA> _ |[/110s2 0 s3 _|/p _ =t )
<KRA> gr-<KRA> <KRA> n ’
H(KH ™ K3 v Y, AVSKRA>
i=1
where: K, s<2KRA>’ K S<3KRA> — optimized parameters of the power system stabilizer,

APfKRA>, AVT<.KRA> —deviations of the active (instantaneous) power and voltage

of the KRA214 generating unit generator in the successive i-th time instants.

The optimization results (compromise set with A and B marginal points
marked) for the objective function (8) and the PSS parameters corresponding to
the compromise set are shown in Fig. 4. In Fig. 4 (and in Fig. 5), for the sake
of clarity, the points related to the calculated values of the components of the
objective function are omitted. They are marked in blue in Fig. 3.

The last analyzed case for the two-dimensional objective and control spaces
was polyoptimization of the power system stabilizer in the generating unit
ZRC415. The optimized vector objective function was of the form:

n
<ZRC>
(KSZRC> | g <ZRC> <ZRC> 2. AP;
F<ZRC> _ Si(Kg ™ K3 _|/r _|i=t ©)
- fZ(K<ZRC> K <ZRC> T | p<ZRC> | T ’
S2 » B3

n
<ZRC>
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Figure 4: The compromise set (a) and optimized power stabilizer parameters correspond-
ing to the compromise set (b) for polyoptimization of PSS in the KRA214 generating
unit

where: KSR KSZRC> — optimized parameters of the power system stabilizer,
AP<ZRC> AV<ZRC> deviations of the active (instantaneous) power and voltage
of the ZRC415 generating unit generator in the successive i-th time instants.

The optimization results (compromise set with A and B marginal points
marked) for the objective function (9) and the PSS parameters corresponding to
the compromise set are shown in Fig. 5.
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Figure 5: The compromise set (a) and optimized power stabilizer parameters correspond-
ing to the compromise set (b) for polyoptimization of PSS in the ZRC415 generating unit

The values of the optimal gains of the system stabilizers at the compromise set
marginal points A and B for the three generating units are presented in Table 2.
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Table 2: Calculation results of the gains of the PSS3B system stabilizers (polyoptimization
of the two-dimensional objective function)

Ks» Ks3

Generating unit - -
point of the compromise set

A B A B
ROG411 0.6449 0.6000 1.0257 0.0335
KRA214 0.6000 3.6928 3.6566 0.0300
ZRC415 3.6368 2.6630 1.8248 0.0300

Selected waveforms in the three generating units for the marginal points of
the compromise set (according to Table 1) are shown in Figs. 6-8.
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Figure 6: Waveforms of instantaneous power (a) and voltage (b) of the ROG411 generating
unit for PSS parameters at the compromise set marginal points A and B
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Figure 7: Waveforms of instantaneous power (a) and voltage (b) of the KRA214 generating
unit for PSS parameters at the compromise set marginal points A and B
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Figure 8: Waveforms of instantaneous power (a) and voltage (b) of the ZRC415 generating
unit for PSS parameters at the compromise set marginal points A and B

In the second variant of the calculations, the parameters of the power system
stabilizers in the three generating units were simultaneously polyoptimized, when
taking into account in the objective function the waveforms in these units. In
this case, the control space and the objective space were six-dimensional. The
optimized vector objective function was of the form:

. -
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>an
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n
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- <ROG> g<ROG>\] [ £<ROG>] ZAVT,-
fl(Ksz . Ks3 fP i=1
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Ti
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> av;
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The result of polyoptimization of the objective function (10), due to the di-
mensions of the objective and control space, can be graphically presented as
projections of the six-dimensional space onto planes determined by the appro-
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priate pairs of the components of the objective function (e.g., for the generating
unit ROG411, it is the plane f<R9G> determined by f;R95> and f7%9C>). For
the analyzed case, such projections are shown in Fig. 9.
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Figure 9: Projections of the six-dimensional set of compromises on the planes

Comparison of the compromise sets determined for the two-dimensional ob-
jective functions ((7)—(9)) with the optimization results of the six-dimensional
objective function (10) is interesting from the point of view of the evaluation of the
obtained optimization results. For this purpose, the boundaries of the projections
of the six-dimensional compromise set on the corresponding two-dimensional

objective spaces A<6> were additionally determined. The comparison results
(two-dimensional compromise sets, projections of the six-dimensional compro-
mise set and their boundaries are presented in Figs. 10—12.

Moreover, the marginal points of the boundaries of the projections of the
six-dimensional set of compromises on the appropriate two-dimensional spaces
were determined. In Figs. 10—12, these points are marked with letters C and D.
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Figure 10: Comparison of the six-dimensional set of compromises A <> and its
two-dimensional boundary A<%> with the two-dimensional set of compromises
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Figure 11: Comparison of the six-dimensional set of compromises A<%> and its
two-dimensional boundary A<6> with the two-dimensional set of compromises
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Figure 12: Comparison of the six-dimensional set of compromises A<%> and its

two-dimensional boundary A<6> with the two-dimensional set of compromises
A<ZRC> on the plane f<ZRC>
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The values of the corresponding gains are given in Table 3. The instantaneous
power and voltage waveforms in the analyzed PS generating units corresponding
to these points are presented in Figs. 13—15.

Table 3: Calculation results of the gains of the PSS3B system stabilizers (polyoptimization
of the two-dimensional objective function)

Kso Ks3
Projection area Generating unit - -
point of the compromise set
C D C D
ROG411 4.0438 | 9.0716 | 0.8870 | 0.0300
f<ROG> KRA214 14.663 | 11.477 | 13992 | 1.6235
ZRC415 6.0572 | 79.096 | 0.2913 4.000
ROG411 10302 | 14.662 | 0.8735 | 0.6884
fKRA> KRA214 80.000 | 6.4255 2.637 0.0300
ZRC415 12.438 | 1.5667 1.589 3.4812
ROG411 28.563 | 28.225 | 2.0254 | 0.4075
fERC> KRA214 17.186 | 19.816 | 23877 | 1.6118
ZRC415 18.108 | 5.2259 | 19310 | 0.0300
b)

V, <ROG>

Figure 13: Voltage and instantaneous power waveforms of the ROG411 generating unit
for the PSS parameters at the compromise set marginal points: A and C (a), B and D (b)
from Figs. 3 and 10
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Figure 14: Voltage and instantaneous power waveforms of the KRA214 generating unit
for the PSS parameters at the compromise set marginal points: A and C (a), B and D (b)
from Figs. 4 and 11
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Figure 15: Voltage and instantaneous power waveforms of the ZRC415 generating unit
for the PSS parameters at the compromise set marginal points: A and C (a), B and D (b)
from Figs. 5 and 12

6. Summary and conclusions

In the paper, the application of multi-criteria optimization of the parameters
of PSS3B system stabilizers to damping electromechanical swings in an extended
power system is presented. For the sake of simplicity, the calculations were di-
vided into two stages. In the first stage, the generating units critical for the angular
stability of the PS were analyzed separately. The time constants and the initial
values of the gains of the power system stabilizers were calculated by analyz-
ing single-machine systems (generating unit — infinite bus), for these units and
minimizing the objective function (6). In the main second stage, by means of
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multi-criteria optimization related to the extended PS, there were calculated only
the gains Kg; and Kg3, on which the effectiveness of PSSs operation depends
the most, thus the size of the control space during polyoptimization was limited.
In the second stage, the calculations were carried out in several variants: for the
two-dimensional objective functions (determined by the instantaneous power and
voltage waveforms for the three critical generating units at the three-phase tran-
sient short-circuit in the selected transmission line) and for the six-dimensional
objective function (determined by the instantaneous power and voltage waveforms
in these three critical generating units). In multi-criteria optimization, the solution
is not a single set of variables, i.e. the parameters of power system stabilizers,
but a set of sets of these parameters, i.e. a set of compromises that have been
determined for each analyzed case. In the investigations, for the six-dimensional
compromise set, projections of this set on the planes related to the sizes of in-
dividual generating units and the boundary of these projections on these planes
were determined additionally.

Based on the performed analyzes and the presented calculation results, the
following conclusions can be drawn:

* Despite their simple structure, power system stabilizers can damp elec-
tromechanical swings well in an extended power system without significant
worsening the voltage waveforms in generating units. However, it is neces-
sary to correctly determine their parameters.

* By analyzing single-machine systems, generating unit — infinite bus (taking
into account generating units critical for angular stability), it is possible to
determine a set of PSS parameters for which the analyzed waveforms of in-
stantaneous power and nodal voltages in a multi-machine PS are satisfactory
(Figs. 6-8).

* By using multi-criteria optimization of the parameters of power system
stabilizers, the waveforms of instantaneous power and voltages in generating
units can be further improved.

* The use of multi-criteria methods in the optimization process allows taking
into account many (in the presented research 2 or 6 criteria), sometimes
contradictory requirements, without losing the ability to achieve an optimal
solution.

* The criteria related to voltage deviations are rather contradictory to the
criteria related to instantaneous power waveforms, i.e. electromechanical
swings. When power swings are well damped, significant voltage deviations
usually occur (the waveforms related to point A in Figs. 6-8) and vice versa
(the waveforms related to point B in Figs. 6-8). By analyzing the determined
compromise set shown in Figs. 4a and 5a, the almost linear relationship
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between the voltage criteria fy and the power criteria fp can be seen.
When one of the criteria is corrected, the other deteriorates proportionally.
However, there may be a situation (as in Fig. 3) when in the compromise

set there are ranges for which large changes in the criterion P<ROG> occur

at only slight changes in the criterion f\fROG> and vice versa. Thus, it is
possible to find the controls (values of power system stabilizer parameters)
for which the damping of electromechanical swings improves significantly
at only slight deterioration of the voltage waveforms.

* For correctly performed polyoptimization, it is possible to choose such a
solution for which all criteria are satisfied to a satisfactory degree. It is also
possible to choose a solution that better meets the criteria which, in the case
under consideration, are more important than the others.

* Polyoptimization, in terms of the mathematical methods used, is more
difficult than optimization. It requires the use of more complex tools. Above
all, however, it makes it difficult to interpret the results. However, it allows
obtaining better results, i.e. selecting the system stabilizers which damp the
waveforms better.

* It can be assumed that increase in the dimension of the objective function
allows obtaining better results. This is confirmed by the comparisons of
the two- and six-dimensional compromise sets (Figs. 10—12). These figures
show that some points of the six-dimensional compromise set projection
are to the left and below the two-dimensional compromise set. These points
therefore improve both criteria at the same time. This is confirmed by the
waveforms obtained for these marginal points, e.g. the power waveform for
point C in Fig. 14a is better damped than that for point A, and the voltage
waveform for point D in Fig. 15b has smaller deviations from the steady
value than that for point C.

* The modified genetic algorithm used allows determining the parameters of
many power system stabilizers simultaneously.

Further research may take into account the influence of the uncertainty of ex-
tended PS mathematical model parameters on polyoptimal parameters of power

system stabilizers by, among others, formulating appropriate deformation fac-
tors [16].

References

[1] M.J. GiBBARD: Co-ordinated design of multimachine power system sta-
bilisers based on damping torque concepts. IEE Proceedings 135, Pt. C(4),
(1988), 276-284.



254

www.czasopisma.pan.pl P N www.journals.pan.pl
Y
S~

A.NOCON, S. PASZEK, P. PRUSKI

[2]

[3]

[4]

[5]
[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

IEEE STd 421.5. IEEE Recommended Practice for Excitation System Mod-
els for Power System Stability Studies, 2016.

M. KHALEGHI, M.M. Farsanci, H. NEzamaBADI-POUR, and K.Y. LEE:
Pareto-Optimal Design of Damping Controllers Using Modified Artificial
Immune Algorithm. IEEE Transactions on Systems, Man, and Cybernetics,
Part C (Applications and Reviews) 41(2), (March 2011), 240-250, DOI:
10.1109/TSMCC.2010.2052241.

D. Kuans, P. VasanT, I. ELamvazuTHi, and V. Dieu: Optimization of
thermo-electric coolers using hybrid genetic algorithm and simulated
annealing. Archives of Control Sciences, 24(2), (2014), 155-176, DOI:
10.2478/acsc-2014-0010.

P. Kunpur: Power System Stability and Control. McGraw-Hill, Inc., 1994.

Z. LuBo$ny: Dual Input Quasi-Optimal PSS for Generating Unit with Static
Excitation System. IFAC Proceedings, Volumes 39(7), (2006), 267-272.

J. MacHowskKI, J. BIALEK, and J. BumBY: Power System Dynamics. Stability
and Control. John Wiley & Sons, Chichester, New York, 2008.

J. Macuowskl, P. Kaceiko, S. RoBak, P. MILLER, and M. WANCERZ: Sim-
plified angle and voltage stability criteria for power system planning based
on the short-circuit power. International Transactions on Electrical Energy
Systems, 25(11), (2015), 3096-3108, DOI: 10.1002/etep.2024.

Mathworks, Inc. Optimization Toolbox Documentation. Available online: .

F.P. DE MEeLLo and CH. Concorbia: Concepts of synchronous machine
stability as affected by excitation control. IEEE Trans. on Power Systems,
PAS-88(4), (1980), 316-329.

Z. MicuaLewicz, T.D. Locan, and S. SwamiNaTHAN: Evolutionary Op-
erators for Continuous Convex Parameter Spaces. 3rd Annual Conference
on Evolutionary Programming, A.V. Sebald and L.J. Fogel (editors), World
Scientific Publishing, River Edge, N.J., 1994, pp. 84-97.

B.L. MiLLER and D.E. GoLpBERG: Genetic Algorithms, Tournament Selec-
tion, and the Effects of Noise. Complex Systems, 9(3), 193-212.

T. Orosz, A. RassOLKIN, A. KaLLASTE, P. ArsEénio, D. PANEK, J. Kaska,
and P. KarBan: Robust design optimization and emerging technologies
for electrical machines: Challenges and open problems. Applied Sciences,
10(19), (2020), 6653, DOI: 10.3390/app10196653.


https://doi.org/10.1109/TSMCC.2010.2052241
https://doi.org/10.2478/acsc-2014-0010
https://doi.org/10.1002/etep.2024
https://www.mathworks.com/help/optim/index.html
https://doi.org/10.3390/app10196653

www.czasopisma.pan.pl P N www.journals.pan.pl
Y
S~

MULTI-CRITERIA OPTIMIZATION OF THE PARAMETERS OF PSS3B SYSTEM
STABILIZERS OPERATING IN AN EXTENDED POWER SYSTEM 255

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

M. Panpa, B. Das, and B. Pati: Global path planning for multiple AUV
using GWO. Archives of Control Sciences, 30(1), (2020), 77-100, DOI:
10.24425/acs.2020.132586.

S. Paszek and A. Nocox: Optimisation and Polyoptimisation of Power
System Stabilizer Parameters. Lambert, Saarbriicken, 2014.

S. Paszek and A. Nocox: Parameter polyoptimization of PSS2A power
system stabilizers operating in a multi-machine power system including
the uncertainty of model parameters. Elsevier, Applied Mathematics and
Computation, 267 (2015), 750-757, DOI: 10.1016/j.amc.2014.12.013.

M. PescHeL and C. RiepeL: Polyoptimierung — eine Entscheidungshilfe
fiir ingenieurtechnische Kompromislosungen. VEB Verlag Technik, Berlin,
1976.

Power Technologies, a Division of S&W Consultants Inc.: Program PSS/E
Application Guide. Siemens Power Technologies Inc., 2002.

P. Pruski and S. Paszek: Location of generating units most affecting the
angular stability of the power system based on the analysis of instantaneous
power waveforms. Archives of Control Sciences, 30(2), (2020), 273-293,
DOI: 10.24425/acs.2020.133500.

G. Tsourakis, S. Nanou, and C.A. Vournas: Power System Stabilizer
for Variable-Speed Wind Generators. IFAC Proceedings Volumes, 44(1),
(2011), 11713-11719.

O. Turrokmaat and A. KayGusuz: Transient Stability Analysis of a Power
System with Distributed Generation Penetration. 7th International Istanbul
Smart Grids and Cities Congress and Fair (ICSG), Istanbul, Turkey, (2019),
pp- 154-158.

V. VEsELy, J. Osusky, and I. SEka1: Gain scheduled controller design for
thermo-optical plant. Archives of Control Sciences, 24(3), (2014), 333-349,
DOI: 10.2478/acsc-2014-0020.

P. ZnanG and A. Coonick: Coordinated synthesis of PSS parameters in
multi-machine power systems using the method of inequalities applied to
genetic algorithms. 2000 IEEE Power Engineering Society Winter Meet-
ing. Conference Proceedings (Cat. No.OOCH37077), 2, (2000), 1424, DOI:
10.1109/PESW.2000.850179.


https://doi.org/10.24425/acs.2020.132586
https://doi.org/10.1016/j.amc.2014.12.013
https://doi.org/10.24425/acs.2020.133500
https://doi.org/10.2478/acsc-2014-0020
https://doi.org/10.1109/PESW.2000.850179

	Adrian Nocoń, Stefan Paszek, Piotr Pruski: Multi-criteria optimization of the parameters of PSS3B system stabilizers operating in an extended power system with the use of a genetic algorithm

