
Chapter 9
Optimal Placement of Reactive Power
Compensators in AC Power Network

Hossein Shayeghi and Yashar Hashemi

Abstract A framework and versatile approach is presented in this chapter to
extend a multi-objective reactive power planning (RPP) method for concurrently
study of reactive power from flexible alternating current transmission system
(FACTS) devices and capacitor banks. The proposed plan will enable system
operators to define the optimal location of FACTS devices and capacitor banks that
should be connected in the network to improve voltage stability, active power
losses and the cost of VAR injection. A formulation and solution method are
presented for the RPP problem, including FACTS devices and capacitor banks.

Nomenclature

FDM Fuzzy decision making NTVE Nonlinear time-varying
evolution

RPP Reactive power planning Zshi, Zsein Shunt and series transformer
impedances

FACTS Flexible ac transmission
system

Vshi;Vsein Injected voltage of M-FACT

MO Multi-objective DPg;j The change in the plan of the
jth generator

SLP Sequential linear
programming

xiðkÞ Situation of ith particle at
iteration k

MILP Mixed integer linear
programming

xliðkÞ Local best of ith particle at
iteration k

OPF Optimal power flow xg Global best of all particles

SVC Static VAR compensator viðkÞ Velocity of ith particle at
iteration k
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(continued)

STATCOM Static synchronous
compensator

c1 Cognitive parameter
(acceleration coefficient)

TCSC Thyristor controlled
series compensator

c2 Social parameter (acceleration
coefficient)

UPFC Unified power flow
controller

/1;/2 Random numbers between 0
and 1

PST Phase-shifting
transformer

SiSC; SiHFC Size related to the ith HFC
and slow VAR device

MSC Mechanically-switched
shunt capacitor

kS; kR Stator and rotor leakage factor

TSSC Thyristor switched series
capacitor

QGSC Reactive power injected from
GSR

TSSR Thyristor switched series
reactor

SGSC Apparent power of GSC

DM Decision makers kL; kC The amount of XC and XL in
service

HFC Hybrid flow controller CiHFC;CiSC Cost function of the ith HFC
and slow VAR device

M-FACTS Multi-converter FACTS k PST voltage ratio

MOP Multi-objective problem rT Discount rate

MOPSO-NTVE Multi-objective particle
swarm optimization

9.1 Introduction

Reactive power planning includes all management actions to improve the voltage
profile, voltage stability and other objectives. Recent researches have represented
optimization-based techniques to verify RPP issue. RPP problem is one of the most
challenging issues in power system studies. Current costs such as variable and fixed
VAR set up cost, power loss cost, and fuel cost may be used for target function of
RPP [1]. Other targets may be deviation from a given plan of a control parameter
(such as voltage) or voltage stability margin that is used as a multi-objective (MO)
model [2]. Several network blackouts related to deficiency of reactive power in
stiffly stressed situations have shown that voltage collapse issue is closely related to
reactive power handling [3]. Thus, the main purpose of the RPP problem is to
obtain minimum investment cost in new reactive plan which is necessary to pre-
serve acceptable voltage profiles [4].

Power grids are stressed due to various causes; high cost of extending trans-
mission lines, difficulty of getting right of way, and change in generating schemes
related to pecuniary and environmental concerns, and enlarged loading of trans-
mission grid. These issues have infused power utilities to discuss maintaining
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against voltage instability as an essential option in reactive power planning. Hence,
the coordinated VAR management plan can be verified as specifying reactive power
expansion plan that convinces requirements for voltage deviation and voltage
permanency. This issue makes a great non-linear optimization subject.

Different methods are used to solve RPP problem. Sequential linear program-
ming (SLP) was reported for VAR management and pricing in [5]. Other proce-
dures have considered integer parameters to shape discrete scales and fixed costs,
mainly based on Benders decomposition [6]. This technique mixes use of mixed
integer linear programming (MILP) for finance sub-problem and classical optimal
power flow (OPF) for operational sub-problem.

Reactive power management has gained more importance due to the inclusion of
FACTS devices in transmission networks in the system [7]. Optimal allocation of
fast reactive power tools, as for example static VAR compensator (SVC) [8], static
synchronous compensator (STATCOM), static inter-phase power controller (SIPC)
[9], thyristor controlled series compensator (TCSC) and unified power flow con-
troller (UPFC), is a critical component in RPP problem solution or VAR man-
agement. Hybrid flow controller (HFC) is a novel FACTS device that is constructed
from a conventional phase-shifting transformer (PST), a mechanically-switched
shunt capacitor (MSC), a multi-module thyristor switched series capacitor (TSSC)
and a multi-module thyristor switched series reactor (TSSR) [10].

With regard to property of series and shunt compensation in HFC structure, its
function is similar to UPFC. Since HFC has some preference than the UPFC, it is
expected that application of this device would be expanded. Cost efficiency of HFC
is better than UPFC [11]. In [12], it was indicated that HFC may be used for the
most effective satisfaction of dispatcher demand supported technical and economic
characteristics. Simplicity of idea, management and operational ways, lower loss
and higher efficiency are the advantages of HFC. Furthermore, HFC produces low
harmonics and has no incompatible result on power quality index.

There are many structures by combining two or more converter blocks. Interline
power flow controller (IPFC), the generalized unified power flow controller
(GUPFC) and generalized interline power flow controller (GIPFC) are developed to
regulate power flows of sub-grid rather than regulate power flow of single line by a
UPFC or static synchronous series compensator (SSSC). The suitable control ability
of the multi-converter FACTS (M-FACTS) presents an excellent potential in
solving several problems in electric utilities [13]. The optimal power flow with the
M-FACTS devices would be an effective tool to control, plan and manage power
network [14].

9.1.1 Objectives

A framework for deriving FACTS steady state studies based on injection models is
presented. The presented framework has the following specifications:
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• Active and reactive power is applied as management parameters. It’s a suitable
technique which models nearly any kind of FATCS tools. In this model, FACTS
control parameters are the injected powers.

• In this model, the injected power is an independent index that does not change
with the amplitudes and phases of linked node voltage. In this case the Jacobian
matrix does not vary within power flow iterations.

• Since in the model built, power injections are treated as values, which do not
vary with the connected node voltage, thereby the need not to be modified
during the. Thus, it is easy and efficient to implement.

In this chapter the injection model of FACTS devices is used to investigate its
effect on power flow of the power system. At first, the injection pattern of FACTS
tools is extracted. Then, a steady state study is defined by FACTS devices injection
pattern. To find size and site of FACTS tools, a multi-objective optimization pro-
cedure is developed for decreasing the overall costs of RPP and improving voltage
behavior of the power network. Multiple objectives are considered at the same time
which addresses the multi-objective design technique. In a case that FACTS devices
are connected in a power grid, its cost should be considered that it is related to the
converter capacity. The purpose of RPP is to prepare adequate VAR sources for the
system to be acted economically. The aims of VAR design issues contain
decreasing investment cost and voltage deviation, and voltage stability criterion
maximization.

In multi-target issues the objectives are in contrast with each other. Thus, a set of
solutions is obtained instead of one. In this work, multi-objective optimization
algorithms are used to get the non-dominated set. This survey implements an
external archive to retain all non-dominated sets within the evolutionary procedure
and a fuzzy decision-making technique is used to group these solutions based on
their significance. Decision makers can choose the suitable solution among them by
utilizing the fuzzy decision-making manner. Applying a multi-target optimization
method is an appropriate method to plan and to placement reactive power tools by
considering simultaneously an extensive range of target functions such as: cor-
recting the voltage stability, power losses reduction or decreasing the cost of VAR
sources.

The presented procedure is applied on IEEE 57 bus power grid to illustrate the
optimal operation of power network and the achieved outcomes are compared. Two
new FACTS devices, HFC and M-FACTS, are discussed in this chapter.

The chapter is organized into 5 sections. The second section verifies FACTS
devices and their use in the intent of RPP and operational subjects with power flow
issues. The overall aims and objectives of the FACTS technology are achieved in
Sect. 9.2. This section reviews the steady condition behaviors of the transmission
lines. Also, it contains the analysis of FACTS controller on power flow and voltage
profile. Section 9.2 covers the modeling of the various FACTS devises, HFC and
GUPFC. The second section presents the modeling and steady state characteristics
of HFC and GUPFC. In each case of FACTS devices, the action of the FACTS
tools is clarified with the explanation of the power circuit, associated controllers and
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operating modes. The idea of the application of multi-objective optimization
method in achieving the desired level of techno-economic share of FACTS devices
in power grid action and RPP issue is given in two Sects. 9.3 and 9.4. In these
sections to extract size and site of FACTS tools and capacitor banks,
multi-objective optimization algorithm based on multi-attribute decision making
method is developed by formulating the overall costs of power generation and
maximizing of profit. The method of investment analysis and the allocation process
of FACTS devices in power network are explained in Sect. 9.5. Section 9.5 pro-
vides the test network. Simulation outcomes of the presented technique and con-
clusion remarks are presented in Sect. 9.5.

9.2 Steady State Characteristics of the FACTS Devices

9.2.1 Hybrid Flow Controller

The power injection model of [12] is used to model HFC. This model of HFC is
suitable for conventional power flow analysis. The accuracy and the conformability
of this model on any power system leads to accurate steady state analysis. The
structure of the HFC has been given in Fig. 9.1. Vi and Vj are voltage phasors of
buses i, j, respectively. The PST induces voltage VP and V 0

i is the voltage of the
HFC internal node. Magnitude of VXC and VXL depend on value of line flow Iij and
the number of TSSC and TSSR units. The series injected voltage of PST and the
limitation proposing power interchange between transformers of the PST, can be
explained as follows equations

VP ¼ jkVE ð9:1Þ

VE ¼ Vi � jXEIE ð9:2Þ

VPI
�
ij ¼ VEI

�
E ð9:3Þ

where, k is the PST voltage proportion and XE is the leakage reactance related to
excitation transformer. Substituting (9.1) in (9.3), we obtain

Ii

MSC
IMSC

L1C1

iVVi Iij

VP

IE
LE

VE

Ij
Vj

VXC VXL

TSSC1 TSSCn TSSR1 TSSRn

Cn Ln

LB

Fig. 9.1 Schematic diagram of HFC
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IE ¼ �jkIij ð9:4Þ

The line current Iij is as follows

Iij ¼ 1þ jkð ÞVi � Vj

jðkLXL þ k2XE þXB � kCXCÞ ð9:5Þ

where, kL and kC are the amount of XC and XL in service and XB is the leakage
reactance of series transformer. The currents Ii and Ij based on Vi and Vj is
developed as follows:

Ii ¼
1þ k2ð ÞVi � 1� jkð ÞVj

� �
jðkLXL þ k2XE þXB � kCXC þXSÞ ð9:6Þ

Ij ¼
1þ jkð ÞVi � Vj

� �
jðkLXL þ k2XE þXB � kCXC þXSÞ þ

Vj

jXMSC
ð9:7Þ

If the current IB be expressed as

IB ¼ Vi � Vj

jXB
ð9:8Þ

The injected current into bus i is as follows

ISS ¼ IB � Ii ¼
1þ k2ð ÞVi � 1� jkð ÞVj

� �
jðkLXL þ k2XE þXB � kCXC þXSÞ þ

�Vi þVj
� �

jXB
ð9:9Þ

The active and reactive power PSS and QSS injected by ISS into bus i are written as

PSS ¼ � Vij j Vj

�� �� k cos hi � hj
� �þ sin hi � hj

� �� �
ðkLXL þ k2XE þXB � kCXC þXSÞ þ Vij j Vj

�� ��
XB

sin hi � hj
� � ð9:10Þ

QSS ¼ � Vij j Vij j 1þ k2ð Þþ k Vj

�� �� sin hi � hj
� �� Vj

�� �� cos hi � hj
� �� �

ðkLXL þ k2XE þXB � kCXC þXSÞ
þ Vij j

XB
Vij j � Vj

�� �� cos hi � hj
� �� � ð9:11Þ

The injected current into bus j can be determined as follows

ISR ¼ Ij � IB ¼ 1þ jkð ÞVi � Vj
� �

jðkLXL þ k2XE þXB � kCXC þXSÞ

þ �Vi þVj
� �

jXB
þ Vj

jXMSC

ð9:12Þ
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According to Fig. 9.2 the active and reactive power injected by ISR into bus
j are as

PSR ¼ �PSS ð9:13Þ

QSR ¼ � Vij j Vij j cos hi � hj
� �� k Vj

�� �� sin hi � hj
� �� Vj

�� ��� �
ðkLXL þ k2XE þXB � kCXC þXSÞ

þ Vj

�� �� Vj

�� ��� Vij j cos hi � hj
� �� �

XB
þ km Vj

�� ��2
XMSC

ð9:14Þ

9.2.2 Multi-converter FACTS Devices

The principle aim of the M-FACTS is to adjust the voltage and power flow [15].
The circuit of the M-FACTS including of a shunt injected voltage source and two
series injected voltage sources is given in Figs. 9.3 and 9.4. Active power can be
interchanged among these converters based on the DC branch. In M-FACTS with
one shunt converter and two series converters, it can adjust five power grid
parameters such as node voltage and active and reactive power of two lines.

Ii

PSS+jQSS

IB IjjXB

PSR+jQSR

i iV j jVFig. 9.2 Injection model for
HFC

Vj

Vk

Vi Vseij

Vseik

Vshi VSC VSC

VSC

VSC

Fig. 9.3 M-FACTS structure
with a shunt converter and
several series converter
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More series converters can present more degrees of control. The Zshi and Zsein in
Fig. 9.4 are shunt and series transformer impedances. The injected voltage sources
that are shown in Fig. 9.2 are explained as follows:

Vshi ¼ Vshi\hshi ð9:15Þ

Vsein ¼ Vsein\hsein ð9:16Þ

where Vshi;Vsein are injected voltage of M-FACTS and n ¼ j; k; . . ..

9.2.2.1 Power Flow Equations of M-FACTS

As shown in Fig. 9.4, the power flow relations of M-FACTS can be given as

Pi ¼ V2
i gii � ViVshi gshi cos hi � hshið Þþ bshi sin hi � hshið Þð Þ

�
X
n

ViVn gin cos hin þ bin sin hinð Þ

�
X
n

ViVsein gin cos hi � hseinð Þþ bin sin hi � hseinð Þð Þ
ð9:17Þ

Qi ¼ �V2
i bii � ViVshi gshi sin hi � hshið Þþ bshi sin hi � hshið Þð Þ

�
X
n

ViVn gin sin hin � bin cos hinð Þ

�
X
n

ViVsein gin sin hi � hseinð Þ � bin cos hi � hseinð Þð Þ
ð9:18Þ

Pni ¼ V2
n gnn � ViVn gin cos hn � hið Þþ bin sin hn � hið Þð Þ

VnVsein gin cos hn � hseinð Þþ bin sin hn � hseinð Þð Þ ð9:19Þ

Pi+jQi

Vi Zseij

Zseik

Zshi

Vsein

Vj

Vk

Pji+jQji

Pki+jQki

Iji

Iki

Vseij

Vseik

Vshi

Fig. 9.4 M-FACTS diagram
with a shunt converter and
several series converters
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Qni ¼ �V2
n bnn � ViVn gin sin hn � hið Þ � bij cos hn � hið Þ� �

VnVsein gin cos hn � hseinð Þ � bin cos hn � hseinð Þð Þ ð9:20Þ

where gshi þ jbshi ¼ 1=Zshi, gin þ jbin ¼ 1=Zsein, gnn þ jbnn ¼ 1=Zn,
gii ¼ gshi þ

P
n
gin, bii ¼ bshi þ

P
n
bin, and n ¼ j; k; . . .

9.2.2.2 Operating Limitations of M-FACTS

Active power change in DC branch based on operating limitations among con-
verters is as follows:

PE ¼ Re VshiI
�
shi �

X
n

VseinI
�
ni

 !
¼ 0 ð9:21Þ

or

PE ¼ V2
shigshi � ViVshi gshi cos hi � hshið Þ � bshi sin hi � hshið Þð Þ

þ
X
n

V2
seingin � ViVsein gin cos hi � hseinð Þ � bin sin hi � hseinð Þð Þ� �

þ
X

VnVsein gin cos hn � hseinð Þ � bin sin hn � hseinð Þð Þ ¼ 0

ð9:22Þ

where n ¼ j; k; . . .. The related injected voltage source bound limitations

Vmin
shi �Vshi �Vmax

shi

hmin
shi � hshi � hmax

shi

Vmin
sei �Vsei �Vmax

sei

hmin
sei � hsei � hmax

sei

where n ¼ j; k; . . .

9.2.2.3 Injection Pattern of GUPFC

In general, GUPFC consist three voltage source converters and using this basic
configuration, it can adjust simultaneously power flow in two transmission lines by
varying device control parameters. For the sake of explanation, the complete
voltage source-based mathematical modeling of GUPFC is presented in this section.
The principle configuration of GUPFC linked between nodes i, j and k is illustrated
in Fig. 9.5.
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In this configuration, two voltage source converters are connected in two dif-
ferent transmission lines having a common bus. The third converter is connected at
this common bus and acts as a shunt connected voltage source converter. This shunt
converter supplies the power that is supplied by the series converters. All these
converters are linked through a common DC branch to exchange the power flow.
For the sake of simplification, it is assumed that, the voltage injected by the series
converters is sinusoidal and the reactance of the coupling transformer is neglected.
With these assumptions, the final voltage source plan of GUPFC is exhibited in
Fig. 9.6. The voltages at GUPFC connected buses can be expressed as

Vm ¼ jVmj\dm 8 m ¼ i; j; k ð9:23Þ

The applied voltage of the series converters can be represented as:

Vm ¼ Vmj j\dm 8 m ¼ i; j; k ð9:24Þ

In Fig. 9.2, the voltage behind the series voltage source can be expressed for
both converters as:

V
0
im ¼ Vi þVse;im 8 m ¼ j; k ð9:25Þ

Bus-j

Bus-k

Receiving 
end II

Shunt 
converter

Series 
converter I

Series 
converter II

Receiving 
end ISeries 

transformer I

Sh
un

t 
tra

ns
fo

rm
er

 

Sending 
end

Bus-i

Series 
transformer II

jjV δ∠

kkV δ∠

iiV δ∠

Fig. 9.5 Schematic diagram
of GUPFC

+_

+ _

ijseV , ijV ′

′

ijsejX ,
jV

Bus-j

+ _

ikseV , ikV
iksejX ,

kV

Bus-k

shjX

shV

Fig. 9.6 Voltage source
model of GUPFC
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To develop the injection pattern, the voltage source exhibition is converted into an
equivalent current source model using Norton’s theorem and is shown in Fig. 9.7.

Ise;im ¼ �jBse;imVse;im ð9:26Þ

where Bse;im ¼ 1=jXse;im is the admittance of the coupling transformer.
Using this, the power injected by these sources at the device connected buses can

be expressed as

Si;se ¼ Við�Ise;ij � Ise;ikÞ� ð9:27Þ

Sm;se ¼ VmI
�
se;im ð9:28Þ

Using Eqs. (9.4), (9.5) and (9.6) can be simplified as:

�Si;se ¼
X
m¼j;k

ð�jViVse;imBse;im\ðdi � hse;imÞÞ ð9:29Þ

Sm;se ¼ jVmVse;imBse;im\ðdm � hse;imÞ 8 m ¼ j; k ð9:30Þ

The final series voltage source with the related power injections is illustrated in
Fig. 9.8.

Similarly, the shunt VSC can be modeled as a power injection pattern at the
respective bus. In this modeling, it is assumed that, the reactive power applied by

jV

Bus-j

kV

ijsejB ,

ijseI ,

iksejB ,

ikseI , Bus-k

iV
Bus-i

Fig. 9.7 Equivalent current
source model GUPFC

jV

Bus-i Bus-j

kV

ijsejX ,

iksejX ,

Bus-k

iV sejS ,

sekS ,seiS ,

Fig. 9.8 Voltage source
model of GUPFC
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the shunt VSC is zero, because the purpose of this reactive power is to preserve the
voltage value at the converter connected node. The equivalent shunt voltage source
pattern of GUPFC is illustrated in Fig. 9.9. The net active power applied at shunt
converter connected bus can be expressed as:

Psh ¼ �Pseries;ij � Pseries;ik ð9:31Þ

The magnitude of the apparent power of series converters can be calculated as:

Sseries;im ¼ Vse;imI
�
ij ¼ jVse;imBse;imðV 0

ij � VmÞ� 8 m ¼ j; k ð9:32Þ

Using Eq. (9.32), after simplifying, the expressions for active and reactive
powers supplied by the series converters derived are

Pseries;im ¼ ViVse;imBse;im sinðhse;im � diÞ
� VmVse;imBse;im sinðhse;im � djÞ 8m ¼ j; k

Qseries;im ¼ �ViVse;imBse;im cosðhse;im � diÞ
þVmVse;imBse;im cosðhse;im � djÞ � V2

se;ijBse;ij 8 m ¼ j; k

ð9:33Þ

The final power injection pattern is obtained by combining series voltage source
pattern and shunt voltage source model. The combined model is displayed in
Fig. 9.10. The respective power injections at GUPFC connected buses can be
obtained as

jV

Bus-i Bus-j

kV

ijsejX ,

iksejX ,

Bus-k

iV

shP

Fig. 9.9 Equivalent shunt
voltage source pattern

jV

Bus-i Bus-j

kV

ijsejX ,

iksejX ,

Bus-k

iV
GUPFC
jS

GUPFC
kSGUPFC

iS

Fig. 9.10 Equivalent power
injection model of GUPFC
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PGUPFC
i ¼ 2ViVse;ijBse;ij sinðdi � hse;ijÞþ 2ViVse;ikBse;ik sinðdi � hse;ikÞ

� ViVse;ijBse;ij sinðdi � hse;ijÞ � ViVse;ikBse;ik sinðdi � hse;ikÞ
QGUPFC

i ¼ �ViVse;ijBse;ij sinðdi � hse;ijÞ � ViVse;ikBse;ik sinðdi � hse;ikÞ
PGUPFC
j ¼ �VjVse;ijBse;ij sinðdj � hse;ijÞ

QGUPFC
j ¼ VjVse;ijBse;ij cosðdj � hse;ijÞ

PGUPFC
k ¼ �VkVse;ikBse;ik sinðdk � hse;ikÞ

QGUPFC
k ¼ VkVse;ikBse;ik cosðdk � hse;ikÞ

ð9:34Þ

9.3 RPP by VAR Resources

The VAR management problem is the determination of an action and provision of
new reactive tools that minimize RPP cost (INV), voltage deviation (VD) and
STC-criterion (STC).

RPP cost (INV): The first target function includes two sections. The first section
determines the overall cost of energy loss (ELC) as bellow:

ELC ¼ 24� 365� hPloss ð9:35Þ

where h is per-unit energy cost (0.06 $/KWh). The power loss in transmission
branches can be given as follows

Ploss ¼
Xnl
k¼1

gk V2
i þV2

j � 2ViVj cos di � dj
� �h i

ð9:36Þ

The cost of the new prepared VAR tools is systematized as the total investment
cost of VAR device, as OCvar

OCvar ¼ rT rT þ 1ð ÞnT
1þ rTð ÞnT�1

�
X
i2X

CiFACTSSiFACTS þCiSCSiSCð Þ ð9:37Þ

where, CiFACTS and CiSC are the cost function of the ith FACTS and slow VAR
device. SiFACTS and SiSC refer to size related to them and X is the set of all candidate
locations. For long-term cost analysis, it is necessary to consider the lifetime and
discount rate as nT and rT, respectively. The cost function of the HFC, M-FACTS
and slow VAR device can be represented in a quadratic form [16, 17]

Ci;HFC ¼ 0:00012 S2i;HFC � 0:10764 Si;HFC þ 75:288 ð9:38Þ

Ci;SC ¼ 0:000000014 S3i;SC � 0:0000014 S2i;SC þ 0:0052 Si;SC þ 0:91 ð9:39Þ
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CM�FACTS ¼ 0:00045 S2M�FACTS � 0:40365 SM�FACTS þ 282:33 ð9:40Þ

where SiSC , SiHFC are size related to the ith HFC. Thus, the overall cost can be
presented as the sum of two costs as OCvar and ELC. The annual cost is calculated
as follows

INV ¼ min OCvar þELCð Þ ð9:41Þ

Voltage deviation (VD): This target is to optimize the voltage magnitude varia-
tions at load nodes that can be presented by

VD ¼ min
XNL

k¼1

VK � 1j j
( )

ð9:42Þ

where, NL is the number of load nodes.
STC criterion (STC): This aim is to optimize the index for defining the voltage

stability of the system and is given by [18]

STC ¼ min max
j2NL

STCj
� �� �

ð9:43Þ

Equation (9.43) requires finding the magnitude for STCj in total load buses.
After determining all magnitudes of STCj, the load node which has the maximum
STCj is found. The definition of STCj among total load buses has been presented by
Eq. (9.44). One method of determining STC is

STC ¼ min max
j2NL

Vj �
P
i2NG

HjiVi

Vj

������
������

8<
:

9=
; ð9:44Þ

The magnitudes of Hji are received from the HLG matrix as follows

HLG ¼ � YLL½ ��1 YLG½ � ð9:45Þ

where, YLL and YLG are separated sections of grid Y-bus matrix. The elements of
HLG matrix are complex and its columns related to the generator node numbers and
rows related to the load node numbers. This matrix presents the data for each load
node about the value of power that should be given from each generator in the
normal and grid contingencies as far as the system efficiency is assumed based on
voltage profiles. To guarantee the stability situation, the state of STCj � 1 must not
be deviated for any of the jth node.
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9.4 MOPSO-NTVE Algorithm Implementation to Solve
RPP Problem

Multi-objective optimization: To determine the collection of solutions related to the
multi-target problem, Pareto optimality idea is applied [19]. The total multi-target
optimization issue, without limitations, can be presented as bellow [20]

min f ðxÞ ¼ f1ðxÞ; f2ðxÞ; . . .; fmðxÞð Þ ð9:46Þ

where x 2 X is a possible solution set, X is the possible area of the problem, m is
the number of targets and fiðxÞ is the ith target function of the matter. The aim is to
optimize m target functions concurrently, to determine a suitable trade-off of
solutions that present the best agreement among the objectives. So, assuming
f ðxÞ ¼ f1ðxÞ; f2ðxÞ; . . .; fmðxÞð Þ and f ðyÞ ¼ f1ðyÞ; f2ðyÞ; . . .; fmðyÞð Þ, f ðxÞ dominates
f ðyÞ, denoted by f ðxÞ\f ðyÞ, if and only if (minimization) [21]:

8i 2 1; 2; . . .;mf g : fi xð Þ� fi yð Þ
9i 2 1; 2; . . .;mf g : fi xð Þ\fi yð Þ ð9:47Þ

If there is no f ðyÞ that dominates f ðxÞ, f ðxÞ is non-dominated. Moreover, if there
is no solution y that dominates x, x is defined Pareto optimal and f ðxÞ is a
non-dominated purpose vector. The Pareto optimal set is signified by P�, and the
collection of total non-dominated target vector is defined Pareto front, signified by
PF�.

Multi-objective particle swarm optimization method with nonlinear time-varying
evolution (MOPSO-NTVE): The position and the velocity of the ith individual in the
n-dimensional search region is verified as xi ¼ ½ xi;1 xi;2 . . . xi;n � and
vi ¼ ½ vi;1 vi;2 . . . vi;n �, respectively where viðkÞ is velocity of ith particle at
iteration k and xiðkÞ is situation of ith particle at iteration k. The local best of the ith
individual is defined as xli ¼ ½ xli;1 xli;2 � � � xli;n � and the global best determined
so far explained as xg ¼ ½ xg1 xg2 � � � xgn �. At each iteration, the new velocities of
the individuals are updated by employing the given equation:

vi kþ 1ð Þ ¼ Cð/ÞfxðkÞviðkÞþ c1ðkÞu1ðxliðkÞ � xiðkÞÞ
þ c2ðkÞu2ðxgðkÞ � xiðkÞÞg for i ¼ 1; 2; . . .;m

ð9:48Þ

The first section illustrates the current velocity of the individual, second section
represents the cognitive term of MOPSO-NTVE and the third section related to the
social term of MOPSO-NTVE. Each individual moves from the current condition to
the next one by the changed velocity as bellow
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xiðkþ 1Þ ¼ xiðkÞþ vi kþ 1ð Þ for i ¼ 1; 2; . . .;m ð9:49Þ

where m and k are number of individuals and current iteration, xiðkÞ is the situation
of ith individual at iteration k, xliðkÞ and xg are local and global best, viðkÞ is velocity
of ith individual, c1 and c2 are cognitive and social index, and u1 and u2 are
random numbers between 0 and 1.

The cognitive index c1 starts with a high magnitude c1max and non-linearity
reduces to c1min. Moreover, the social index c2 starts with a low magnitude c2min

and non-linearity enhances to c2max according to the following functions [22]

x kð Þ ¼ xmin þ itermax � k
itermax

� �a

xmax � xminð Þ ð9:50Þ

c1 kð Þ ¼ c1min þ itermax � k
itermax

� �b

c1max � c1minð Þ ð9:51Þ

c2 kð Þ ¼ c2max þ itermax � k
itermax

� �c

c2min � c2maxð Þ ð9:52Þ

C /ð Þ ¼ 2

2� /�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/2 � 4/

p��� ��� where 4:1�/� 4:2 ð9:53Þ

where itermax is the maximum iteration and a, b and c are constant rates.
To determine the optimal mixture of a, b and c, overall combinations must be

analyzed ad c1 is cognitive parameter (acceleration coefficient) and c2 is Social
parameter (acceleration coefficient). It is considered that:

a; b; c 2 f0; 0:5; 1; 1:5; 2g ð9:54Þ

There are 53 feasible combinations for the indexes of a, b and c. These three
indexes have many feasible magnitudes, but it may not be possible to implement the
experiments of all combinations. Thus, to sample a small subset of this large
number of tests, an orthogonal design method will be employed. Details of the
orthogonal way and its utilization have been explained in [23]. The following is an
L25ð56Þ orthogonal array that can deal with at most six variables in five feasible
magnitudes with 25 tests. Instead of 53 feasible combinations, one only requires to
implement 25 tests to find optimal combination of a, b and c.
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L25ð56Þ ¼

1 1 1 1 1 1
1 2 2 2 2 2
1 3 3 3 3 3
1 4 4 4 4 4
1 5 5 5 5 5
2 1 2 3 4 5
2 2 3 4 5 1
2 3 4 5 1 2
2 4 5 1 2 3
2 5 1 2 3 4
3 1 3 5 2 4
3 2 4 1 3 5
3 3 5 2 4 1
3 4 1 3 5 2
3 5 2 4 1 3
4 1 4 2 5 3
4 2 5 3 1 4
4 3 1 4 2 5
4 4 2 5 3 1
4 5 3 1 4 2
5 1 5 4 3 2
5 2 1 5 4 3
5 3 2 1 5 4
5 4 3 2 1 5
5 5 4 3 2 1

2
666666666666666666666666666666666666666666664

3
777777777777777777777777777777777777777777775

ð9:55Þ

9.4.1 Fuzzy Decision Making

When solutions according to the extracted Pareto-optimal set are determined by
MOPSO-NTVE method, it needs to select one of them for applying [24]. A linear
membership equation is assumed for each of the target functions [12]. The mem-
bership equation is verified as bellow [25]

vi ¼
1; OFi �OFmin

i
OFmax

i �OFi

OFmax
i �OFmin

i
OFmin

i \OFi\OFmax
i

0 OFi �OFmax
i

8><
>: ð9:56Þ

for minimized target functions and
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vi ¼
0; OFi �OFmin

i
OFi�OFmax

i
OFmax

i �OFmin
i

OFmin
i \OFi\OFmax

i

1 OFi �OFmax
i

8><
>: ð9:57Þ

for maximized target functions. Where OFmin
i and OFmax

i are the minimum and the
maximum magnitude of ith target function among total non-dominated solutions,
respectively. The membership equation v is changed between 0, 1. Where v ¼ 0
demonstrates the incompatibility of the solution with the set, while v ¼ 1 presents
full compatibility. Figure 9.11 shows a typical structure of the membership
equation.

For each non-dominated solution k, the normalized membership equation vk is
extracted as:

vk ¼
PNob

i¼1 v
k
iPM

k¼1

PNob
i¼1 v

k
i

ð9:58Þ

where M and Nob are the number of non-dominated solutions and target functions.
The function vk can be stated as a membership function of non-dominated solutions
in a fuzzy set, where the solution having the maximum membership in the fuzzy
collection is assumed as the best compromise solution.

9.5 Implementation

MOPSO-NTVE algorithm is applied to determine optimal reactive plan. A decision
making method according to FDM algorithm is followed to determine the best
solution from the collection of Pareto-solutions created by MOPSO-NTVE tech-
nique. Details of the solution synthesis are given in Figs. 9.12, 9.13 and 9.14. For
this purpose, an initial population of MPSO-NTVE is randomly produced. For each
particle, AC-OPF is directed and STC and VD are calculated. Then, the investment
cost is gained. The calculation is repeated until the stopping condition is obtained.
As shown in Fig. 9.15, in the RPM problem codification, each chromosome is

max
iOF

min(1, )iOF

iχ

1

0 iOF

Fig. 9.11 Linear
membership equation

334 H. Shayeghi and Y. Hashemi



End

START

Input network data

Encoding

Verify objective functions 
related to RPP:

a) Investment cost of RPP 
problem

b) Voltage deviation
c) STC-criterion

A

Report output of RPP as:
1) HFC size, setting and site
2) GUPFC size, setting and 

site
3) The rate of reactive power 

injection from slow VAR 
device

B

Sub-algorithm for 
MOPSO -NTVE

Sub-algorithm for 
fuzzy decision making

Fig. 9.12 Flowchart of the proposed RPP

xl set xg set Current population Pareto set 

Generate next 
population

Extended 
Pareto set

Non-dominated 
sorting

Choose N random 
population from 
specified top part 

of first front 

Non-dominated 
sorting

Temporary set

Updated
x lset

Next 
population

Updated
x gset

Updated
Pareto set

G
en

er
at

io
n
i

G
en

er
at

io
n i

+1

A

A

Fig. 9.13 Sub-algorithm of A for design procedure delineated in Fig. 9.12
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formed from four parts of number, location, size and settings of the candidate VAR
devices to be installed.

The proposed management method is implemented on a test system. The test
grid employed in this work is a part of the American electric power system, AEP,
applied in the Midwest in the early 1960s and is better identified as IEEE 57-node
test system. The system data are available in MATPOWER toolbox [22]. The basic
configuration of the test system is depicted in Fig. 9.16. The network as shown in
Fig. 9.16 includes of 57 buses, 7 generators, and 80 lines. The generators are placed
at nodes 1, 2, 3, 6, 8, 9, and 12. The voltage constraints are adjusted between 0.94
and 1.06 p.u.

Dominated solutions
Non-Dominated solutions
Pareto -front

f2

f1

B

B

Fuzzy mechanism 

min(1,           )iOF

i

1

0
iOF

f1(x)

f2(x)

Fig. 9.14 Sub-algorithm of B for design procedure delineated in Fig. 9.12
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Need or lack of need for reactive power sources

Reactive power sources settings
11.1  19.3  121 323 18.4

18    3       12         22     26
Reactive power sources locations

Reactive power sources sizes

    0      1        1       0    1

Fig. 9.15 Simple codification for RPP problem
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The constraints have been enforced based on Eq. (9.59):

Evaluation Function = Objective Functionþ a Constraints Violationsð Þ ð9:59Þ

where a is a large value and constraint violations are analyzed as the aggregate of
the absolute magnitudes of all deviations. The solution will end up with the least
cost selection without violating limitations. Also, discrete variables have been
encoded based on “ceil” operators.

To analyze the effect of different FACTS tools on the power system operation,
the following scenarios are studied:

• Framework 1: Slow VAR device allocation.
• Framework 2: Slow VAR device with HFC allocation.
• Framework 3: Slow VAR device with GUPFC allocation.

The performance of two frameworks is evaluated on the test system. For this
purpose, the steps of the RPP problem (as given in Fig. 9.12) are performed. The
Pareto-optimal archive obtained by MOPSO-NTVE algorithm in two-dimensional
and three-dimensional target functions is depicted in Figs. 9.17, 9.18 and 9.19. It is
observed that the gained solutions are distributed in the area, except some dis-
continuity, created by the discrete decision parameters. The trade-offs represented in

B1B2B3
B4B5 B16
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B7

B8

B12
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Fig. 9.16 IEEE 57-bus system
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Figs. 9.17, 9.18 and 9.19 can help the decision maker to choose appropriate ref-
erence membership magnitudes.

A decision making approach by employing FDM theory is followed to deter-
mine the best solution as new lines from the collection of Pareto-solutions gained
by MOPSO-NTVE method. FDM is used to choose size and site of the reactive
power sources. Complete results related to two frameworks and four optimization
methods, MOPSO, MOPSO-TVIW, MOPSO-TVAC and MOPSO-NTVE are
tabled in Table 9.1.
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Fig. 9.18 The Pareto archive in two-dimensional and three-dimensional objective area based on
framework 2
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Fig. 9.17 The Pareto archive in two-dimensional and three-dimensional objective area based on
framework 1
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Fig. 9.19 The Pareto archive in two-dimensional and three-dimensional objective area based on
framework 3

Table 9.1 Location, size and setting of reactive power sources added to network in frameworks
under different solution methods

Framework 1 Framework 2 Framework 3

Slow VAR
devices
MVAr (bus)

Slow VAR
devices
MVAr (bus)

HFC
MVAr
(location)

Slow VAR
devices
MVAr (bus)

GUPFC
MVAr
(location)

MOPSO Q16 = 423.57
Q4 = 355.56
Q46 = 436.56
Q21 = 365.56
Q49 = 367.97
Q39 = 314.56
Q22 = 431.56
Q11 = 478.03
Q32 = 434.67

Q14 = 476.56
Q19 = 523.56
Q35 = 437.67
Q55 = 456.73

33.34
(13-9)

Q11 = 475.23
Q53 = 478.25

13.26
(24-25,
24-23)

MOPSO-TVIW Q41 = 414.76
Q57 = 432.45
Q39 = 421.45
Q43 = 431.56
Q44 = 476.67
Q14 = 365.76
Q50 = 432.67
Q12 = 391.67

Q48 = 394.67
Q56 = 512.56
Q43 = 476.56
Q30 = 456.65

32.9788
(22-21)

Q27 = 487.67
Q10 = 421.78

12.6786
(45-44,
45-38)

MOPSO-TVAC Q18 = 409.65
Q46 = 434.74
Q50 = 446.76
Q49 = 346.76
Q39 = 476.65
Q41 = 421.76
Q56 = 365.74
Q31 = 418.76

Q11 = 535.87
Q35 = 465.76
Q32 = 421.85
Q7 = 365.87

32.6457
(23-22)

Q57 = 353.64
Q20 = 365.87

11.6543
(29-28,
29-52)

(continued)
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To identify the advantage of the presented method, results of frameworks 1 and 2
in four solution methods are compared and tabled in Table 9.2. As shown in this
table, RPP cost (INV) for framework 1 is: 4.9560, 4.8598, 4.7767 and 4.7257 and, for
framework 2 it is: 4.0932, 3.9517, 3.8544 and 3.7713 and, for framework 3 it is:
2.9886, 2.8361, 2.3361 and 2.0085. RPP cost in framework 3 has 39.69, 41.64, 51.09
and 57.49% decrease compared to framework 1 and, 26.98, 28.23, 39.39 and 46.74%
decrease compared to framework 2. This economic perspective of the presented way
reveals priority of the obtained optimal configuration in framework 3 and the
advantages of GUPFC than HFC and capacitor banks. From the viewpoint of voltage
deviation (VD) and STC-criterion, these two indices in framework 2 are significantly
improved than the framework 1 in each four scenarios as displayed in Table 9.2.

Simulation test is applied for different discount rates to evaluate robustness of
the proposed RPP problem. As shown in Table 9.3 twelve cases, C1 to C12, are
studied. All the parameters for three discount rates (rT = 5, 10 and 20%) and three

Table 9.2 Frameworks results

Solution
methods

RPM cost
(INV) ($ � 106/
year)

Voltage
deviation (VD)

STC-criterion
(STC)

Framework
1

MOPSO 4.9560 5.3219 0.7832

MOPSO-TVIW 4.8598 5.0032 0.7755

MOPSO-TVAC 4.7767 4.9821 0.7743

MOPSO-NTVE 4.7257 4.9532 0.76432

Framework
2

MOPSO 4.0932 4.3217 0.3689

MOPSO-TVIW 3.9517 4.2345 0.3578

MOPSO-TVAC 3.8544 4.1234 0.3521

MOPSO-NTVE 3.7713 3.9865 0.3456

Framework
3

MOPSO 2.9886 2.6422 0.1789

MOPSO-TVIW 2.8361 2.5432 0.1675

MOPSO-TVAC 2.3361 2.4321 0.1298

MOPSO-NTVE 2.0085 2.3456 0.1234

Table 9.1 (continued)

Framework 1 Framework 2 Framework 3

Slow VAR
devices
MVAr (bus)

Slow VAR
devices
MVAr (bus)

HFC
MVAr
(location)

Slow VAR
devices
MVAr (bus)

GUPFC
MVAr
(location)

MOPSO-NTVE Q4 = 529.32
Q20 = 440.84
Q46 = 377.67
Q50 = 457.34
Q38 = 401.83
Q24 = 277.65
Q43 = 357.67
Q53 = 401.86

Q21 = 163.75
Q14 = 189.78
Q11 = 163.75
Q33 = 189.78

27
(49-38)

Q = 229.32
Q40 = 340.84

10
(15-13,
15-14)

340 H. Shayeghi and Y. Hashemi



Table 9.3 Considered cases Case Discount rate (%) Solution methods

C.1 rT = 5 MOPSO

C.2 rT = 5 MOPSO-TVIW

C.3 rT = 5 MOPSO-TVAC

C.4 rT = 5 MOPSO-NTVE

C.5 rT = 10 MOPSO

C.6 rT = 10 MOPSO-TVIW

C.7 rT = 10 MOPSO-TVAC

C.8 rT = 10 MOPSO-NTVE

C.9 rT = 20 MOPSO

C.10 rT = 20 MOPSO-TVIW

C.11 rT = 20 MOPSO-TVAC

C.12 rT = 20 MOPSO-NTVE
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Fig. 9.20 Comparison of the performances
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scenarios have been extracted, as depicted in Fig. 9.20. Results of both frameworks
will change by increasing or decreasing the discount rate, but framework 3 has the
best results and low changes than the nominal value of discount rate and achieves
good robust performance.

9.6 Conclusion

An attempt has been made in this chapter to study solving RPP problem while HFC
and GUPFC are involved in power system. A suitable model to compute reactive
power that has to be injected by HFC and GUPFC is imported in the solution
procedure. Multi-objective PSO-NTVE algorithm is employed and, from a decision
maker perspective; the FDM method is used to define solutions by considering all
attributes from the set of Pareto-solutions. The presented solution procedure
is implemented on the IEEE 57-bus system as the first attempt for RPP.
A comparative survey confirms that the presented management algorithm signifi-
cantly improves the cost related to RPP.

The results show that inclusion of the reactive power capability of HFC and
GUPFC can improve voltage stability and voltage profile. The obtained results for
various scenarios reveal that this planning method is a useful management tool for
solving RPP issue. The presented planning method permits the power system
designers to modify the structure of the system to obtain the best optimal program
for the expanded system. Simultaneous planning of reactive power expansion
with the presence of capacitor banks and FACTS devices instead of separate
planning can be led to more economic, applicable and optimal scheme in a power
network.
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