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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 program-

ming (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 gen-

eral algebraic modeling system (GAMS) software environments.

The solution procedure uses nonlinear programming (NLP) and

mixed-integer nonlinear programming (MINLP) to solve the op-

timal 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
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a transmission system [1]. They provide an opportunity for en-

hanced value of transmission in terms of loading capability, re-

liability, 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-se-

ries 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 mix-

ture 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 assess-

ment 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 objec-

tive 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 deci-

sion for the optimal investment.

Recently, several multiobjective methods as shown have

been discussed for solving the multiobjective optimal loca-

tion of FACTS controllers. The multiobjective evolutionary

algorithm (EA) has been applied to optimally locate the UPFC

0885-8977/$26.00 © 2011 IEEE



482 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 27, NO. 2, APRIL 2012

[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 op-

timization (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 instal-

lation 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 con-

trollers 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 inves-

tigated 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 op-

timal 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 transmission-

line 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 net-

work. 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)



LASHKAR ARA et al.: MULTIOBJECTIVE OPTIMAL LOCATION OF FACTS SHUNT-SERIES CONTROLLERS 483

Fig. 3. Basic schematic diagram of UPFC.

Here, is the radius of the UPFC operating region and is the

UPFC phase angle [12].

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 formu-

lated 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 mini-

mize the total fuel cost that can be expressed as

(13)

where is the active power output of the th gener-

ator, is 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 func-

tion is to minimize the cost of FACTS installation that

can be mathematically formulated and is given by the fol-

lowing equation:

(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]

(19)

In this paper, the five-year planning period is applied to eval-

uate 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 con-

troller settings are bounded as follows:

where , , and are the apparent power

of PST, HFC, and UPFC controllers in megavolt am-

peres, respectively.

C. Problem Statement

In general, aggregating the objectives and constraints, the

problem can be mathematically formulated as follows:

minimize

minimize

maximize

minimize

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. MULTIOBJECTIVEMATHEMATICAL PROGRAMMING

In this section, a well-organized technique based on the

-constraint method for solving the MMP problems is pro-

posed. The MMP problems have more than one objective

function and there is no single optimal solution that is simulta-

neously 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 func-

tions while the other objective functions are considered as con-

straints [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 func-

tions) [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 subprob-

lems 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:

subject to

(27)

(28)

(29)

(30)

where and represent themaximum andminimum

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 con-

straints 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 deci-

sion maker needs to choose the optimal location of the FACTS

controller according to the best compromise among the Pareto

optimal solutions. In this paper, a fuzzy decision-making ap-

proach 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 so-

lution of the th transmission line which includes the FACTS

controller and its membership function, respectively. The mem-

bership 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)

Here, is the weight value assigned to the th objective func-

tion 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 as-

pects. 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 func-

tions were obtained and discussed. The simulation studies were

carried out in Matlab 7.6 and GAMS 23.0 softwares and exe-

cuted 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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TABLE II
RESULTS OF THE BEST PARETO OPTIMAL SOLUTIONS BASED ON , 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 set-

tings 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 op-

timizations are obtained and compared for the objective func-

tions. 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 sum-

ming 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 instal-

lation 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 so-

lution is selected among the Pareto optimal solutions using the

fuzzy decision-making process in each case. The results of mul-

tiobjective 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 ob-

tained 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 HFCwith respect to the UPFCwith

a reduction in active and reactive power losses compared with

the UPFC.
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TABLE III
RESULTS OF MULTIOBJECTIVE OPTIMIZATIONWITH 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 de-

vice on all transmission lines, the execution time cannot be com-

pared 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 deci-

sion-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 so-

lutions associated with the simultaneous optimization of all

objective functions are presented in Table II. As can be ob-

served 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 con-

straints. In mode 2, a variation in the range of voltages from

to is assumed. A 10% de-

crease 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 sim-

ilar to that of mode 1 since the boundary condition of inequality

(24) is satisfied in mode 1 and, hence, it does not affect the op-

timization 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 decision-

making 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 set-

tings to optimize total fuel cost, power losses, system load-

ability, 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 pre-

ferred compromise solution is selected among the Pareto op-

timal 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

REFERENCES

[1] N. G. Hingorani, “FACTS technology—State of the art, current chal-
lenges and the future prospects,” in Proc. IEEE Power Eng. Soc. Gen.
Meeting, Jun. 24–28, 2007, pp. 1–4.

[2] W. J. Lyman, “Controlling power flowwith phase-shifting equipment,”
AIEE Trans., vol. 49, pp. 825–831, Jul. 1930.

[3] Z. Han, “Phase-shifter and power flow control,” IEEE Trans. Power
App. Syst., vol. PAS-101, no. 10, pp. 3790–3795, Oct. 1982.

[4] M. Noroozian and G. Anderson, “Power flow control by use of con-
trollable series components,” IEEE Trans. Power Del., vol. 8, no. 3,
pp. 1420–1429, Jul. 1993.

[5] Y. H. Song and A. T. Johns, Flexible A.C. Transmission Systems
(FACTS). London, U.K.: Inst. Elect. Eng., 1999.

[6] N. G. Hingorani and L. Gyugyi, Understanding FACTS: Concepts and
Technology of Flexible AC Transmission Systems. New York: Wiley/
IEEE, 2000.

[7] M. R. Iravani and D. Maratukulam, “Review of semiconductor-con-
trolled (static) phase shifters for power system applications,” IEEE
Trans. Power Syst., vol. 9, no. 4, pp. 1833–1839, Nov. 1994.

[8] M. R. Iravani, P. L. Dandeno, D. Maratukulam, K. H. Nguyen, and D.
Zhu, “Applications of static phase shifters in power systems,” IEEE
Trans. Power Del., vol. 9, no. 3, pp. 1600–1608, Jul. 1994.

[9] S. A. Nabavi Niaki, “A novel steady-state model and principles of
operation of phase-shifting transformer comparable with FACTS new
devices,” in Proc. IEEE Int. Conf. Power Syst. Technol., Oct. 13–17,
2002, pp. 1450–1457.

[10] L. Gyugyi, “A unified power flow control concept for flexible ac trans-
mission systems,” in Proc. Int. Conf. AC DC Power Transm., Sep.
17–20, 1991, pp. 19–26.

[11] S. A. Nabavi Niaki and M. R. Iravani, “Steady-state and dynamic
modeling of Unified Power Flow Controller (UPFC) for power system
studies,” IEEE Trans. Power Syst., vol. 11, no. 4, pp. 1937–1943, Nov.
1996.

[12] M. Noroozian, L. Angquist, M. Ghandhari, and G. Andersson, “Use of
UPFC for optimal power flow control,” IEEE Trans. Power Del., vol.
12, no. 4, pp. 1629–1634, Oct. 1997.

[13] S. A. Nabavi Niaki, R. Iravani, and M. Noroozian, “Power-flow model
and steady-state analysis of the hybrid flow controller,” IEEE Trans.
Power Del., vol. 23, no. 4, pp. 2330–2338, Oct. 2008.

[14] C. Rehtanz, “Dynamic power flow controllers for transmission corri-
dors,” in Proc. iREP Symp.—Bulk Power Syst. Dynam. Control—VII,
Revitalizing Oper. Rel., 2007, pp. 1–9.

[15] A. Lashkarara, A. Kazemi, and S. A. Nabavi Niaki, “Optimal location
of hybrid flow controller considering modified steady-state model,”
Appl. Energy, vol. 88, no. 5, pp. 1578–1585, May 2011.

[16] R. Grunbaum, P. Lundberg, G. Stromberg, and B. Berggren,
“Congestion relief: FACTS—The key to congestion relief,” ABB
Rev. vol. 2, pp. 28–32, 2007. [Online]. Available: http://www05.abb.
com/global/scot/scot271.nsf/ 0cb8394a97bc4979c1256c6b004c4f2e/
b27eb62aa8c1bf5ec12572fe004e1ada/$FILE/28-32
202M734_ENG72dpi.pdf

[17] M. Noroozian, “A new innovation within FACTS family: Dynamic
Flow Controller (DynaFlow),” in Proc. CIGRE Int. Seminar & ABB
Utilities, Nov. 27–29, 2005. [Online]. Available: http://www.cigre.cl/
sem_inter_cigre_nov_2005 /presentaciones/ABB completo.pdf

[18] M. R. Alrashidi and M. E. El-Hawary, “Application of computational
intelligence techniques for solving the revived optimal power flow
problem,” Elect. Power Syst. Res., vol. 79, pp. 694–702, 2009.

[19] J. Peschon, D. W. Bree, J. R. , and L. P. Hajdu, “Optimal power-flow
solutions for power system planning,” Proc. IEEE, vol. 60, no. 1, pp.
64–70, Jan. 1972.

[20] I. Marouani, T. Guesmi, H. H. Abdallah, and A. Ouali, “Application of
a multiobjective evolutionary algorithm for optimal location and pa-
rameters of FACTS devices considering the real power loss in trans-
mission lines and voltage deviation buses,” in Proc. Int. Multi-Conf.
Syst., Signals Devices, Mar. 23–26, 2009, pp. 1–6.

[21] Q. H. Wu, Z. Lu, M. S. Li, and T. Y. Ji, “Optimal placement of FACTS
devices by a group search optimizer with multiple producer,” Proc.
IEEE Congr. Evol. Comput., pp. 1033–1039, Jun. 1–6, 2008.

[22] M. Saravanan, S. M. R. Slochanal, P. Venkatesh, and J. P. S. Abraham,
“Application of particle swarm optimization technique for optimal lo-
cation of FACTS devices considering cost of installation and system
loadability,” Elect. Power Syst. Res., vol. 77, no. 3–4, pp. 276–283,
Mar. 2007.

[23] R. Benabid, M. Boudour, and M. A. Abido, “Optimal placement of
FACTS devices for multiobjective voltage stability problem,” in Proc.
IEEEPower Energy Soc. Power Syst. Conf. Exhibit., Mar. 15–18, 2009,
pp. 1–11.

[24] A. Laifa and M. Boudour, “Facts allocation for power systems voltage
stability enhancement using MOPSO,” in Proc. Int. Multi-Conf. Syst.,
Signals Devices, Jul. 20–22, 2008, pp. 1–6.

[25] K. Y. Lee, M. M. Farsangi, and H. Nezamabadi-pour, “Hybrid of an-
alytical and heuristic techniques for FACTS devices in transmission
systems,” in Proc. IEEE Power Eng. Soc. Gen. Meeting, Jun. 24–28,
2007, pp. 1–8.

[26] D. Radu and Y. Besanger, “A multi-objective genetic algorithm ap-
proach to optimal allocation of multi-type FACTS devices for power
systems security,” in Proc. IEEE Power Eng. Soc. Gen. Meeting, 2006,
pp. 1–8.

[27] M. Gitizadeh and M. Kalantar, “A novel approach for optimum alloca-
tion of FACTS devices using multi-objective function,” Energy Con-
vers. Manage., vol. 50, no. 3, pp. 682–690, Mar. 2009.

[28] W. Ongsakul and P. Jirapong, “Optimal allocation of FACTS devices
to enhance total transfer capability using evolutionary programming,”
in Proc. IEEE Int. Symp. Circuits Syst., May 23–26, 2005, vol. 5, pp.
4175–4178.

[29] M. A. Abido, “Optimal power flow using particle swarm optimization,”
Elect. Power Energy Syst., vol. 24, no. 7, pp. 563–571, 2002.

[30] G. M. Lima, F. D. Galiana, I. Kockar, and J. Munoz, “Phase shifter
placement in large-scale systems via mixed integer linear program-
ming,” IEEE Trans. Power Syst., vol. 18, no. 3, pp. 1029–1034, Aug.
2003.

[31] L. J. Cai and I. Erlich, “Optimal choice and allocation of FACTS de-
vices using genetic algorithm,” in Proc. 12th Intell. Syst. App. Power
Syst. Conf., 2003, pp. 1–6.

[32] D. Bonmann, “Technical information on the ABB phase shifting trans-
former,” Feb. 16, 2001.

[33] J. L. Cohon, Multiobjective Programming and Planning. New York:
Academic, 1978.



490 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 27, NO. 2, APRIL 2012

[34] G. Mavrotas, “Effective implementation of the -constraint method
in multi-objective mathematical programming problems,” Appl. Math.
Comput., vol. 213, pp. 455–465, 2009.

[35] General Algebraic Modeling System (GAMS). 2010. [Online]. Avail-
able: http://www.gams.com

[36] Power Systems Test Case Archive. 2008. [Online]. Available: http://
www.ee.washington.edu/research/pstca

[37] M. Varadarajan and K. S. Swarup, “Differential evolution approach for
optimal reactive power dispatch,” Appl. Soft Comput., vol. 8, no. 4, pp.
1549–1561, Sep. 2008.

[38] P. Subbaraj and P. N. Rajnarayanan, “Optimal reactive power dispatch
using self-adaptive real coded genetic algorithm,” Elect. Power Syst.
Res., vol. 79, no. 2, pp. 374–381, 2009.

A. Lashkar Ara (M’11) was born in Tehran, Iran, in 1973. He received the
B.Sc degree in electrical engineering from the Islamic Azad University, Dezful
Branch, Dezful, Iran, in 1995, the M.Sc degree in electrical engineering from
the University of Mazandaran, Babol, Iran, in 2001, and the Ph.D. degree in
electrical engineering from Iran University of Science and Technology (IUST),
Tehran, Iran, in 2011.

Currently, he is a faculty member of Islamic Azad University. His current
research interests include analysis, operation and control of power systems, and
flexible ac transmission system controllers.
Dr. Ara is a member of the IEEE Power and Energy Society.

A. Kazemi was born in Tehran, Iran, in 1951. He received the M.Sc. degree in
electrical engineering from Oklahoma State University, Stillwater, in 1979.
Currently, he is an Associate Professor in the Electrical Engineering Depart-

ment, Iran University of Science and Technology, Tehran, Iran. His research
interests are reactive power control, power system dynamics, and stability and
control and flexible ac transmission systems devices.

S. A. Nabavi Niaki (M’92–SM’04) received the B.Sc. and M.Sc. degrees in
electrical engineering from Amirkabir University of Technology, Tehran, Iran,
in 1987 and 1990, respectively, and the Ph.D. degree in electrical engineering
from the University of Toronto, Toronto, ON, Canada, in 1996.
He joined the University of Mazandaran, Babol, Iran, in 1996 as a faculty

member. Currently, he is on sabbatical leave at the University of Toronto. His
current research interests include analysis, operation and control of power sys-
tems, and flexible ac transmission systems controllers.


