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Automatic Voltage Regulator (AVR) regulates the generator terminal voltage by controlling
the amount of current supplied to the generator field winding by the exciter. Power system
stabilizer (PSS) is installed with AVR to damp the low frequency oscillation in Electric
power system (EPS). However, for years, PSS paired with high initial response AVR have
served as an effective means of meeting sometimes conflicting system stability
requirements. In this context, this work presented a methodology with the objective of
tuning the parameters of AVR and PSS to improve all the rotor angular stability of an EPS.
The tuning of RAT and ESP was modeled using a multi-objective problem. Applying the e-
constraint method and a PSO, based on the quantum behavior of the particles, called QPSO,
it was possible to solve the problem presented. The AVR and PSS were tuned optimally in
a 5-machine equivalent of the South/Southeast Brazilian system. The proposed methodology
was compared with the specialized literature and presented better results both for stability
to small disturbances and for transient stability.
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I. INTRODUCTION

Rotor angular stability (electromechanical stability) refers
to the ability of synchronous machines in the network to maintain
synchronism under large (transient stability) or small (small-signal
stability) disturbances and which may be directly associated with
maintaining or restoring the balance between torque
electromagnetic and the mechanical torque of each of the system's
synchronous machines [1,2]. The study of electromechanical
stability in Electrical Power Systems (EPS) is essential, since this
problem can cause serious technical and economic problems for
EPS [3,4].

The AVR (Automatic Voltage Regulator) and PSS (Power
System Stabilizers), when properly tuned, are one of the most
economical ways to improve electromechanical stability. In
general, for these controllers to contribute positively to the
electromechanical stability, the tuning of the AVR and PSS follows
the following sequence: first step is to design the AVR and then, in
a second step, adjust the parameters of the PSS [5].

The adjustment of the AVR and PSS parameters aims to
satisfy transient stability performance and improve the damping of
low frequency electromechanical oscillations [6]. However, the
current AVRs have high gains that can affect and shift the
oscillation modes to an unstable (or poorly stable) region, on the
other hand, PSS can contribute, in a negative way, to the transient
stability [7-9]. Thus, a coordinated design of these controllers is
important, since the parameters obtained in the tuning of PSS, in
order to improve the damping of the system, are not always
adequate in the analysis of transient stability.

The tuning of these controllers is carried out separately
using control techniques, such as [8,9] frequency response and
[10,11] applies the idea of centralized control. With the advent of
Artificial Intelligence (Al) techniques it was possible to apply them
to solve the problem presented. The main techniques applied were
genetic algorithms [7] and particle swarm optimization (PSO -
Particle Swarm Optimization) [6].

The objective of the article is to apply a PSO, based on the
quantum behavior of the particles, called QPSO (Quantum PSO)
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[12], for tuning the parameters of AVR and PSS, in order to
improve all electromechanical stability. The main features of
QPSO are its fewer parameters to adjust, easy implementation and
quality of solution. The effectiveness of the proposed approach has
been demonstrated through computer simulation in a 5-machine
equivalent of the South/Southeast Brazilian system.

Il. APPLIED METHODOLOGY
1.1 AVR AND PSS MODELS

AVR regulates the generator terminal voltage by controlling
the amount of current supplied to the generator field winding by
the exciter. The AVR model, adopted in the simulations of this
work, consists of the gain Ka and the time constant Ta of the
regulator. The control device most used for the damping of
electromechanical oscillations is the PSS. The basic function of a
PSS is to add damping to the generator rotor oscillations by
controlling its excitation using auxiliary stabilizing signal(s) [1].
The PSS consists of three blocks: a gain block (Kpss), a washout
signal block (Tw) and phase compensation blocks (T1-T4). As a
feedback signal for the PSS, variations in the angular velocity (Aw)
of the PSS installation machines were used. The structures of these
controllers are illustrated in Figure 1.
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Figure 1: AVR and PSS models.
Source: Authors, (2020).

11.2 SMALL - SIGNAL STABILITY INDEX

The goal is to improve all electromechanical stability. This
type of stability includes the analysis of stability to small
disturbances and transient. The objective function used is based on
indexes. These indexes are obtained through the analysis of
stability to small disturbances and transient.

The analysis of stability to small disturbances involves the
linearization of equations (1) around an operating point (Xo, ro)
obtained by a power flow program [1]:

Ax] _ [ ]2] Ax
i | o
Assuming that the Jacobian matrix J4 is non-singular, the

state matrix of the system can be obtained by eliminating the vector
of the algebraic variables Ar:

Ax = U1 —]2]4_1]3)Ax = AAx (2)

Where the symbol A represents the system state matrix.

The small disturbance stability assessment is based on the
analysis of the eigenvalues of the system state matrix. The
eigenvalues can be real or conjugated complex:

A=oc+tjw 3)

The real part ¢ is related to the exponential growth of the
response. The imaginary part, on the other hand, determines the
oscillation frequency of the respective oscillation mode. The
frequency of the oscillation mode in Hz is given by (4). The
damping ratio for this frequency is given by (5).
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1.3 TRANSIENT STABILITY INDEX

The study of transient stability involves the representation
of the EPS considering its nonlinearities. It is convenient to
describe the behavior of the system with the angles of the
generators expressed in relation to the center of inertia of all
generators. The position of the Center of Inertia (COI) can be
represented by a linear combination of the angles of all generators
as follows in expression (6):

Ng

1
Scor = H—TZ H; % 5, 6)
=

Where Hy is the sum of the inertia constants of all Ng
generators in the system.

The accelerating power P, of generator i with respect to
COlI can be expressed by:
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Where Pni and Pg; are the mechanical and electrical powers
of generator i, respectively.
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The vector of the rotor angles and the accelerating power of
the generators in relation to the COI are relevant measures that can
be used to detect the instability of the system in the time domain
[13]. It is possible to define the vectors F (formed by the
accelerating powers of the synchronous generators in relation to the
COI) and O (formed by the angles of the synchronous generators
in relation to the COI) to develop the index used in the evaluation
of the transient stability [13]. In this way, the stability of the system
can be determined by using the internal product (9).

Dot:F*@t:Fl*@1+"'+FNg*@Ng (9)
11.4 COORDINATED TUNING OF AVR AND PSS

The e-constraint method was introduced by Haimes for
problems involving two objective functions [14]. In this method,
one of the objectives is chosen as the only objective to be
optimized, while the others are incorporated into the set of
restrictions of the problem. Mathematically, the e-constraint
method can be written as follows, if the function to be minimized
is f2(x), then the other objective functions are treated as problem
inequality constraints, that is [15,16]:

min f, (x)
subject to fi(x) < ¢g,i=1,-,pi #2,x€X (10)

Where € = (g1, -+, &) € RP and is defined by the user.

This method is the most appropriate to be used for the AVR
and PSS tuning problem in order to improve the angular stability,
since in this multi-objective problem there are two purposes
considered: to improve the stability to small disturbances and the
transient stability. However, in practical applications, when
analyzing stability to small disturbances, a minimum damping
level is required for all electromechanical oscillation modes (e.g,
€, = 5%) [17], so in this case it can be considered as objective
function an index which expresses, in numerical values, the
situation of the system after a major disturbance has occurred (such
as short circuit) and the other objective function, in the case of
stability to small disturbances, will be incorporated into the set of
problem constraints, as shown in Figure 2.
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Figure 2: AVR and PSS models.
Source: Authors, (2020).

The index to represent stability to small-signal stability is
given by the objective function f;. Where, NP is the number of
operation points considered in the analysis of small-signal stability
and Cyp,..i, 18 the smallest damping ratio of the closed-loop system
at the NP operation point.

(11D

f, = min(Clmm, szin’ ' CNPmin)

The objective function f, refers to the problem of transient
stability.

tsim
fo = f Dot X dt (12)
0

The problem can be formulated mathematically according
to equation (13):

minimize f,
Subject to

f; 2¢,
Ky, <Ki<Ky
TAmin = TA = TAmax
Kpssmin = KPSS =K

PSSmax
Ti . STLSTL ) i=1,-,4
min max

(13)

Where ¢ is the minimum damping considered when tuning the
AVR and PSS at all points of operation.

111. QPSO ALGORITHM
111.1 PSO

PSO is a global optimization method developed by Kennedy
and Eberhart [18]. It was developed from collective intelligence
and is based on research on the behavior of bird flock and fish
schools. The first step of the algorithm is to generate the N particles
that will form the swarm with their respective positions. Each
particle is initialized with a position and speed at random. The
algorithm updates the velocity and position vectors until the
maximum number of iterations is reached. To update the velocity
vector of each particle, the expression (14) is used. To update the
position vector of each particle, equation (15) [19] is used.

ViS'H =wx Vii’ +Cxmy* (Plgestl—j - Xlt]) +C; * 1y

* (Glsestj - Xf}) (14)

X=X+ v (15)

Where i = 1,2, ..., N, and N is population size; j = 1,2, ...,
dim, and dim is the dimension of the problem; Viﬁ-“ is the current
particle speed,; Xl-tj is the current position of the particle; pgestu is
the best position found by the particle ij; Gﬁestj is the best position
found among all particles i; t is the number of iterations; w is the
inertia weight; C1 and C, are generally acceleration coefficients; ry
and r, are random numbers uniformly distributed in the interval
[0,1]; Xitf:l is the position of each particle i-j in the iteration t+1;
Vit is the velocity vector of particle i-j in the iteration t+1.
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111.2 QPSO

The QPSO algorithm is based on the quantum behavior of
particle movements, so it is a type of algorithm with probabilistic
characteristics, since the state of a particle is represented by the
wave function y(x, t), instead of the position and speed as in the
conventional model (PSO).

Based on the trajectory analysis, the reference [20]
demonstrated that, to guarantee the convergence of the PSO, each
particle must converge to its local attractor pitj, whose coordinates

are:

pitj = qoij X Plsestij + (1 - qoij) X Glgest]- (16)

Where ¢;; is a random number uniformly distributed over (0.1).

In the QPSO algorithm, the dynamic behavior of each
particle is widely divergent compared to the classic PSO, and the
exact position and velocity values cannot be determined
simultaneously. In this scenario, it is only possible to find the
particle at position X;j, at time t, using the probability density
function |1 (x, t)|?, which depends on the potential field in which
the particle is located [12]. Using the Monte Carlo method, one can
obtain the jth component of the position of particle i in the iteration
(t + 1) through the expression (17) [12,20].

( 1),

!Xifjfrl =pf+ax|cf - x| xn (F>,lf rand = 0.5
13
1 an

[Xifjfrl =pf;—ax|cf - x| xIn (F)'lf rand < 0.5
i

Where uij is a random number uniformly distributed over
(0.1) and C;j is the best average position, which can be calculated
by averaging the best individual positions of all particles.

11 Phese
1= estij . .
C}:T’,u <j < dim)

(18)

The expansion and contraction coefficient o (sometimes
represented by [ [20]) controls the convergence speed of the
algorithm during the search process. Behavior in the literature is
suggested in a linearly decreasing manner and obeys equation (19)
[12].

(tmax - t)

at = ay + (a; — ag) X
tmax

(19)

Where tmax is the maximum number of iterations, o1 and oo
are the final and initial values of the parameter o and t is the current
iteration.

IV.RESULTS

The purpose of this section is to show the results obtained
by applying the proposed methodology to an equivalent system in
South-Southeast Brazil. All state matrices were obtained using the
PacDyn software [21]. The values of angles and accelerating
power, in the analysis of transient stability, were obtained using the
ANATEM [22]. Several functions have been written in MATLab
(Matrix Laboraty) language to allow communication between the
programs PacDyn and ANATEM. The limits of the PSS parameters

are: 0.01<Kpss< 50; 0.001< (T1, T2, T3, T4) < 2. The value of the
constant Ty, was 3 seconds. The limits of the AVR parameters are
20<KA<400 and 0.01<TA<0.2. In the analysis of transient
stability, it is important to consider the output limits of the AVR
and PSS [1], the limits considered in all simulations were + 10p.u
and + 0.25p.u for the AVR and PSS, respectively [8]. The QPSO
parameters [12] adopted in the simulations are: population size =
50; maximum number of iterations = 60, a1 = 1 and oo = 0.5.

IV.1 TEST SYSTEM

This system is a seven-bus, five-machine equivalent model
of the Southern/Southeastern Brazil system. The synchronous
generators were represented by a fifth-order model. The order of
the open loop system is 29x29. For the application of the
methodology, there are five different operation points or cases,
taken from [23] and shown in Table 1. It is observed that the lowest
damping value occurs at operation point 5 with -16.58% and
frequency oscillation of 0.796 Hz. Through the analysis of the
residues, 2 PSS was installed in the system, a PSS in the Segredo
generator (bus 3) and the other PSS in the Itaipu generator (bus 4).

The large disturbance considered in the project was an
application of a three-phase short circuit on bus 5 with duration of
115 ms followed by the opening of line 5-1. The simulation time
(tsim) considered was 5 seconds and the damping required for all
operating points was (o = 10%.

44 6 7
Ttaipu Equiv.
— |
5
—> 3- phase
—J_— short- circuit
2 1
Santiago 3 Areia
A
AVR AVR

Segredo

AVR

Figure 3: Equivalent Brazilian system configuration.
Source: Authors, (2020).

Table 1: Operating conditions.

Case| X._¢ Xo_7 Mode 1 Mode 2
# pu pu f(Hz) | &%) | f(Hz) | &(%)
1 0,39 0,57 0,858 | -11,90| 0,935 | 3,83
2 0,50 0,57 0,855 | -12,10| 0,918 | 3,50
3 0,80 0,57 0,851 | -12,66| 0,877 2,77
4 0,39 0,63 0,830 | -14,04| 0,931 | 4,04
5 0,39 0,70 | 0,796 | -16,58| 0,926 | 4,18

Source: Authors, (2020).

After applying the QPSO algorithm, the PSS and AVR
parameters were obtained, which are presented in Table II. The
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map of closed-loop poles is illustrated in Figure 8. It is observed
that, for all operating points, closed-loop poles have damping
above the required ({o = 10%) in the project (case 1- {min = 13.95%;
case 2- {min = 13.90%; case 3- {min = 13.79%; case 4- {min = 13.95%
and case 5- {min = 13.96%). The closed-loop pole map considering
the 5 operating conditions is shown in Figure 4. Through the
application of the presented methodology, it was possible to
stabilize the system with respect to transitory stability and, at the
same time, improve the damping levels of all the considered
operation points.
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* ek
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-10 *
‘15 %
-20
2.5 2 15 1 -0.5 0
Hz
Figure 4: Closed-loop pole map.
Source: Authors, (2020).
Table 2: Optimal control parameters.
K4 Ta
AVR, 74.5110 0.2000
AVR, 157.9200 0.0705
Kpss T1 TZ T3 T4
PSS; | 45.618 | 0.0612 | 0.0010 0.2552 0.0010
PSS, | 31.295 | 0.6882 | 0.0010 0.2667 0.0013

Source: Authors, (2020).
IVV.2 UNCOORDINATED DESIGN OF AVR+PSS

Originally, the AVR of generators 3 and 4 have values of
Ka and Ta equal to 30 p.u and 0.05 s, respectively. The transfer
functions of the PSSs obtained through the classic design have been
removed from reference [23] (named in design article C). The
minimum damping values obtained through the use of PSSs in
Segredo and Itaipu are: case 1- {min = 9.54%; case 2- {min = 9.66%;
case 3- {min = 8.81%; case 4- {min = 9.03% and case 5- {min = 7.17%.

For comparison, a three-phase short circuit was applied to
bus 5 in 0.200 seconds and removed in 0.312 seconds followed by
the opening of line 5-1. Figures 5 and 6 show the behavior of the
angle (with respect to generator 7) and the voltages of all the
generation buses with the PSS of generators 3 and 4 designed by
the classic control, respectively. In contrast, Figures 7 and 8 show
the behavior of the angle (with respect to generator 7) and the
voltages of all the generation buses with the PSS and AVR of
generators 3 and 4 tuned by the QPSO algorithm, respectively.
Note that the response of the angles of the generators and voltage

of the generation buses obtained by applying the proposed
methodology is better than that obtained by the classical control

theory.
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Figure 5: Generators rotor angle - classic design.
Source: Authors, (2020).
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V. CONCLUSIONS

This paper presented a methodology with the objective of
tuning the parameters of AVR and PSS to improve all the
electromechanical stability of an Electric Power System (EPS). The
tuning of AVR and PSS was modeled using a multi-objective
problem. Applying the e-constraint method and a PSO, based on
the quantum behavior of the particles, called QPSO, it was possible
to solve the problem presented. The AVR and PSS were tuned
optimally in a 5-machine equivalent of the South/Southeast
Brazilian system. The proposed methodology was compared with
the specialized literature and presented better results both for
stability to small disturbances and for transient stability.
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