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a b s t r a c t
This work demonstrates the application of Genetic Algorithm (GA) technique for the simultaneous stabilization
of power systems using a Uniﬁed Power Flow Controller (UPFC). The GA is applied to ﬁnd the optimal location of
the UPFC and to tune its control parameters under different operating conditions. The problem is formulated as
a multiobjective optimization problem which aims at maximizing the damping ratio of the electromechanical
modes using different lines ﬁtted with the UPFC. The approach is successfully tested on the 16-machine 68-bus
New England–New York interconnected system and on the Iraqi National Super Grid System (INSGS) to validate
its effectiveness in the damping of local and inter-area modes of oscillations. In addition, the proposed approach
demonstrated better performance when compared to a fuzzy-based UPFC damping controller.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Low-frequency oscillations mainly result from transmitting high
power over long distances and/or from the negative damping torques
introduced by fast acting Automatic Voltage Regulators (AVRs). Subsequently, these oscillations in a power system, if not damped, restrict
the operating capability of power transmission, endanger the operating
security of the system [1], and cause stress in the mechanical shaft [2].
Since the 1960s, a considerable amount of effort has been applied to solve the problem of low-frequency oscillations. These efforts have been concentrated on analysis and improvement of
power system stability. The past three decades have seen a rapid
growth in the development of solid-state power electronics and advanced digital controllers. The present deregulated electrical market
offers Flexible Alternating Current Transmission Systems (FACTSs)
devices, which were introduced in the late 1980s. These devices,
working at high speed, can properly control a power system [3].
FACTS devices are the tools most used to improve the smallsignal stability and consequently the overall stability of power
systems [4]. Both Uniﬁed Power Flow Controller (UPFC) and
Thyristor Controlled Series Capacitor (TCSC) have been widely used
to dampen low-frequency oscillations. Adding an auxiliary controller to FACTS will considerably increase the power system damping
[5]. However, the damping of oscillations in a power system is
greatly affected by the parameters of the FACTS-based stabilizers
and their locations within the network.
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Various control techniques with different conﬁgurations such as
optimal, adaptive, and variable structure have been applied by
researchers to design Power System Stabilizers (PSSs) and to design controllers for FACTS-based stabilizers. Moreover, the ease of
online tuning the parameters of lead–lag structure and its reliability when implemented in real power systems motivates power system managers and researchers to prefer this type of control
structure. The ability of a lead–lag controller to provide satisfactory
performance depends mainly on the setting of their parameters.
Artiﬁcial intelligence (AI) techniques emerged in power systems
as effective tools to solve many complex problems. Genetic Algorithm (GA) is an inﬂuential AI technique that can be adopted to
solve such problems, independent of the problem’s complexity.
GA is proposed by many researchers to determine the optimal
location of FACTS devices [6–9]. GA is proposed in Sudersan et al.
[7] to determine the optimal location of FACTS devices as a method
for contingency selection and static security enhancement of power
systems. Gerbex et al. [6] applied a GA technique to ﬁnd the optimal
location for four types of FACTS devices. The system loadability was
used as measure of power system performance. In order to maximize system security and minimize the investment cost for FACTS
controllers, a multi-objective GA approach was produced by Radu
and Besanger [8]. Lee et al. [9] presented a comprehensive study
to demonstrate the advantages of heuristic optimization techniques, i.e. SA, GA, PSO, and TS. However, all the above investigations have been carried out solely in steady-state analysis.
GA is also applied to optimize the parameters of FACTS damping
controllers [10,11]. Kaewniyompanit et al. [10] proposed a MicroGA (lGA) combined neighboring search for the optimal type and
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Fig. 1. Lead–lag controller with DC voltage regulator.

placement of FACTS devices. Small signal analysis was used to ﬁnd
the ﬁtness function. However, this approach was tested only on a
three-machine nine-bus system, a simpliﬁed general model was
used to represent FACTS devices, and a high number of generations
was used as a stop criterion. In addition, shunt-series conﬁguration
is not considered in the design of the FACTS. Hence, they (including
devices such as UPFC) can independently and simultaneously control both the real and reactive power ﬂow in the transmission line
[12,13]. As for Mok et al. [11], GA was used for optimizing only the
parameters of UPFC damping controller.
To avoid the other drawbacks of the approach proposed by
Kaewniyompanit et al. [10], the ﬂux-decay model, which has been
widely applied to study low-frequency oscillations, is utilized for the
modeling of a UPFC-based stabilizer into power systems. In order to improve the approach proposed by Mok et al. [11], GA is applied in this
paper to both design an optimal UPFC-based stabilizer and determine
its optimal location under different operating conditions simultaneously. With this optimal design, system damping can be improved
considerably. A multiobjective function is adopted to formulate the
problem whose solution aims to maximize the damping ratios of the
electromechanical modes over a wide range of operating conditions.
Each component of the function represents the system with the UPFC
located on a different line. After optimization, the proposed technique
is tested on the 16-machine and 68-bus New England–New York interconnected system and to the Iraqi National Super Grid System (INSGS).
Eigenvalue analysis and nonlinear simulation results are used to prove
the effectiveness of the approach in the damping of electromechanical
oscillation modes (i.e. local and inter-area).
2. Modeling of power system with UPFC installed
A power system with a UPFC can be represented in the statespace form as,

x_ ¼ Ax þ Bu

ð1Þ

y ¼ Cx þ Du

ð2Þ

where the state matrix is designated by (A), the input matrix by (B), the
control vector by (u), the state vector by (x), the output matrix by (C), the
feed-forward matrix by (D) and the output signals vector by (y).
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In this paper, x ¼ Dd; Dx; DE0q ; DEfd , where d and x are the rotor angle and speed respectively, DE0q and DEfd are the internal voltage and ﬁeld voltage respectively, and the variables with a preﬁx D
are n-order vectors.
A closed-loop system can be formed by adding a controller to the
system. The controller can be expressed in the state-space form as

x_ p ¼ Ap xp þ Bp er

ð3Þ

u ¼ C p xp þ D p e r

ð4Þ

where xp is the state vector of the controller and er is the error
signal.
Combining Eqs. (3) and (4) with Eqs. (1) and (2), the closed-loop
system is obtained

x_ c ¼ Ac xc

ð5Þ

where xc = [x xp]T is the state vector of the closed-loop system and Ac
is the state matrix of the closed-loop system.
Proper structures are considered in this work for designing UPFC
damping controller. The more efﬁcient method of using the input control signal of UPFC is applied, namely the excitation phase angle (dE)
[14]. A conventional PI and the lead–lag controller are adapted to
implement the damping controller. Controlling the DC voltage is
important to keep the power balance between the ﬁrst and second
convertor. Therefore, the voltage across the DC link capacitor is controlled by a PI controller through modulating the dE as shown in
Fig.pﬃﬃ1, where Tc = Ta and Td = Tb. The time constants Ta and Tb are equal
to ba and bp1 ﬃﬃa respectively. Here, the gain Ks is equal to 1 and Ts represents the time delay caused by the main circuit characteristics and
control system [4]. In this study, it is assumed that the remote signals
are available. Remote measurement based control has shown signiﬁcant improvement in damping low-frequency oscillations by FACTS
[15]. Therefore, a generator’s speed deviation (Dx) is used as input
signal to the lead–lag controller.
The closed-loop system matrix is obtained by adding the state
vector of the UPFC damping controller ([Dvdc Dx4 Dx5 Dx6 DdE])
to
the
system’s
state
variables
without
control
h
i
Dd Dx DE0q DEfd . The closed-loop state matrix of an -machine
power system with UPFC-based stabilizer installed is given as
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