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This paper presents a Specialized Chu-Beasley’s Genetic Algorithm (SCBGA) to perform coordinated
tuning of the parameters of proportional-integral and supplementary damping controllers (power sys-
tem stabilizers and interline power flow controller-power oscillation damping) in multi-machine electric
power systems. The objective is to insert additional damping to low frequency electromechanical oscil-
lations. The current sensitivity model was used to represent the system, therefore all of its devices and
components were modeled by current injection. A novel current injection model for the interline power
flow controller is presented and a static analysis is considered to validate it. The New England test system
- consisting of 10 generators, 39 buses, and 46 transmission lines, divided into two areas with both local
and inter-area oscillation modes - was used for the simulations. The SCBGA was compared to other five
algorithms: a Random Search, a Local Search, a Simulated Annealing, a Genetic Algorithm, and a Particle
Swarm Optimization method, in terms of performance for the tuning of the parameters of the controllers.
The results demonstrated that the SCBGA was more efficient than these other techniques. In addition,
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the obtained solutions proved to be robust when variation of the loads was considered.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Today’s electric power systems (EPSs) are characterized by
their diversity in the generation, transmission, and distribution of
energy, making their operation more complex. Basic principles such
as keeping adequate voltage and frequency levels within the EPS
and ensuring the power supply experiences as few interruptions
as possible, guarantees the stability of the EPS and so its safety and
reliability to energy consumers.

Stability is defined as the ability of an EPS to remain in equi-
librium under normal operating conditions; when subjected to
disturbances, which can be of small or large magnitude [1], EPSs
should evolve to a new operating condition that satisfies the basic
principles of generation, transmission and distribution of electrical
power. The study of normal load variation at the buses of the EPS
is called small signal stability [1].

The small disturbances in EPSs result from low frequency elec-
tromechanical oscillations that are classified as: local (0.8-2.0 Hz),
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inter-area (0.2-0.7Hz), or intraplant (1.5-2.5Hz). The type of
oscillation is identified by analyzing the frequency of their occur-
rence [1-3]. The presence of these oscillations in an EPS can
affect its operation and even make it unstable; for this reason,
strategies to introduce additional damping to the EPS should be
applied.

The first studies on electromechanical oscillations were pre-
sented by [2] and subsequently by [3]. These studies used
supplementary power system stabilizers (PSS) for providing addi-
tional damping to oscillations of a synchronous machine rotor.
When the parameters of the PSS (time constants and gains) are
well adjusted, additional damping is introduced to local mode
oscillations [2,3]. However, PSSs are not efficient to provide addi-
tional damping to inter-area mode oscillations. On the contrary,
depending on the adjustments the effect may be the opposite
of what is desired, thereby contributing to the instability of the
EPS [4].

Flexible AC transmission systems (FACTS) [5] devices are based
on power electronics and are mainly used to control both active
and reactive power flows at certain locations of an electric power
transmission system. They may also improve voltage levels of EPSs
near to their installation. Studies show that if power oscillation
damping (POD) controllers are installed in the control loop of FACTS
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controllers [6], it is possible that the FACTS-POD pair introduces
additional damping to inter-area mode oscillations [7,8].

This paper analyzes the performance of the IPFC FACTS device
[9] in the control of active and reactive power flows on the
transmission lines of its installation, to correct possible problems of
low voltage in the EPS. Furthermore, it will evaluate the influence of
the IPFC on small signal stability of the EPS. In [ 10], the IPFC’s inclu-
sion in the Newton-Raphson power flow solution is modeled and
in [11], the authors use the IPFC modeled by power injection in the
analysis of small signal stability being performed with an EPS rep-
resented by the power sensitivity model (PSM) [12]. Additionally
in [13], the authors propose a current injection model for the IPFC
and have considered a shunt current source for the deduction of the
model, with the goal being to improve the EPS’s dynamic stability.
Finally, in [14] the current injection model for the IPFC is based on
the Newton-Raphson method (similar to the model proposed in
[11]). In this work, the currents injected by the IPFC are obtained
after the convergence of the “expanded current flow”. A compar-
ison with other methods based on expanded flows is also made.
The structure of the IPFC control system used in the management
of active and reactive power flows is based on the proportional-
integral (PI) controller, which in turn is based on the works shown
in [8,15].

After determining the installation locations of the IPFC and
supplementary damping controllers, it is necessary to make cor-
rect adjustments of their parameters to provide adequate damping
to the EPS. Methods based on classic control techniques such as
residues [16], Nyquist’s stability criterion [17], and decentralized
modal control (DMC) [8,18] have been used successfully in tuning
the PSS and POD parameters, but without considering the pres-
ence of the IPFC in the system. Recently, optimization methods
such as the Bacterial Foraging Optimization Algorithm [19,7], Par-
ticle Swarm Optimization [20,21], and Genetic Algorithm (GA) [22]
have joined the list of possible techniques used to adjust the param-
eters of these controllers, considering the operation of the following
FACTS devices: thyristor controlled series compensator (TCSC),
static var compensator (SVC), and unified power flow controller
(UPEC).

One of the contributions of this work is the proposal to perform
simultaneous tuning of the parameters of the PI and supplemen-
tary damping controllers (PSS and POD) using an optimization
technique based on a GA [23] called the Chu-Beasley’s Genetic
Algorithm (CBGA) [24]. The CBGA has been specially modified to
meet the demands of the problem considered in this paper; this
adaptation will be called the Specialized Chu-Beasley’s Genetic
Algorithm (SCBGA).

To analyze the efficiency of the proposed SCBGA for adjusting
the parameters of the PI, PSS, and POD controllers to introduce
damping to the EPS, the SCBGA’s performance is compared to five
other algorithms presented in the literature: a Random Search (RS),
aLocal Search (LS), a Simulated Annealing (SA), a GA [25], and a PSO
method [26].

Because of the characteristics of the problem addressed in this
work, the variables of each individual in the GA’s population are
continuous and not binary as proposed in classical GA [25]. This
evolutionary proposal is presented in [27]. The PSO algorithm
was originally proposed to solve unconstrained continuous opti-
mization problems and in this paper, it was adapted to solve a
constrained problem.

From the above, the main contributions of this work are: (1) to
present a current injection model for the IPFC; (2) to implement
computationally dynamic models of the PSS and the IPFC-POD pair
in the current sensitivity model (CSM) for multi-machine systems;
and (3) to present and computationally implement the SCBGA to
investigate its efficiency to tune the parameters of the PI, PSS, and
the IPFC-POD controllers.

2. Current sensitivity model

The CSM is a linear analysis tool for EPSs. Its fundamental
concept is based on the application of Kirchhoff’s current law;
algebraic equations are obtained for the CSM by balancing the
currents at all buses, which must be satisfied for all dynamic pro-
cesses in the EPS [28]. Balanced conditions without saturation are
assumed in the deduction of the CSM with the synchronous gen-
erator being represented by three stator windings and one rotor
winding.

In a multi-machine system represented by the CSM, the state
variables (Ax) are: the angular velocity of the rotor in a syn-
chronous machine (Aw), the internal angle of the generator rotor
(AJ), the quadrature-axis component of the internal voltage (AEp),
and the field voltage of the generator (AEf). The input variables
(Au)are: the input mechanical power (APp,), the reference voltage
(AVyf) of the automatic voltage regulator (AVR) of each genera-
tor, and the variations of the active (AP;) and reactive (AQ;) loads.
Algebraic variables (Az) are represented by the magnitude (AV)
and phase angle (A0) of the voltage of each EPS bus.

The representation in the time domain of a multi-machine EPS
- composed of ng generators and nb buses - modeled by the CSM
is given by (1)-(4). More detailed information about (1)-(4) can be
found in [28].

[AXI=[[Awr- - Awn [ A8+ Adn | A - AEPS|[AEL- - AER ]
(1)

[Au=[[APY- - APEI[AVL. - AVISAPL - AP ][AQ] - - AQM T
(2)

[Az] = [[AO;--- DO, J[AV;--- AV, ][ (3)
AX] [ J2] [Ax B1

o= el [ ] e
3. Interline power flow controller device

The IPFC is a fourth generation FACTS device that was first pro-
posed in [9]. This device makes use of voltage source converter
technology (VSC) and combines two or more synchronous static
series compensators (SSSCs) coupled via a common DC link. The
parameters defining the power flow on transmission lines (control
of the voltage and the angles at the EPS buses, for example) can
be controlled simultaneously - or selectively — using this combi-
nation. This implies that, depending on the adopted configuration,
the flow of active and reactive power can be controlled and series
compensation can be achieved on the transmission lines where the
IPFC is installed. Fig. 1 shows a model of the equivalent circuit of
the IPFC.

In Fig. 1, P; and Q; are the injections of active and reactive power
atbusi. P;; and Q;; are the flows of active and reactive power (leaving
bus j) of the common installation branch of the IPFC. Similarly, Py;
and Qy; indicate the flows of active and reactive power leaving bus
k (common to the IPFC installation). Moreover, I;; and I, designate
the currents that leave bus i, while I;; and I; represent the currents
leaving buses j and k, respectively.

Assuming that the active losses are zero, the active power pro-
vided by one of the converters will always be equal to the active
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Fig. 1. Equivalent circuit of an IPFC with two series voltage sources.

power demanded by the other, as shown in (5). This restriction is
also known as the active power invariance of the IPFC [10].

> Pinj, =0 (5)

n=i,j,k

The control of power flow on the transmission line in which the
IPFC is installed is accomplished by controlling the magnitude and
angle of the series voltages Vpq, (n=j, k) as represented in (6) (see
Fig. 2).

Vg, = €V (6)

In Fig. 2, the variables y, (0<yn<2m)and r, (0 < 1y < 1) are

the parameters of the series voltages (Vpq, ), 1 = V‘p,i and yj is the
1

angle of Vpq, with respect to the voltage of bus i (V;) [29]. Vg, and

Vpn, represent the components in phase and in quadrature of the
controllable series voltage, as shown in (7) and (8), respectively.

Vgn = mV; €OS v (7)
Vpn = mV;sin v (8)

Details of the IPFC power injection model can be found in [8,29].

3.1. Current injection model for the IPFC

Differing from the proposal in [14,30], in this work the IPFC will
be modeled based on the equivalent circuit shown in Fig. 1. The
currents injected by the device will be calculated directly from the
series voltage sources (considering the reactances of the respective
coupling transformers in respect of each series voltage source). Fur-
thermore, the proposed current injection model has a significant
advantage as it is independent of the parameters r, and y, of (6),
thereby eliminating the need to calculate these variables (steps not
performed in [14,30]).

By inspecting the equivalent circuit shown in Fig. 1, (9) and (10)
are obtained.

Vi £0; + 13"V — V; 26;
IiZI,‘]’-‘rl,'k:( L ], ! S
JXij

. ( ‘449i+rl<3i""ViV1<49k)

JXik

pn

»
>

Y

Fig. 2. Phasor diagram of the IPFC (n=j, k).

_Va=Vh) _ <v,149n —V;26; — rner"\/i49i> (10)

ni = - -
JXin JXin

Eqgs. (11)-(14) are determined after considering (5), (7)-(10),
where b;, = —% for n=j, k.

Iir = —V;sin 9,(bu + bik) + bUVJ COS‘9j + bika sin 9k

7Zbin(vpn cosb; + Vg, siné;) (11)
n=j,k
IPFC
li,, = Vicos6i(byj + bix) — Zb,-nvn cos 6y,
n=j,k
+Zbin(an cos8; — Vp, sin6;) (12)
n=j,k
IPFC
Ini, = bin(V;sinB; — Vi sinOy) + bin(Vp, cos 6; + Vg, sin6;) (13)
IPFC
Liy = bin(Vin cos 0 — V; cos 0;) + by (Vy, sin6; — Vg, cos 6;) (14)

IPFC

The current injection model of the IPFC FACTS is obtained after
the analysis of (11)-(14). The underlined parts with the label “IPFC”
are the contributions of the device to the current flow in common
installation buses. Iinjir and I"njim are injected at bus i, while the
currents lp; and Linj,,. the real and imaginary components, are
injected at buses n (n=j, k), as shown in Fig. 3.

3.2. Structure of the IPFC control system

The control of the active and reactive power flows by the IPFC is
performed by PI controllers (see Fig. 4).

Vil0;

. V; 20,
JLij Y
= |
—

Ling,, + jlinj,,,
, Vi L0y,
JLik I

Iinj,r + jlirz]%m l
]injk,. + -jlinjk,n

Fig. 3. Current injection model for the IPFC.
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Fig. 4. Structure of the IPFC control system.

These PI controllers are related to the variables of the control-
lable sources V,, Vp, , and V. The variable Vg, is associated with the
equation of active power invariance (5). In the structure presented,
the time constant, Tr,, is the delay inherent to the control device
with values stipulated between 1 and 10 ms [5]. Furthermore, the
parameters of the controllers are indicated by the gains K1, K2, and
K3 (in p.u.) and the time constants Ty, T;, and T3, (in seconds). The
supplementary signal Vs (Fig. 4(a)) results from the POD controller
and in this article it is used to modulate the quadrature component
(ij) of the first converter (VSC1).

In the management of the active and reactive power flows
shown in Fig. 4, the controlled powers (P,j, Py, and QIJ_) and ref-
erence powers (Prefj, Qrefj, and Qyf, ) obey the control laws shown

in (15)-(17).

Pj, — Pres, = 0 (15)
Plk_PrekaO (16)
Q — Quer; =0 (17)

The differential equations that represent the dynamics of the

711

1= 5Py, ) (19)
Vo = 12y, = Q) o062~ V) (20)
o = {0y~ Q) (21)
Vp, = T’injpwrefk —P)+ T%p(xa V) (22)
$o = Py, — ) (23)

4. Structure of the PSS and POD controllers

The inclusion of supplementary damping controllers (PSS and
POD)in the EPS is necessary to introduce additional damping to low
frequency electromechanical oscillations. Fig. 5 shows the structure
that will be used for the PSS and POD controllers. The structures
are identical; differing only in the input and output signals of the
two controllers. In the case of the PSS, the input signal (AV},) is
represented by the variations of the deviations in angular velocity
(Awy) of the rotor of generator k, and in the POD it is the deviations
in active power of the transmission line adjacent to the installation
of the device (APyy,). The output of the PSS (AVsup, ) is applied to
the control loop of the voltage generator and the output of the POD
(AVsup, ) is added to the control loop of the IPFC (Fig. 5).

In Fig. 6(a), the AVR is represented by a gain, Ky, and a time
constant, Ty, . The excitation voltage of the synchronous machine
is Egy,, the variation in terminal voltage of the generator k is AVj
and the variation of the reference voltage is Vi, . In Fig. 6(b), Aij
is the quadrature-axis component of the primary converter (VSC1)
related to the installation of the POD, AX, is an input signal and
T, is a time constant, both of which must be specified.

Egs. (24)-(27) which represent the dynamic behavior of the PSS
and (28)-(31) which represent the dynamic behavior of the POD
controller, are obtained by analyzing Figs. 5 and 6.

Fig. 6. Dynamic model of the PSSs and POD: (a) Control loop of the AVRs; (b) Quadrature voltage component of the primary converter of the IPFC.

control system of the PI controllers are given by (18)-(23) and are . . 1
obtained by analyzing Fig. 4. AVyy = AdyKpss — EAVM (24)
, K 1 . 1 Ty . 1
Vp, = Tfm(Prefj -P)+ T—mp(X1 + Vsup — V) (18) AV, = TzAvlk + EAV“‘ - T—zszk (25)
Washout Compensators
Gain —N— p - ~ AV;UMA’ AVR
~
AV, ST, 14-5TY 14575
1mn @ » »
—>» K > TSIy g 1ty > A
v
L2 3| [PFC
Fig. 5. Dynamic model of the PSS and POD controller.
AE}q AX,. NS
o C — p
. > + 1+5Tmp >
+
AVsup, (b)
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. 1 T3 , - 1
AVsupl = T—4AV2k + ﬂAVZk — T—4AVSUP1 (26)
. K 1
AEfdk = ﬁ(Avsupl + AVre L AVy) - T—rAEfdk (27)
. 1
AYy = K(KpodApkm - AYq) (28)
P
Y 1 TP]
AYy = = | (1= 2 | (Ko AP — AV1) = AY, (29)
p2 P2
. 1 T, T,
AYs = { {AYZ + %(KPMAP,W — AY; )} ( - T”3> - AY;}
P4 p2 P4
(30)
Kq

. 1
AVp, = 5 - (APrgy, = AP+ 5 —(AXi + AVup, = AVp) — (31)
p

Timy

In (24)-(31) Ty, Ty, T3, T4, and Kpss are the time constants and
gainof the PSS. Ty, Tp,, Tp,, Tp,, and Kp,q are the time constants and
gain of the POD; it is usual to adopt T1(Tp, ) = T3(Tp, ) and Tr(Tp,) =
T4(Tp,) [31]. Moreover, AVgyy, is defined in (32).

T T,
AVsupz =AYz + mLEY AY, + Tﬂ
P2

T, (KpodAPkm - AYl) (32)
P4

5. Technique to tune the parameters of the PI, PSS, and POD
controllers

Based on the modeling of the EPS and the dynamic models of
the PI, PSS, and IPFC-POD controllers, this section will present a
specialized evolutionary algorithm based on the proposal of Chu
and Beasley [24].

5.1. Specialized Chu-Beasley’s Genetic Algorithm (SCBGA)

The proposal by Chu and Beasley [24] for the GA includes the rep-
resentation of a solution proposal for each specific type of problem,
separate fitness and unfitness evaluations, and a local improvement
procedure. In addition, they proposed an analysis to replace an indi-
vidual in a population. The following changes to the CBGA, with
their justifications are suggested for this work:

1. Implement a step to improve the initial population: it was found
experimentally that the application of a local search algorithm

to members of the initial population reduces the computational
effort needed to solve the problem;

2. Use a small population: the problem is characterized by the pres-
ence of continuous variables. In this case, the local improvement
step may require great computational effort to improve the
initial population. Therefore, a small initial population is rec-
ommended;

3. Variation operator: the proposal is to make a combination of solu-
tions, element by element, in which each component of the first
descendant is obtained as the sum of the components of two gen-
erating solutions, each one multiplied by two random weighting
factor B (for the first parent) and (1 — 8) (for the second par-
ent), where 0 < 8 <1. The second descendant is obtained from
multiplying the first parent by (1 — 8) and the second by g;

4. Maintaining the descendant with the best fitness value: in the origi-
nal proposal by Chu and Beasley, the choice of a descendant to be
improved is random. The purpose of this study is to improve the
descendant with the best (lowest) fitness value. It is hoped that
this is the most promising way to find better quality solutions;

5. Eliminate the mutation step: the mutation is used in the tra-
ditional GA so that characteristics that are not present in the
population may appear. However, the local improvement step
eliminates this need.

Fig. 7 shows the operational structure of the Specialized
Chu-Beasley’s Genetic Algorithm.

5.2. Local search

The local search strategy consists of discretizing the search space
and carrying out changes to the variables of the problem.

Assume that the solution x" is preserved after the application of
the variation operator. Then define the evaluation function of x",
F(x"), as shown in (33).

F(x") = f(x") + ph(x") (33)

FOery =" jagele - pes) (34)
i=1

h(x") =) " jgeele - gdes) (35)

i=1

In (33), the evaluation function F(x") is composed of the objec-
tive function f{x") summed to an infeasibility h(x") (o > 1isapenalty
parameter). In (34) and (35), n indicates the number of eigenvalues
of interest of the EPS, with Af“’c being the calculated eigenvalues
of interest, kfes the desired eigenvalues of interest, éides the desired

Algorithm 1: Specialized Chu-Beasley’s Genetic Algorithm

1 Inmitialization: Specify control parameters: the initial population size, recombination rate,
determine general characteristics of the algorithm: encoding type, the initial population size,

manipulation of infeasibilities;

2 Randomly find an initial population, which becomes the current population. Find the fitness
and unfitness of the members of the current population;

3 Apply the local improvement step to the initial population;

4 Repeat steps (5) to (8) until the stop criterion is satisfied:

5  Implement the selection by tournament to pick just two generating solutions;

6  Implement the variation operator and preserve the descendant with the lowest fitness
value;

7  Implement a local improvement phase;

8  Decide whether the improved descendant enters the current population;

Fig. 7. Operating structure of the SCBGA.
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Fig. 8. Discretization of a variable in the local improvement step.

damping, and Ef‘”c the calculated damping at each iteration per-
formed by the local search.

A vector of sensitivities, s = [s1, S, ..., Sn,] is defined, where
n, is the number of variables in the problem. Initially s;=0, Vi =
1,...,my,. The value of each discretization step for variable i, A;,
is determined as shown in (36), where u; and [; are, respectively,
the upper and lower limits of the variable x, and I” is the whole
number of discretizations.

A=l o o, (36)

A variable of the problem is chosen at random to modify its
value. Suppose the variable x] is chosen. Fig. 8 shows how x; is
discretized.

The value of the variation §;, is shown in (37), where ¢ is a ran-
dom number (0 <@ <1), y is a scaling factor, and [.] is the ceiling
function, which rounds the value (y¢) up to the next whole number.

O = Typl1 Ay (37)

Then, the new value of x; is determined by (38).

X=X+ 8 (38)

In (38), as originally s; =0, an increase or decrease of the value of
the variable x] is chosen with equal probability. Note that in (38),?{C
may violate the lower [, or upper u;, bounds. In this case, consider
the correction shown in (39).

~ ~
Xpo 0 Le<x <y

X = lk, if ’)\('L < lk (39)

u, if x> uy

Finally, the solution must be updated; designate the new solu-
tion obtained as X". The evaluation function, F(X") is then calculated
to check the quality of the new solution proposal. Two situations
can then occur:

1. F(R") < F(x"): in this case, sy is defined as 1 if in (38) x} was
incremented or s is designated 1 ifin (38) x; was decremented.
Furthermore, the current solution is updated x" «<— X";

2. F(&") = F(x"): in this case, s, is defined as —1 if in (38) xj was
incremented or sy is defined as 1 if in (38) x} was decremented;
here the current solution is not updated.

The described procedure is then repeated, i.e., another variable
is chosen to have its value changed. In (38) however, one must con-
sider the value of s, i.e., if [ < x} < uj ands, =1, then the value ofx
must be incremented; if s = —1 the value x; must be decremented;
if 5, =0, randomly choose between incrementing or decrementing
X

Now, for situations in which x} = I or X} = uy, x; must be incre-
mented (if x} = I;;) or decremented (if x}, = uy) regardless of the
value of sy.

This process is repeated until no further improvement is
obtained or until a maximum number of iterations, Y, have been
performed without improvement. The factor y should be adjusted
dynamically during the process; that is, from t iterations, t<Y,
without improvement of the evaluation function, update y «— %
in (37).

The local improvement is applied both to the initial population
and to individuals recombined in the local search. The following
values were adopted in this work: p=103, I'=100, and y = 20.Fig. 9
shows the algorithm of the local search methodology.

5.3. Overview for the optimization problem

Consider an EPS equipped with n PSS controllers in n syn-
chronous machines and an IPFC-POD. To determine the gains and
time constants of the controllers shown in Figs. 4 and 5, a solution
proposal is presented for an individual belonging to the population
of the SCBGA (Fig. 10).

Note that the first n positions of the individual represented in
Fig. 10 are destined to the n time constants Ty, of n PSS controllers
installed in n synchronous generators. The position n+1 refers to
the time constant Tp, of the IPFC-POD. Continuing in order, the n
time constants T2f and then Ty, , the n gains Kpss (Ky, . . ., Kn) and the
gain K;,4 (K) are represented. The last positions of the individual are
reserved for the parameters of the PI controllers (T,»j and Kj, where
j=1,2,3).

Each individual belonging to the initial population or the popu-
lation improved by the SCBGA (Fig. 10) is subject to the restrictions
imposed in (40)-(42) (time constants in seconds and gains in p.u.).

0.1<Ty, <1.5; 0.01 <Tp, <0.1; 1.0 < Kpss <10.0  (40)
0.1<Ty <04, 0.1<Ty, <0.4; 1.0 < Kpog < 0.4 (41)
0.001 < T,-j <0.01; 0.1<Kj<15 (42)

Values for the limits (40)-(42) are found in [19-22], differing
from one another. In this paper, the upper bounds for the gains of
the controllers are lower than the ones found in the cited literature,
since high gains for the controllers indicate greater control effort
and in some cases, it may be impractical. As it will be observed in
Section 6, it is possible to provide high levels of damping to the
modes of interest with the settings provided by the SBGA with low
gains and time constants in the considered range of values.

The goal of the proposed approach is to solve a constraint satis-
faction problem [25].In this case, the desired damping is considered
a constraint, and thus any adjustment that provides the desired
damping is considered a solution.

The objective function used to obtain the desired damping for a
solution proposal is defined in (34) and consists of minimizing the
distance between the calculated eigenvalues of interest (Afa’c) and
the desired eigenvalues of interest ()»l‘.ies). Thus, Aicalc is positioned
in a particular region of interest of the complex plane at each iter-
ation after adjusting the parameters of the PI, PSS, and IPFC-POD
controllers (using the SCBGA with the appropriate restrictions set
forth in (40)-(42)). The desired eigenvalues of interest ()»f“) are
defined by design to satisfy the desired damping coefficient (S;ies).
The calculated eigenvalues of interest (Af“’c )are determined at each
iteration for the EPS by the CSM. This procedure is shown in Fig. 11.

6. Simulations and results

The solution methods and the modeling presented in the previ-
ous sections were implemented in MATLAB, without the aid of any
toolbox. Simulations were then performed to analyze small signal
stability using the New England system [18]. The tests were carried
out on a computer with a 2.60 GHz Intel Core i5-3230M processor
and 12 GB of RAM.

In this study, two damping ranges are specified for all the cal-
culated eigenvalues of interest (kf”’c ), greater than a lower limit of
Sf"‘i: = 10% in the first case, and Si‘:i? = 15% in a second test. These

two damping ranges are considered to evaluate the performance
of the algorithms analyzed in this paper. The time constant of the
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Algorithm 2: Local search

1 Initialization: Specify the parameters: p,I', v, 7, T; Initialize the sensitivity vector, s, with all

positions set to zero; Calculate the discretization step of each variable, A; «— (u; — ;) /T,

=1, ,nyt— 0;m<+—0;
2 Whilet < 7T:

3 Randomly choose a variable k that will have its value changed, x,, in the current solution of

the local search x";

Calculate the value of Z7:

~N o Ot A

same probability;
8 Elseif s, = 1: &}, «— x}, + &;;
9 Else: 7}, «— x, — 633
10 Elseif z}, = [;: &}, «— ], +
11 Else: 2}, «— zj, — 0x;

Calculate the value of the change 0), «— [vp]| Ay

If 55, = 0: Choose to increment or decrement the value of z};: Z, +— . £ 0, with the

12 Check if the variable 7, is within the range [lx, uy]:

13 Ifl, <2} <y o, — 73
14 Else if 2], < I;.; 2], <— [};
15 Else: &}, <— wy;

16 Assemble the new solution 2", coping =" with the value of Zj, in position k

17 Calculate the evaluation function of the new solution, F'(z");

18 Update the current solution and the position k of the vector s;
19  IfF(&") < F(a"): o}, «— @3 F(a") «— F(2"); sp «— 1if 2}, was incremented;

sk «— —1 otherwise; m <— 0;

20 Else: s, «— —1if 2}, was incremented; s, +— 1 otherwise; m <— m + 1;t +—t + 1;

21 Ifm>7iy+—7/2; m+—0;

Fig. 9. Algorithm for local search implemented in the SCBGA.

K |7, | T | T [ 1| k2| k3]

PSSs’ Parameters PSSs’ Parameters

PSSs’ Parameters

PIs’ Parameters

IPFC-POD’s Parameters

Fig. 10. Representation of an individual in the SCBGA.

washout block (see Fig. 5) was specified to ten seconds for the PSSs
(Tw) and one second for the IPFC-POD (T, ). The time constant, T,
(see Fig. 6) was set to 0.005s.

6.1. Static analysis for the test system

The New England system comprises 10 generators, 41 buses,
and 48 transmission lines; its one line diagram is shown in Fig. 12.
Two fictitious buses, FB; and FB,, two lines 37-FB; and 37-FB,, and
the reactances of the coupling transformers (x;,,, n =j, k with values
stipulated at 0.01 p.u.) are already included in this diagram.

As shown in Fig. 12, the IPFC is installed between buses 37-34
and 37-36. This location was chosen for technical reasons, as it
is intended to solve voltage problems at buses 12, 15, 33, 36, and
37, that are less than 0.95 p.u. (see Fig. 13). In this situation, the

é P < < <
g - ! )\gles“\’~~ - t}\{:alc
‘| Region of interest
| Vo (& > gt
. . . L 0o . . .
Real Axis

Fig. 11. Location of the desired eigenvalues ()»f’“).

variables of the IPFC are (in p.u.): Vp, = —8.63x 1077, Vo, =
~2.47 x 107°, Vg, = 4.69 x 1077, and Vg, = —7.52 x 10~". Com-
plete data for this system is presented in Appendix A.

The variables’ values of the series converters are close to zero
and thus do not exert any control over the active and reactive power
flows of the New England system. In this condition, the IPFC is
included in the system but without exerting any control on the
power flows (Case I).

To solve the problem of existing low voltages in the New England
system, the IPFC is required to control flows in the lines FB;-34 and
FB,-36, making Prefj = —410.51 MW (Case I: —310.98 MW), Q,efj =
—55.81 MVAr (Case I: —42.28 MVAr), and Py, = -316,71MW
(Case I: —241.76 MW). This will be referred to as Case II. These val-
ues were chosen conveniently, so that the voltage magnitude at
each bus stay within the adequate limits. In this situation, the val-
ues of the variables used to represent the converters are (in p.u.):
Vp, = —0.2938, Vp, = -0.3049, Vy; = —0.0485, and V,, = 0.0048.

A new voltage profile is found for the New England system when
the IPFC exerts control on the active and reactive power flows (see
Fig. 13). On analyzing Fig. 13, it is concluded that the IPFC improved
the voltage profile of buses 12, 15, 33, 36, and 37, all being within
the acceptable range (+5% of the nominal value).

Fig. 14 shows the active power flows in the New England system
without any interference from the IPFC (Case I) and with the IPFC
(Case II). On analyzing the flows after the inclusion of the IPFC, it
is possible to see that the device does not provide active power to
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Fig. 14. Control of active power flows performed by the IPFC device.
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Table 1
Dominant eigenvalues ();), damping coefficients (&;) and natural undamped fre-
quencies (wy;) - Case L.

Mode Eigenvalues &(p.u.) wyi (Hz)
M 0.0484 + j6.8621 —0.0070 1.0922
A2 —0.2198 =+ j7.3085 0.0301 1.1637
A3 —0.2013 + j8.2718 0.0243 1.3169
A4 0.1508 + j5.9600 —0.0253 0.9489
As —-0.1351 £ j6.5134 0.0184 1.0369
A —0.2706 + j8.1099 0.0207 1.2914
A7 —0.2408 + j8.3226 0.0289 1.3251
g 0.1814 + j6.3874 —-0.0284 1.0170
Ao 0.0290 + j3.8641 —0.0075 0.6150

the EPS (restriction of active power invariance of the IPFC, (5)), but
transfers — or removes - by means of the serial converters, a portion
of the active power to the lines where the flows are controlled. With
the data shown in Fig. 14, it is possible to balance active power at
the buses of the installation of the IPFC and thus validate the flow
control achieved by the device.

6.2. Tuning the parameters of the PI controllers and
supplementary damping controllers (PSS and IPFC-POD)

Considering the operating conditions in Case Il (Section 6.1), the
eigenvalues of the New England system are calculated. The oscil-
lation modes of interest (A;=0; +jw;) are shown in Table 1. The
undamped natural frequency (wp; = 'z)‘n') and the damping coef-
ficient (&; = _I;»TT) associated to each oscillation mode are also
shown.

On analyzing the frequencies (wy;) of the oscillation modes of
interest, it is observed that eight are local mode oscillations (A to
Ag) and only one is an inter-area mode oscillation (Ag). Of these,
four (A1, A4, Ag, and Ag) have positive real parts, showing that the
system is unstable at this operating point.

The flow control achieved by the IPFC (Case II) corrected the
voltage magnitudes at buses 12, 15, 33, 36, and 37 but it was not
enough to insert damping to the oscillation modes of interest (see
Table 1). To achieve this, it is recommended to equip the New
England system with PSSs and an IPFC-POD, located as shown in
Fig. 12.

The locations of the generators that should be equipped with
PSSs were identified using the contribution factors [31]. Simula-
tions indicated that the best locations were generators G1, G2, G3,
G4, G5, G7, G8, and G9.

6.2.1. Characteristics of the algorithms

The SCBGA was compared with five other algorithms in terms
of performance for tuning the parameters of the controllers. The
algorithms used for comparison were: a Random Search, a Local
Search, a Simulated Annealing, a Genetic Algorithm, and a Particle
Swarm Optimization method.

The RS generates random solutions for the problem, one after
another, with no additional search strategy. The objective of using
this algorithm is to verify if a completely random search would be
able to satisfactorily solve the problem for all damping ranges.

The LS strategy shown in Fig. 9 was used to try to solve the prob-
lem directly. The search was performed considering five solution
proposals in parallel, i.e., it was started from five random points.
The parameters of the algorithm were discussed in Section 5.2.

The SA algorithm considered in this paper is an extension of the
LS strategy shown in Fig. 9. On line 19 of the algorithm of Fig. 9, it
is also assumed that the solution can be updated (x], <— &} ) even
when F(X") > F(x"), if a probabilistic criterion is met. If F(X") > F(x")
and exp( F("r)’w‘r)) > P(0, 1), then x} «— f(,r( where Ty is the tem-
perature at level N, and P(0, 1) is a random number in the interval

[0, 1]. Also, the temperature Ty and the temperature level N, must
be updated after N iterations: Tj.+q =T, and Ny+q =nN. In the
implementation, T, =100, N, =50, ©=0.7, and n=0.9.

A traditional GA was also implemented: considering a popula-
tion of 20 individuals, fixed mutation rate of 10%, and tournament
selection. This algorithm does not consider the LS strategy shown
in Fig. 9.

The PSO method considered uses a population of 20 particles.
The acceleration constants are c; = ¢, =2.05, and the inertia weight
w ¢ [0.5,1.5]. Additional information about the algorithms pre-
sented in this section can be found in [25,26].

For the SCBGA presented in Section 5.1, the population consisted
of five individuals, and the LS algorithm was used with the param-
eters described in Section 5.2.

6.2.2. Performance evaluation of the SCBGA

In this subsection, a comparison of the performance of the six
optimization methods is presented. As already stated above, the
objective is to perform the coordinated tuning of the parameters of
PI, PSS, and POD controllers and thus introduce the desired damping
to the test system. The simulations were performed considering
two different scenarios: in the first one, to introduce at least 10%
of damping to all oscillatory modes (Siﬁfﬂl = 10%) and in the second

one, to introduce at least 15% of damping to all oscillatory modes
(&2 = 15%).

For each of the algorithms 100 tests were performed; each test
was limited to a maximum of 2000 objective function evaluations
for each algorithm. For all the results of the simulations shown in
Table 2 it was considered that the parameters of the controllers
must satisfy constraints (40)-(42).

Table 2 shows the number of times that a feasible result was
achieved for each group of ten trials. In addition, the convergence
times shown in Table 2 refers to the average, minimum, and maxi-
mum times in trials for which the algorithms converged, therefore
excluding the time spent in attempts when the algorithms did not
converge.

The analysis of the data presented in Table 2 can be separated
in to cases: for the first case, “.;“desl > 10%, the LS, SA, GA, and SBGA

converged for 100% of the trlals with average times of 34.60, 89.55,

60.90, and 14.53 s, respectively. The PSO converged for 99% of the
trials with an average time of 34.34s. The RS converged in 11% of
the trials with an average time of 212.72 s for the ones in which it
converged. In the second case, sdesl > 15%, the RS did not converge

in any trial, the LS converged for 96% of the trials, with an average
time of 196.15s, the SA converged for 62% of the trials, with an
average time of 136.98 s, the GA converged for 58% of the trials, with
an average time of 754.66 s, the PSO converged for just 10% of the
trials, with an average time of 351.12s, and the SCBGA converged
for 99% of the trials, with an average time of 90.61 s.

Fig. 15 shows boxplot graphics for the number of objective
function evaluations for the six algorithms considered and both
damping ranges, until the solution was found.

Based on the results shown in Table 2 and Fig. 15, it can be con-
cluded that the SCBGA presents a better performance than all the
other algorithms, achieving a solution for the problem with a lower
number of objective function evaluations and therefore a lower
computational time, for both damping ranges.

For the case with Edesl > 10%, Table 2 indicates that all the

algorithms - except the RS presented an excellent rate of conver-
gence (more than or equal to 99%). In addition, the maximum and
average times of convergence of the SCBGA were lower than the
other algorithms considered. The minimum times of convergence
were approximately the same for all the methods - except the RS.
For the case with El‘.irsisj > 15%, the SCBGA and the LS presented the
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Table 2
Comparison the algorithms’ performance.

Algorithm Damping ratio (%) Number of solutions found for each 10 tests Time of convergence (s)
Average Min. Max.
>10 - 2 2 2 1 1 1 1 1 212.72 23.57 420.53
RS
>15 — - — — - — - - — - — -
LS >10 10 10 10 10 10 10 10 10 10 10 34.60 1.26 109.55
>15 10 10 9 10 10 9 9 10 10 9 196.15 32.59 528.03
SA >10 10 10 10 10 10 10 10 10 10 10 89.55 1.94 154.98
>15 3 4 9 6 4 7 7 7 9 6 136.98 85.31 316.43
GA >10 10 10 10 10 10 10 10 10 10 10 60.90 1.30 203.85
>15 4 6 5 7 6 6 6 4 7 7 754.66 234.83 1056.80
PSO >10 10 10 10 10 10 10 10 9 10 10 34.34 1.50 203.30
>15 1 1 1 1 1 0 2 1 1 1 351.12 148.92 805.09
SCBCA >10 10 10 10 10 10 10 10 10 10 10 14.53 1.67 33.71
>15 10 10 10 10 10 9 10 10 10 10 90.61 43.78 222.49

better convergence rates, of 99% and 96%, respectively. However,
the SCBGA presented a better performance than the LS when the
computational times were compared: the SCBGA was 216% faster
than the LS on average.

Fig. 15 indicates that for Edesl > 10%, considering the first and
third quartiles of the number of objectlve functions evaluations, the
SCBGA solved the problem with approximately 40-80 evaluations.
For this same problem, the GA, PSO, LS, and SA spent more objective
function evaluations than the SCBGA. For .f;desZ > 15%, considering

the first and third quartiles of the number of objective functions
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evaluations, the SCBGA solved the problem with approximately
200-400 evaluations; much more efficiently than the GA, PSO, LS,
and SA. Finally, the results indicate that the RS algorithm is not able
to solve this problem adequately.

6.3. Analysis of the stability considering the SCBGA

Based on the data presented in Table 2 and Fig. 15, it can be con-
cluded that the performance of the SCBGA is superior for adjusting
the parameters of the PI, PSS, and IPFC-POD controllers to insert
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Table 3
Gains (in p.u.) and time constants (in seconds) of the PSS controllers tuned using the SCBGA.
Parameters PSS G1 PSS G2 PSS G3 PSS G4 PSS G5 PSS G7 PSS G8 PSS G9
Ti=Ts 1.1000 0.6532 0.6916 0.5940 05218 03520 0.7314 0.3464
T,=Ta 0.0617 0.0682 0.0629 0.0715 0.0769 0.0751 0.0362 0.0983
Kpss 10.000 6.2716 5.6000 5.5000 6.1367 3.4820 7.5000 6.2951
Table 4
Gains (in p.u.) and time constants (in seconds) of the PI and IPFC-POD controllers tuned using the SCBGA.
IPFC-POD parameters Pls parameters
Tp, =Ty, Ty, =Ty, Kpod Ty, Ty, Ts, K1 K2 K3
0.3865 0.2616 0.4000 0.0090 0.0062 0.0065 0.3452 0.6373 1.0068
additional damping to the oscillations of the EPS. Thus, the result Table5 ) ) ] )
of one of the tests performed by SCBGA, considering Egesz >~ 15%. is Dominant eigenvalues (1;), damping coefficients (§;), and frequencies (wy;) consid-
: ’ Imin — ! ering the effect of the controllers.
randomly selected and shown in Tables 3 and 4. -

The eigenvalues were calculated again for the New England sys- Mode Eigenvalues & (pu.) wyi (Hz)
tem, considering the effect of the controllers after their parameters A -1.0435 £ j6.8556 0.1505 1.1037
were tuned using the SCBGA. The oscillation modes of interest are A2 —1.3263 & j7.1624 0.1821 11593
listed in Table 5 A3 ~1.1342 + j6.8101 0.1643 1.0988

7 . . ha -1.3016 + j8.0157 0.1603 1.2925

On analyzing the eigenvalues of Table 5, it is concluded that As ~0.7675 + j4.6343 0.1634 0.7476
the controllers made the test system stable at this operating point. X6 —1.3635 + j7.5024 0.1788 1.2136
Furthermore, the design constraint (minimum damping coefficient Az —1.0377 + j6.6031 0.1552 1.0638
of 15% for all oscillation modes of interest) was satisfied. This shows As 11806 + j5.8805 0.1968 0.9546

. . . . Ao —0.6459 =+ j4.1381 0.1542 0.6666
the efficiency of the proposed algorithm (SCBGA) in the tuning of
the parameters of the controllers to solve problems related to small
signal stability.
~~
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Fig. 16. Variations in the angular speeds of the rotors of the machines of the New England system.
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Electrical power systems are constantly subject to small varia-
tions of load, and thus consequent generation adjustments. Fig. 16
shows the changes in the angular speeds of the rotors of all gener-
ating units of the New England system in relation to the variations
in angular velocity of the rotor of the second generator (G2), the
system reference generator, when a 0.05 p.u. step in its mechanical
power is applied.

The disturbance in the mechanical power of Generator 2 is sim-
ilar to a small adjustment in the generation that can be caused by
a small increase in the system load. Even after the disturbance, the
system is well-damped as seen in Fig. 16, which shows graphically
the high margin of stability to small perturbations provided by this
solution.

The following cases were considered to check the behavior of
the New England test system for possible load changes:

® Base case: operating point related to the conditions of the eigen-
values in Table 5;

e Case (P+, Q+): an increase of 5% in both the active and reactive
loads;

e Case (P, Q+): the active loads remain unaltered and an increase of
5% in the reactive loads is simulated;

e Case (P+, Q): a 5% increase is applied to the active loads and the
reactive loads remain unchanged;

e Case (P—, Q—): a decrease of 5% in both active and reactive loads;

e Case (P+, Q-): anincrease of 5% in the active loads and a decrease
of 5% in the reactive loads;

e Case (P—, Q+): adecrease of 5% in the active loads and an increase
5% in the reactive loads;

The changes in the loads of the New England system were not
defined in the SCBGA algorithm when the tuning of the parameters
was performed; thus, damping levels below those specified by the
design (Eides < 15%) are expected with the variations in loads.

The damping coefficients of oscillation modes after the changes
in loads at PQ buses are shown in Fig. 17.

On analyzing Fig. 17, it is possible to conclude that the damping
of some oscillation modes of interest remained almost unchanged
(A1, Ag, and Ag), in some cases the damping increased and in others
it decreased. Thus in general, the New England system operated
with a high level of damping in all the cases analyzed, showing the
robustness of the solution obtained by the SCBGA.

7. Conclusions
This work presented a Specialized Chu-Beasley’s Genetic Algo-
rithm (SCBGA) to perform coordinated tuning of the parameters

of proportional-integral controllers and supplementary damping

Table A.6
Synchronous generators and excitation system data for the New England system.

controllers (power system stabilizers and interline power flow
controller-power oscillation damping controller). The objective
was to insert additional damping to low frequency electrome-
chanical oscillations of multi-machine electric power systems. The
electric power system and the devices were modeled using the cur-
rent sensitivity model and a new model for the interline power flow
controller by current injection was presented.

A static analysis using the New England test system demon-
strated the validity of the model for the interline power flow
controller. The efficiency of the proposed SCBGA algorithm for
tuning of the parameters of the controllers was then analyzed,
considering two different damping ranges. The performance (time
and number of objective function evaluations to obtain the solu-
tion) of the SCBGA was compared with five other optimization
methods: a Random Search, a Local Search, a Simulated Annealing,
a Genetic Algorithm, and a Particle Swarm Optimization method.

The results for the SCBGA showed that the proposed technique
presented a better performance than the other algorithms. In addi-
tion, when there were load variations, the solutions obtained with
the SCBGA ensured that the system remained stable with a high
damping margin, showing the robustness of the solutions obtained
by the SCBGA.
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Appendix A. Data of the New England system

Complete data for the New England system is provided in
Tables A.6 and A.7 [18]. In Table A.6, x is the transitory reactance
of direct axis, x4 the synchronous reactance of direct axis, x4 the
synchronous reactance of quadrature axis, H the inertia constant of
the synchronous machine, D the damping torque coefficient of the
electromechanical loop, Tt’jo the transient direct-axis open-circuit
time constant, K; the gain of the AVR, and T; the time constant of
the AVR. These parameters were used in the CSM [28]. In Table A.7,
ris the resistance of the line, x the reactance of the line, b the shunt
susceptance of the line, P is the active power generation at the end
bus of the line, Qg the reactive power generation at the end bus of
the line, P, the active power demand of the load at the end bus of
the line, and Q; the reactive power demand of the load at the end
bus of the line. Bus 2 was the reference bus.

Generator Synchronous generators Excitation system
X, (pu.) Xa (p.) Xq (p.) H(s) D (p.u.) T, (s) K T,
1 0.0310 0.1000 0.0609 42.00 4.00 10.20 5.00 0.06
2 0.0697 0.2950 0.2820 30.30 9.75 6.56 6.20 0.05
3 0.0531 0.2495 0.2370 35.80 10.00 5.70 5.00 0.06
4 0.0436 0.2620 0.2580 28.60 10.00 6.56 5.00 0.06
5 0.1320 0.6700 0.6200 26.00 3.00 5.40 40.00 0.02
6 0.0500 0.2540 0.2410 34.80 10.00 7.30 5.00 0.02
7 0.0490 0.2950 0.2920 26.40 8.00 5.66 40.00 0.02
8 0.0570 0.2900 0.2800 24.30 9.00 6.70 5.00 0.02
9 0.0570 0.2106 0.2050 34.50 14.00 4.79 40.00 0.02
10 0.0001 le-10 le-10 1e9 10.00 7.00 0.001 9999
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