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Multiobjective Optimal Location of FACTS
Shunt-Series Controllers for Power System
Operation Planning
A. Lashkar Ara, Member, IEEE, A. Kazemi, and S. A. Nabavi Niaki, Senior Member, IEEE

Abstract—This paper develops appropriate models of flexible
ac transmission systems (FACTS) shunt-series controllers for
multiobjective optimization and also presents a multiobjective
optimization methodology to find the optimal location of FACTS
shunt-series controllers. The objective functions are the total
fuel cost, power losses, and system loadability with and without
minimum cost of FACTS installation. The -constraint approach
is implemented for the multiobjective mathematical programming (MMP) formulation, including the FACTS shunt-series
controllers (i.e., phase-shifting transformer (PST), hybrid flow
controller (HFC), and unified power-flow controller (UPFC)).
Simulation results are presented for the IEEE 14-bus system. The
optimization method is numerically solved using Matlab and general algebraic modeling system (GAMS) software environments.
The solution procedure uses nonlinear programming (NLP) and
mixed-integer nonlinear programming (MINLP) to solve the optimal location and setting of FACTS incorporated in the optimal
power-flow problem considering these objective functions and
improving the power system operation. Furthermore, the results
demonstrate that the HFC is outperformed by PST and UPFC
from the analytical and technical point of views.
Index Terms—Flexible ac transmission systems (FACTS),
hybrid flow controller (HFC), multiobjective, optimal location,
optimal power flow (OPF), phase-shifting transformer (PST),
unified power-flow controller (UPFC).

I. INTRODUCTION

T

HE MAIN objective of the planning and operation of an
electric power system is to satisfy the system load and
energy requirement as economically as possible. Therefore, the
system planner has to consider a variety of options, including
flexible ac transmission systems (FACTS) controllers, and they
have to make decisions not only based on technical and cost
considerations, but also on return of investment.
FACTS controllers are characterized by their ability to have
control algorithms structured to achieve multiple objectives in

Manuscript received February 07, 2010; revised September 02, 2010, October
21, 2010, February 09, 2011, and May 31, 2011; accepted October 25, 2011.
Date of publication December 28, 2011; date of current version March 28, 2012.
Paper no. TPWRD-00097-2010.
A. Lashkar Ara is with the Islamic Azad University, Dezful Branch, Dezful
6461645165, Iran (e-mail: Lashkarara@iust.ac.ir).
A. Kazemi is with the Iran University of Science and Technology, Tehran
1684613114, Iran (e-mail: Kazemi@iust.ac.ir).
S. A. Nabavi Niaki is with the University of Toronto, Toronto, ON M5S 3G4,
Canada (e-mail: nabavi.niaki@utoronto.ca).
Digital Object Identifier 10.1109/TPWRD.2011.2176559

a transmission system [1]. They provide an opportunity for enhanced value of transmission in terms of loading capability, reliability, availability, and flexibility of ac transmission.
The objectives of this paper are 1) to provide appropriate
models of FACTS shunt-series controllers for multiobjective
optimization and 2) to present a multiobjective optimization
methodology to find the optimal location of FACTS shunt-series controllers to optimize the total fuel cost, power losses,
and system loadability with and without the minimum cost of
FACTS installation as objective functions. The shunt-series
controllers considered in this paper are the phase-shifting
transformer (PST), unified power-flow controller (UPFC), and
hybrid flow controller (HFC).
PST is used to control the power through certain paths in a
transmission system. The ability of PST to control power flow in
a power system has long been recognized [2]–[4], and its models
and operational characteristics are well established [5]–[9]. The
UPFC, with its concept proposed by Gyugyi in 1991 [10], is one
of the most brilliant of FACTS controllers which is capable of
providing active and reactive power control independently [5],
[6], [10]–[12]. The HFC is a new member of FACTS controllers
introduced in [13] and [14], and its modified model has been
discussed in [15]. The HFC, which is also called Dynaflow, and
developed by ABB [16], [17] includes a conventional PST, a
mechanically switched shunt capacitor (MSC), a multimodule
thyristor-switched series capacitor (TSSC) and a multimodule
thyristor-switched series reactor (TSSR). Since HFC is a mixture of series and shunt compensation, its operation is similar
to that of a UPFC and PST [13]. It is expected that in the near
future, the application of this device will be favored.
Since the installation of FACTS controllers in a power system
is an investment issue, it is necessary for any new installation
of FACTS to be very well planned. Among the different assessment tools used for this purpose, optimal power flow (OPF)
seems to be the most suitable [18]. The OPF problem aims to
achieve an optimal solution of a specific power system objective function by adjusting the power system control variables,
while satisfying a set of operational and physical constraints
[19]. The optimal location and OPF of FACTS controllers can
be formulated as a multiobjective optimization problem. It gives
economic and technical benefits and so helps in making a decision for the optimal investment.
Recently, several multiobjective methods as shown have
been discussed for solving the multiobjective optimal location of FACTS controllers. The multiobjective evolutionary
algorithm (EA) has been applied to optimally locate the UPFC
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[20] and the thyristor-controlled phase-shifting transformer
(TCPST) [21] in order to minimize the real power losses and
to improve the voltage profile. In [22], the parrticle swarm optimization (PSO) technique is used to find the optimal location
of the thyristor-controlled series capacitors (TCSC), static var
compensator (SVC), and UPFC with minimum cost of installation and to improve system loadability. The multiobjective
optimal placement of a TCSC and SVC has been investigated
using PSO [23]–[25]; GA [25], [26]; SA [25], [27]; EA [21];
and EP [28]. It is found that a lot of attention has been paid
to the heuristic algorithms to solve the multiobjective optimal
location of FACTS controllers.
To the best of our knowledge, no research work in this
area considered the multiobjective mathematical programming
(MMP) methods for optimal location of FACTS controllers.
Therefore, in this paper, the -constraint method is proposed
to solve the multiobjective optimal location of FACTS controllers using the general algebraic modeling system (GAMS).
The proposed -constraint method offers more flexibility to
solve the multiobjective problem compared with the weighting
method which combines the objective functions of the MMP
problem by the weighted sum method to construct a single
objective function. In the -constraint method, the density of
the Pareto optimal solutions is controllable and the dispatcher
can select its “most preferred” solution among them by utilizing
a fuzzy decision-making tool. The optimization model uses
nonlinear programming (NLP) and mixed integer non linear
programming (MINLP) as solution procedures. Furthermore,
the power injection models of FACTS controllers are investigated in the IEEE 14-bus test system, and the best location
of the FACTS shunt-series controller is selected to optimize
total fuel cost, power losses, system loadability, and cost of
FACTS installation as objective functions while satisfying the
power system constraints. Although the scope of this paper is
focused on the static viewpoints of the optimal placement of
FACTS devices, the system loadability objective function in
the proposed MMP framework can approximately remedy the
dynamic power oscillations of the system.
This paper is organized as follows. Section II describes the
modeling of FACTS shunt-series controllers. In Section III,
the problem formulation including OPF with FACTS and optimal location is explained. Section IV presents the MMP and
Section V contains simulation results followed by conclusions.
II. MODELLING OF FACTS CONTROLLERS
A. Modeling of HFC [13], [15]
The HFC is comprised of a PST, an MSC, a multimodule
TSSC, and a multimodule TSSR as shown in Fig. 1. The power
injection model of the HFC is shown in Fig. 2 where

(1)

Fig. 1. Per-phase schematic diagram of HFC.

Fig. 2. Power injection model of FACTS shunt-series controllers.

(2)
(3)

(4)
Here,
;
is the leakage reactance of the exciting transformer;
is the
series transformer leakage reactance;
is the transmissionline reactance;
,
, and
determine the amount of
,
, and
in service, respectively;
.
B. Modeling of PST
The schematic diagram of a PST is shown in Fig. 1 as a main
component of HFC which is used to control the power flow
through a specific line in a complex power transmission network. The power injection model of the PST is the same as the
HFC in Fig. 2 where
(5)
(6)
(7)
(8)
Here, is the transfer ratio of PST, is the PST phase angle,
and is
. In this study, the transfer ratio of PST
is equal to
as a quadrature booster.
C. Modeling of UPFC
The basic schematic of the UPFC is shown in Fig. 3. The
power injection model of Fig. 2 can also be used to the UPFC
model where
(9)
(10)
(11)
(12)
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Fig. 3. Basic schematic diagram of UPFC.

Here, is the radius of the UPFC operating region and
UPFC phase angle [12].

is the

III. PROBLEM FORMULATION
Optimal power system operation seeks to optimize the
steady-state performance of a power system in terms of one or
more objective functions while satisfying several equality and
inequality constraints. Generally, the problem can be formulated as follows [18], [20]–[29].
A. Objective Functions
In this paper, four objective functions are considered which
are the total fuel cost, the power loss, the system loadability,
and the cost of FACTS installation. These objective functions
are formulated as follows.
1) The total fuel cost: The first objective function is to minimize the total fuel cost that can be expressed as
(13)
where
ator,

is the active power output of the th generis the total number of dispatched generators, and
are the fuel cost coefficients of the th generator

[29].
2) The real power losses: The second objective function is to
minimize the real power losses in transmission lines that
can be expressed as
(14)
where is a set of control variables, is a set of dependent
variables, is the real power losses at line- , and
is the
number of transmission lines.
3) The system loadability: The third objective function is to
maximize the system loadability that can be described as
[22] and [30]
(15)
and can be obtained by assuming the constant power
factor at each load in the real and reactive power balance
equations as follows:
(16)

Fig. 4. Flowchart of the proposed algorithm.

(17)
where
and
are the real and reactive power-flow
equations at bus- where the FACTS controller parameters
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are considered;
and
are the generator real and
reactive power at bus- , respectively; and
and
are
the load real and reactive power at bus- , respectively.
4) The cost of FACTS installation: The fourth objective function is to minimize the cost of FACTS installation that
can be mathematically formulated and is given by the following equation:
where
,
, and
are the apparent power
of PST, HFC, and UPFC controllers in megavolt amperes, respectively.

(18)
where is the cost of FACTS installation in U.S.$/kVAr,
and is the operating range of the FACTS controllers in
MVAr. Based on the ABB and Siemens database, the cost
functions for PST, HFC, and UPFC are developed as [17],
[22], [31], and [32]

C. Problem Statement
In general, aggregating the objectives and constraints, the
problem can be mathematically formulated as follows:
minimize
minimize
maximize
minimize

(19)
In this paper, the five-year planning period is applied to evaluate the cost function.
B. Constraints
The OPF problem has two sets of constraints, including
equality and inequality constraints. These constraints can be
expressed as follows [18].
1) Equality constraints: The equality constraints of the OPF
problem are the power-flow equations corresponding to
real and reactive power balance equations, described in
(16) and (17), respectively.
2) Inequality constraints: The inequality operation constraints
in the OPF problem include:
Generation constraints: Generator voltages, real power
outputs, and reactive power outputs are restricted by
their lower and upper limits as follows:
(20)
(21)
(22)
Security constraints: These include the constraints of
voltages at load buses and transmission-lines loadings
as follows:
(23)
(24)
where
is the number of load buses, and
is the
apparent power flowing through the th transmission
line.
FACTS constraints: The FACTS shunt-series controller settings are bounded as follows:

subject to
(25)
where
and
are the set of equality and inequality
constraints, respectively. The multiobjective optimization
problem can be converted into a single objective optimization
and then solved by using the -constraint method in the next
section.
IV. MULTIOBJECTIVE MATHEMATICAL PROGRAMMING
In this section, a well-organized technique based on the
-constraint method for solving the MMP problems is proposed. The MMP problems have more than one objective
function and there is no single optimal solution that is simultaneously able to optimize all of the objective functions where the
decision makers are looking for the “most preferred” solution
in contrast to the optimal solution. In MMP, the concept of
optimality is replaced by that of Pareto optimality that cannot
be improved in one objective function without deteriorating
its performance in at least one of the rest. In the current study,
the -constraint method and the fuzzy decision-making tool are
described as follows.
A.

-Constraint Method

The -constraint method optimizes one of the objective functions while the other objective functions are considered as constraints [33]

subject to

(26)

where subscripts and
indicate the number of objective
functions and the number of transmission lines which include
the FACTS controller, respectively. In order to properly handle
this method, the range of every objective function at least for
the
objective functions are required that will be used
as constraints. The most common approach is to calculate
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these ranges from the payoff table (the table with the results
from the individual optimization of the
objective functions) [33]. After placing the FACTS controller on each line
of the power system, the individual optima of the objective
functions are calculated to construct the payoff table (
indicates the optimum value of the th objective function by
placing the FACTS controller on the th line.), where the
value of other objective functions is computed which are
depicted by
. Consequently, the
th row of the payoff table contains
,
. In this way, all rows of the payoff table are
calculated. The range of the th objective function is obtained
among the minimum and maximum values of the th column
of the payoff table that is divided into
equal intervals
using
intermediate equidistant grid points. Thus,
we have a total of
grid points for the th objective
function where the total number of optimization subproblems for placing the FACTS controller on each line becomes
. The density of the
Pareto optimal set representation can be controlled by properly
assigning the values to the . The higher number of grid points
leads to the denser representation of the Pareto optimal set but
with the cost of higher computation time [34]. In this paper,
the number of intervals for the objective functions is selected
to be 4. In order to deal with the MMP problem of the power
system operation, four objective functions , , , and
are considered, described in (13)–(15) and (18), respectively.
Therefore, the optimization subproblems become the following
form:
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optimal solutions. In this paper, a fuzzy decision-making approach is proposed for the optimal location process wherein a
linear membership function
is defined for each objective
function as follows:

(31)
for minimized objective functions and

(32)
for maximized objective functions where
and
are the
value of the th objective function in the th Pareto optimal solution of the th transmission line which includes the FACTS
controller and its membership function, respectively. The membership functions are used to evaluate the optimality degree of
the Pareto optimal solutions. The most preferred solution can be
selected as follows:

(33)

where
(34)

subject to
(27)

(28)

(29)

(30)
where
and
represent the maximum and minimum
values of the individual objective function while placing the
FACTS controller on the th line, respectively. Note that the
optimization subproblems should be accompanied by the constraints of the MMP problem described in the previous section.
B. Fuzzy Decision-Making Tool
After placing the FACTS controller on each transmission line
of the power system, the Pareto optimal solutions are obtained
by solving the optimization subproblems. Thereafter, the decision maker needs to choose the optimal location of the FACTS
controller according to the best compromise among the Pareto

Here,
is the weight value assigned to the th objective function and
is the number of Pareto optimal solutions in each
transmission line which includes the FACTS controller. The
weight values can be selected by the power system dispatcher
based on the importance of the economical and technical aspects. Therefore, the optimal location and settings of the FACTS
controller based on the adopted weighting factors are obtained
by the proposed algorithm as the best Pareto optimal solution.
The flowchart of the proposed algorithm is depicted in Fig. 4.
In order to generalize the proposed algorithm, the stop criterion
is proposed for a given optimal number of FACTS controllers.
The optimal number is controlled by an effectiveness factor. The
effectiveness factor is an arbitrary factor between 0 and 1. In
this paper, it is equal to 1 and, hence, only one FACTS device
is considered.
V. CASE STUDIES
The effectiveness of the proposed approach is investigated on
the IEEE 14-bus test system. The optimal location of PST, HFC,
and UPFC and their settings to optimize the objective functions were obtained and discussed. The simulation studies were
carried out in Matlab 7.6 and GAMS 23.0 softwares and executed on a 2.66-GHz Pentium-IV PC with 2-GB random-access
memory (RAM). The NLP and MINLP optimization problems
are modeled in GAMS software and solved using MINOS and
DICOPT solvers, respectively [35]. Data on the test system are
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TABLE I
RESULTS OF SINGLE-OBJECTIVE AND MULTIOBJECTIVE OPTIMIZATIONS FOR THE IEEE 14-BUS SYSTEM
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RESULTS OF THE BEST PARETO OPTIMAL SOLUTIONS BASED ON

487

TABLE II
, AND DECISION-MAKING ASPECTS FOR THE IEEE 14-BUS SYSTEM

taken from [36]. Characteristics of FACTS controllers are given
in the Appendix.
A. IEEE 14-Bus Test System
In order to study the effect of the FACTS location and its settings on the indices of power system operation, the performance
of PST, HFC, and UPFC are investigated on the IEEE 14-bus
system. The results of single objective and multiobjective optimizations are obtained and compared for the objective functions. Based upon (19), the PST cost is low compared to that of
the UPFC and HFC where it is not minimized but its value is
computed.
The results of the single objective optimization are presented
in Table I. In the case of maximum system loadability, UPFC
gives the best performance compared to PST and HFC although
its power losses are higher than that of HFC. It is noticeable that
by maximizing the system loadability without minimizing the
cost of UPFC installation, the loadability index of UPFC is equal
to 1.598 where its power losses are equal to 8.946. After summing the cost of the FACTS controller into the total fuel cost,
HFC shows a satisfactory improvement compared to PST and
UPFC in minimum power losses and minimum total fuel cost
as single objective functions. It is noted that the UPFC losses
are higher than those of the PST and HFC, which is neglected
in this study. Furthermore, the system loadability is equal to 1
if it is not maximized.
In order to study the conflict among the objective functions,
the multiobjective optimization is performed in four cases. In

case 1, the total fuel cost and the power losses are minimized.
The total fuel cost and the system loadability are optimized in
case 2. Case 3 is studied to optimize the power losses and the
system loadability. The total fuel cost, the power losses, and the
system loadability are optimized in case 4. All of the cases are
carried out with and without minimum cost of FACTS installation as the objective function. In all cases, the same weight
values are assigned to the objective functions. According to the
adopted weighting factors, the most preferred compromise solution is selected among the Pareto optimal solutions using the
fuzzy decision-making process in each case. The results of multiobjective optimization are shown in Table I. Some interesting
observations which can be derived from this table are as follows.
In case 1, the optimal location of FACTS controllers is obtained on lines 1–5. It is observed that the HFC achieves the
best performance in comparison with the other controllers after
summing the investment cost of the FACTS controller into the
total fuel cost. Since increasing the system loadability increases
all of the loads and, hence, increases the total fuel cost and the
power losses, operating HFC in case 2 is better than that of PST
and UPFC as well as reducing active and reactive power losses
and total fuel cost in comparison with the other controllers. In
addition, the results obtained with HFC and UPFC show nearly
the same performance in case 3 although the total fuel cost of
HFC is lower than that of the UPFC. In case 4, the HFC gives
satisfactory effectiveness compared to that of the UPFC due to
higher system loadability of HFC with respect to the UPFC with
a reduction in active and reactive power losses compared with
the UPFC.
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TABLE III
RESULTS OF MULTIOBJECTIVE OPTIMIZATION WITH CHANGES IN OPERATING CONSTRAINTS FOR THE IEEE 14-BUS SYSTEM

In all cases, the execution time of the proposed algorithm is
calculated and tabulated in Table I. Since there is no previous
literature specifically examining the effect of the FACTS device on all transmission lines, the execution time cannot be compared to that of the other methods. However, as can be inferred
from the literature [37], [38], they are less than that of the other
methods.
In order to evaluate the performance of the fuzzy decision-making tool, the optimal locations of FACTS devices
based on the total fuel cost, power losses, system loadability,
and decision-making aspects among the Pareto optimal solutions associated with the simultaneous optimization of all
objective functions are presented in Table II. As can be observed in Table II, the fuzzy decision-making tool indicates
good performance to choose the most preferred compromise
solution among the Pareto optimal solutions compared to the
selection criteria based on objective functions.
In addition, the sensitivity to changes in operating constraints
to simultaneously optimize all objective functions is considered
and compared without any changes to those constraints in four
modes. In mode 1, no changes were applied on operating constraints. In mode 2, a variation in the range of voltages from
to
is assumed. A 10% decrease in nominal rating of the transmission lines is taken into
account in mode 3. Mode 4 is planned to check the simultaneous

changes of modes 2 and 3. It is noticeable that by increasing the
nominal rating of the transmission lines, the results will be similar to that of mode 1 since the boundary condition of inequality
(24) is satisfied in mode 1 and, hence, it does not affect the optimization process in comparison with mode 1. The results of
multiobjective optimal location of PST, HFC, and UPFC with
respect to all modes are shown in Table III.
According to the single objective optimization, the results of
mode 2 demonstrate a decrease in the total fuel cost and power
losses as well as an increase in the system loadability compared
to that of mode 1 while the results of mode 3 are in contrast point
to those of mode 2. The assumptions considered in mode 4 show
a decrease in the power losses and system loadability in addition
to an increase in the total fuel cost compared to that of mode 1.
In a similar way, the reaction to changes in operating constraints
can be deduced from the results obtained by the multiobjective
optimization presented in Table III.
VI. CONCLUSION
In this paper, a multiobjective mathematical programming for
allocation of the FACTS shunt-series controller is developed to
involve the objective functions using the -constraint method
for generating the Pareto optimal solutions. The fuzzy decisionmaking approach is proposed to obtain the best Pareto optimal
location and settings of the FACTS controller among the Pareto
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optimal solutions. In order to evaluate the effectiveness of the
proposed approach, the performance of PST, HFC, and UPFC
are investigated on the IEEE 14-bus test system.
The optimal location of PST, HFC, and UPFC and their settings to optimize total fuel cost, power losses, system loadability, and cost of FACTS installation as objective functions,
using NLP and MINLP as solution procedures, were obtained
and discussed. The various results shown in the tables compare
the scenario without FACTS and with PST, HFC, and UPFC for
the test system.
According to the adopted weighting factors, the most preferred compromise solution is selected among the Pareto optimal solutions using the fuzzy decision-making process in each
case study. The results show the effectiveness of the proposed
algorithm to optimally locate the FACTS shunt-series controller
in a transmission system. In addition, the results illustrate that
HFC can be applied for the best satisfaction of the dispatcher
requirement based on the technical and economical aspects.
APPENDIX
Data of PST, HFC, and UPFC
quadrature booster
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