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The problem of voltage stability is becoming a more acute and indispensable topic given the major and sensitive role it plays in the
electrical system. It can be considered a major factor in the initiation of blackouts around the world. Hence, the need for reliable
and fast tools to detect and control the approach of instability points throughout the network, namely, voltage stability indices and
flexible alternating current transmission systems (FACTS) devices for the control and management of the electrical network. In
this paper, an update on the existing blackouts in the world has been presented. Based on the brief overview of the most significant
definitions of voltage stability presented in this work, a new definition of voltage stability has been proposed. A detailed
comparative study on voltage stability analysis methods has been conducted. Furthermore, an exhaustive discussion on the
various voltage stability indices and FACTS devices existing in the literature with their contribution to voltage stability prediction

and improvement has been proposed.

1. Introduction

Over the last decade, the world is facing rapid growth in
energy demand driven by increasing population and eco-
nomic activities. Consequently, electrical networks are found
in a situation close to the capacity limits and are becoming
more fragile. At that condition, any contingency could quickly
accelerate the voltage collapse which may lead to a blackout
[1]. In this century, remarkable cases of blackouts worldwide
have been recorded. In Bangladesh 4 October 2022, more than
130 million people were left without electricity after a grid
failure [2]. Pakistan also reported last year (January 9, 2021)
a blackout caused by the tripping of the Guddu thermal power
plant [3]. Another one occurred in March 2019 in Venezuela
[4, 5], plunged almost the entire country into darkness due to
the existence of obsolete transformers feeding the network.
The limitation of electrical substations also aggravated the
situation. In addition, major blackouts recorded from 2011 to

the present are presented [6-8] in Figure 1 together with their
impacts and the nature of their causes. Several causes of these
blackouts are provided in the literature [9, 10]. In addition,
a classification of blackout causes into technical, managerial,
and climatic causes was mentioned in [11, 12] as shown in
Table 1.

Several works have indicated that the reactive power
deficit problem and, consequently, voltage instability are the
initiating factors of major blackouts [13-15]. For this reason,
managers pay particular attention to the evaluation and
control of voltage stability to maintain the stability of
electrical networks and avoid major blackouts as they occur
in some countries. Thus, it becomes imperative for the grid
operator to have reliable and fast tools to detect and analyze
the approach of instability points anywhere in the grid. For
this purpose, the estimation of the distance of the power
system to the voltage collapse can be very convenient. With
the static or dynamic approaches developed for voltage
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FIGURE 1: A recap of major blackouts recorded since 2011: causes and impacts [10-12].

TaBLE 1: Classification of blackouts causes.

Technical causes

Managerial causes

Climatic causes

(i) Limited network capacity

(ii) Aging network infrastructure

(iii) Equipment reliability

(iv) Poorly adjusted protection and control equipment

(v) Faults. ..

(i) Lack of monitoring and control facilities; (i) Storms;

(ii) Lack of control means (e.g., emergency); (ii) High winds;
(iii) Poor maintenance management;

(iv) Late decision-making;

(v) Neglected or untimely load shedding;
(vi) Lack of consideration of alarm messages;
(vii) Cyber-attacks. ..

(iii) Heavy snowfall;

(iv) Incidents caused by animals;

(v) Extreme weather conditions. . .

stability analysis, details on the margin of voltage instability
can be obtained. P-V, P-Q, and Q-V curves, modal analysis,
sensitivity analysis, and voltage stability indices [16-18] are
widely used methods for static analysis of voltage stability
following load variations in the network. Otherwise, Dy-
namic voltage stability methods including small signal
stability analysis, time domain simulations, bifurcation
analysis, and energy function method [16, 19-23] are useful
in studying voltage collapse scenarios and understanding the
chronology of events that lead to voltage collapse. After
evaluation and analysis of voltage collapse in an electrical
network, the control of the identified unstable buses is re-
quired. The integration of FACTS devices is therefore
a necessity. These devices act as electronic power controllers
and compensators, providing a highly adaptable method for
voltage regulation, line capacity management, and effective
congestion control at remarkably fast rates. They are an
effective solution to the voltage instability problems.

This article proposes a brief literature review of voltage
stability. A clear classification of the different existing defi-
nitions of voltage stability has been elaborated in this work. In
addition, a comparative study between prediction and anal-
ysis approaches of voltage stability has been comprehensively
discussed to highlight the advantages and limitations of each

method used. A particular interest was given to the different
types of voltage stability indices, including line, bus, and
global indices. Indeed, a thorough review was proposed
wherein several voltage stability indices were examined in
terms of their types, formulations, concepts, assumptions,
critical values, advantages, and disadvantages. This compar-
ative analysis was developed to provide a general basis for the
appropriate selection of voltage stability index to identify
weak lines and buses. FACTS devices used for voltage control
and regulation are also examined in depth. A detailed clas-
sification of the different FACTS devices existing in the lit-
erature as well as a brief presentation of these devices
according to the advantages they provide has been proposed.
Moreover, a comparative table containing the different def-
initions, advantages, and limitations of each FACTS device
has been developed. The results of this work are intended to
provide a general guideline for other researchers to un-
derstand the voltage collapse phenomenon.

The rest of the document is organized as follows: Section
2 presents a brief literature review on voltage stability.
Section 3 has been devoted to a recap of voltage stability
indices. A detailed review of voltage stability control using
FACTS controllers has been proposed in Section 4. The
conclusion is presented in Section 5.
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2. Brief Literature Review on Voltage Stability

2.1. Definitions and Classifications. The term “Voltage Sta-
bility” is largely defined in the literature based on several
criteria, namely, delay, disturbance nature, and system
states. Figure 2 presents the most significant definitions and
classifications of voltage stability. Five definitions were
presented in the literature according to Council on Large
Electric Systems CIGRE [24], Institute of Electrical and
Electronics Engineers IEEE [25], Kundur [17], Van Custen
[26], and Hill and Hiskens [16, 20]. The classification de-
pends on the nature of the disturbance and the time
frame [24].

Given all the definitions and the nature of disturbances
listed in Figure 2, voltage stability can be defined as the
ability of the power system to continuously maintain an
acceptable voltage for all buses in a system under normal
operating conditions including after a small or large
disturbance.

2.2. Factors Influencing Voltage Stability. The problem of
voltage stability is strongly related to generation, trans-
mission, and reactive power consumption. Indeed, when
large generation units drop out of service due to abnormal
operating conditions or disturbances, the supplied reactive
power is reduced and some transmission lines are heavily
loaded [27]. Thus, due to the additional reactive power
demand, the load voltages decrease. The process eventually
leads to voltage instability and voltage collapse. Figure 3 lists
the various factors that affect voltage stability.

2.3. Voltage Stability Prediction. The prediction as well as the
analysis of the voltage collapse phenomenon remains
a critical challenge for operators and researchers. In this
context, several studies and researchers have focused on
presenting methodological approaches for the analysis
[1, 22]. These can be divided into two broad categories,
namely, dynamic and static voltage stability analyses. The
dynamic analysis involves the dynamic elements associated
with the generation, transmission, distribution, and load. It
is characterized by its complexity in terms of calculation and
data required. Static analysis, on the other hand, analyzes
voltage stability generally based on load flow analyses. It
consists of a study of the equilibrium regime and allows us to
identify the voltage levels and the power transits through all
the buses and lines of the system. Therefore, several studies
in the literature have focused on the static model due to the
simplicity of the analysis, the lower computational effort,
and the accurate results offered, in addition to some practical
advantages over the dynamic study [28]. Table 2 presented
below explains in detail the comparison between the two
approaches of analysis.

Various techniques of static and dynamic analysis have
been proposed in the literature [24, 25], which may be
classified as shown in Figure 4.

Static analysis of voltage stability is a steady-state
study that provides voltage levels and power transit
across all buses and lines in the system. The minimum

singular value method and P-V, P-Q, and Q-V curves
lead to the estimation of power system distance to voltage
collapse, but no information about the reasons for the
voltage stability problem is provided. The continuation
power flow (CPF) method is characterized by its slow-
ness. Additionally, the voltage stability indices play a key
role in monitoring and estimating the stability margin of
the power system. Dynamic analysis techniques are
comparable to power system transient analyses, where
the system is modeled by a variety of differential equa-
tions. The two primary categories of dynamic analysis are
the method of large signal analysis and the method of
small signal analysis. Table 3 summarizes the use and
limitation of each voltage stability analysis method
mentioned above.

3. A Recap of Voltage Stability Indices

3.1. Definition and Classification. Voltage stability indices
are useful tools for evaluating voltage stability. They allow
monitoring of the power system, estimating the stability
margin as well as the maximum loadability, and eventually
identifying critical areas such as lines or buses requiring
compensation. Voltage stability indices are calculated ei-
ther for a line, a bus, or the whole network [36] as illus-
trated in Figure 5. The accuracy and simplicity differ from
one index category to another. Indeed, line indices are the
simplest indices that are suitable for evaluating the most
critical line in an interconnected system. Bus indices are
more reliable and they can be used to identify the weak bus
in the system. On the other hand, global indices are more
effective and accurate in determining the proximity of
voltage instability. In general, they are derived from the
Jacobian matrix. However, they are time-consuming due to
their complexity. The detailed advantages and various
limitations of each category of indices are summarized in
Table 4.

3.2. Discussion and Comparative Study on Voltage Stability
Indices. Numerous research studies in the literature have
extensively explored voltage stability indices (VSIs) and
provided detailed analyses of their formulation. In [39],
a comprehensive analysis of VSIs was conducted, which
encompassed various aspects such as assumptions, critical
values, and equations. Another study, [37], presented
a comparative analysis of more than 40 VSIs, considering
factors such as formulation, application, performance, and
evaluation parameters. Additionally, Table 5 summarizes the
line, bus, and global indices available in the literature, taking
into account the expression of the indices, the considered
assumptions, the input parameters, as well as the advantages
and disadvantages associated with each index. The aim of
this summary is to establish a comprehensive and up-to-date
knowledge base of voltage stability indices.

The absence of taking into account some variables
such as line resistance, reactive and real power varia-
tions, shunt admittance, and the difference in transport
angle between transmission and reception voltages have
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FIGURE 2: Definitions and classifications of voltage stability.
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voltage control devices such )
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FIGURE 3: Voltage collapse causes.
TaBLE 2: Comparison between static and dynamic analysis [1, 23].
Method Advantages Drawbacks

Static analysis

(i) Examine a variety of system scenarios

(ii) Used to analyze various aspects of the problem

(iii) Easy to understand and requires fewer data

(iv) Identify the primary contributing variables and provide
a thorough understanding of the nature of the problem
(v) Fast and inexpensive construction

(i) Allows no evaluation of the electrical system’s dynamic
voltage stability

(ii) Less accurate

(iii) Approximate results

Dynamic
analysis

(i) Detailed study of specific voltage control situations

(ii) Presentation of all possible incidents leading to voltage
instability in chronological order

(iii) More precise

(iv) Involves the dynamic elements of the system that are
associated with the generation, transmission, distribution,
and load

(i) More time-consuming
(if) More expensive

(iii) Complex control: require high computational power
and a high degree of model accuracy

(iv) Requires detailed data

(v) More difficult to understand
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Methods of voltage collapse prediction
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Dynamic analysis
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- Continuation Power Flow Method of Lyapunov-
Method (CPF) — Based

|| Minimum singular value

method | | Method of Bifurcation

Analysis
—  Modal analysis model
> . Method of Time Domain

L Voltage Stability Indices — Simulation

FIGURE 4: Methods of voltage collapse prediction.

all been observed in the formulation of some voltage
stability indices presented in the table below. Indeed,
some indices are sensitive to reactive power change and
are not sensitive to active power change and vice versa.
For example, in Table 5 the indices L, [40] and FVSI
[41] only consider the effect of reactive power flow, and
they neglect the effect of active power flow. Therefore,
their response may give inaccurate predictions due to
a heavy active power load or apparent power load es-
pecially when the power factor is near unity. Although
some indices depend on the active and reactive power,
their response is still weak due to the negligence of
significant variables in the network [12]. As an example,
the LQP index [42] uses a simplified model of trans-
mission lines and ignores the resistances of transmission
lines. This index supposes the line as a lossless line, i.e.,
the sending power is equal to the receiving power. Due to
these assumptions, the LQP gives inaccuracy predictions
under certain operating circumstances. The NVSI [43]
also may give inaccurate predictions when the resistances
of branches are high because it does not consider line
resistance. The NLSI [50] is unable to predict the voltage
collapse under certain operating cases, as it neglects the
difference in voltage angle between the transmitter bus
and the receiver bus. Nevertheless, VSLI [49] is unable to
predict the voltage collapse in some instances due to
heavy reactive power load. Bus indices are more reliable
but they can be more sensitive to any change in power
system topology as the ISI index [56] and L index [58].
VSlpys and Z;/Zs are more complex and require a long
computation time as it depends on several parameters.
Global indices derived in general from the Jacobian
matrix are more effective for voltage instability prox-
imity. But, they are complex and require a longer
computation procedure since it requires the calculation
and the evaluation of the eigenvalues of the reduced
matrix Ji.

Other indices reported in the literature [12, 29, 53] are
presented in Figure 6.

4. Voltage Stability Control Using FACTS
Controllers: A Review

4.1. Benefits of Integrating FACTS Devices into the Electricity
Grid. Several methods have been proposed for reactive
energy compensation and voltage stability improvement,
such as the use of synchronous machines to produce reactive
energy, but their reaction speed is quite slow and requires
a lot of maintenance. One of the methods that has been used
is the insertion of static reactors and capacitors. Their dis-
advantage is that they are adapted to the variation of slow
reactive power consumption which cannot meet the in-
creasing needs of the electrical networks. With the devel-
opment of FACTS in the mid-1980s by N. Hongorani,
a pioneer in the field within the Electric Power Research
Institute EPRI [54, 55], it becomes possible to increase the
control of power flow and improve the voltage stability of the
electrical network. The insertion of FACTS controllers
provides several benefits. From the security side, they in-
crease system security while improving the stability margin
and maintaining cyber-secure control. Economically,
FACTS devices offer good control of the stability of the
network against disturbances which minimizes the demand
for new transmission and distribution lines and helps
prevent economic losses. The power quality is also improved
by guaranteeing voltage stability, controlling power flow,
and reducing power losses. Features of these advantages are
summarized in Table 6.

4.2. FACTS’ Classification. The different types of FACTS use
capacitors or reactors in series, shunt, or mixed configu-
rations depending on the need. Generally, shunt capacitors
provide reactive power and locally increase the voltage of the
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Voltage Stability Indices
[
[ | |
Global Indices ’ ‘ Bus Indices ’ ‘ Line Indices
. Accuracy
Simplicity
FiGure 5: Classifications of voltage stability indices.
TaBLE 4: Voltage stability indices: types, uses, benefits, and drawbacks [29, 37, 38].

Type Uses Advantages Drawbacks

These indices prevent blackouts caused (i) Simple (i) Most of these indices are unable to

by overloaded lines. The margin
between the operating point and the
maximum transferable power is
computed by using the values of these
indices for each line. The most crucial
line may then be determined and the
index value of this line is used to
conclude the entire power system’s
stability

Line voltage
stability indices

(ii) Easy to implement

(iii) Reduced computation time

forecast the behavior of the system
beyond the collapse point due to the
energy flow constraint (singularity)

(iv) Appropriate tools to detect the
stability state of the network

(ii) Less accurate

(v) Identification of sensitive lines

These indices identify the nearest bus
to the critical stability point. They
quantify the distance between a PQ
bus’s operating point and the
maximum load that this bus can
support without the voltage becoming
unstable

(i) Simple

Bus voltage

stability indices buses

(ii) Requires less computation
(iii) Allows determining the weakest

(iv) Suitable for real-time applications

(i) The implementation of these indices
is more complicated and their
calculation time is more important than
that of the line stability indices

This category of indices is not
associated with either the system’s
buses or lines. Generally, it is based on
the use of certain functions such as
modal analysis, power ratio, test
functions, and the Jacobian matrix’s
singularity of the power flow after
certain transformations

Global voltage
stability indices

(i) A suitable instrument for
estimating instability and power
transmission capacity within static
analysis settings

(ii) More accurate indices

(i) Any change in topology causes the
Jacobian matrix to change, which has to
be recalculated

(ii) Limited for the application of radial
systems

(iii) More complex indices

network used during periods of high consumption or in
areas far from the production centers. Shunt reactors
consume reactive power, which decreases the voltage of the
network in periods of low consumption. The series capac-
itors allow to decrease in the impedance of the electrical lines
and increase the power transmissible by these lines. Series
reactors increase the impedance of an electrical line to better
distribute the currents on the different lines. According to
the literatures [59-61], the most appropriate FACTS device
classification is based on three generations: generation one,
generation two, and the last generation of FACTS devices
also known as D-FACTS [65].

The first generation of FACTS devices, which were
developed in the 1980s and 1990s, focused on controlling the
transmission lines’ reactive power flow. By incorporating the
aforementioned power system devices, notable enhance-
ments were achieved, including the improvement of power

system stability, the elevation of power transfer capacity, and
the minimization of voltage fluctuations. The second gen-
eration of FACTS devices, developed in the late 1990s and
early 2000s, added the capability to control active power flow
in addition to reactive power flow. This generation of devices
was able to provide even greater control over power flow and
improve system stability. The most recent generation of
FACTS devices is commonly known as D-FACTS (dis-
tributed FACTS) devices. These devices were developed in
the early 2000s and provide even greater flexibility and
control over power flow in transmission systems. These
devices can be installed at multiple locations throughout
a power system, allowing for more precise control over
power flow and voltage stability. Overall, each generation of
FACTS devices has built upon the previous generation’s
capabilities, providing increasingly sophisticated methods
for controlling power flow in transmission systems. The
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Indices
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Bus Line Global
ENVCI Equivalent Node
Voltage Collapse Index — Stability Index (SI)
| | Second-Order
—| Stability Index (SI) | Index (i Index)
|| Voltage stability margin
M
—| VSEF Voltage Stability Factor | (VSMs)
| | Tangent Vector
—| V/VOo | — Critical Boundary Index (CBI) Index (TVIi)
VIP}I):;?:EE: Iﬁ:ﬁzﬂny Voltage Stability Load Index Predicting the
Y (VSLD L Voltage
Collapse Index
P and Qangle | | Line Voltage Stability Index (V/Vo)
(LVSI)
—| Sensitivity Analysis (SA) |
IVSI Improved Voltage | Novel combined line voltage Minimum
Stability Index stability index (NICLVSI) Singular value
Voltage Collapse Index (VCI)
— Line Index (L) Impedance
— Ratio Indicator
Bus Participation Factor (BPF) (Zii/Zi)
Voltage Collapse Prediction L Improved reactive line index
Index (VCPIbus) (RVSI) Minimum
Eigenvalue and
—| Power Stability Index (PSI) L] Right
Eigenvector
Voltage Deviation Index (VDI) Method (RE)

FIGURE 6: Taxonomy of different voltage stability indices.

TaBLE 6: Main benefits of FACTS integration [57, 59, 60].

Economic

Security

Quality

(i) Minimize production cost by choosing the increasing the transient stability limit and the

optimal location of FACTS in the network
(ii) Minimize the demand for new
transmission and distribution lines

(iii) Improve productivity

(iv) Assistance in preventing major
economic losses in the event of unforeseen
circumstances

(i) Increase the protection of critical loads
(ii) Increase the safety of the system by

load capacity of the lines

(iii) Keep the network stable and improve its
stability margin

(iv) Reinforcing the network against
disruptions

(v) Development of a cyber-secure control
approach

(vi) Development of a cyber-secure control
approach

(i) Solve the problem of voltage fluctuations
and improve power quality

(ii) Reduce active and reactive power losses
(iil) Improve voltage stability as a result of its
capacity to generate reactive power

(iv) Improve the capacity of the power
transit

(v) Improve the dynamic performance of the
network

(vi) When employing an energy storage
device, there is no interruption in power
transmission

(vii) Controlling the line’s active and reactive
power flow
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Shunt-Series

[ Series H Shunt- Series ][ Series- Series J[ Shunt ]

D-FACTS

:

Static Var Compensator
(SVC)

Thyristor Controlled
Series Capacitor
(TCSC) M

Thyristor
Switched
Capacitor (TSC)

Thyristor
controlled
phase shifter
Transformer
(TCPST)

power

Thyristor Controlled

Series Reactor

(TSSC)

(SSSC)

Thyristor Control
— Breaking
Resistor (TCBR)

Thyristor Switched
Series Reactor
(TSSR)

—

Interphase

controller

(TCSR) Thyristor (IPC)
H Controlled
Reactor (TCR) Static
Thyristor Switched Synchronous
Series Capacitor Series
)

Compensator

Static Compensator
(STATCOM)

D-STATCOM

Battery Energy
Storage System
(BESS)

Interline
Power Flow
Controller
(IPEC)

Unified
Power Flow
Controller

(UPEC)

D-SSSC

D-UPFC

Superconducting
Magnetic Energy
Storage (SMES)

D-TCSC

D-GPSFC

D-SFC

il

FiGure 7: Classification of FACTS controllers.

most known FACTS devices in each generation are pre-
sented in Figure 7.

4.3. Discussion and Comparative Study on FACTS Controllers.
Flexible AC Transmission Systems (FACTS) devices as
previously mentioned are electronic devices used in power
systems to enhance the power transfer capability, voltage
regulation, stability, and reliability of the power system. They
can be broadly classified into three main categories: shunt
devices, series devices, combined series, and shunt devices.

Shunt FACTS are devices that are connected in parallel
to transmission lines and are primarily designed to improve
the system power factor and control the voltage level. The
most commonly used shunt device is the static var com-
pensator (SVC) [66, 67], which controls the flow of reactive
power in the system and improves the voltage level after
disturbances. To enhance the voltage profile, several studies
have been conducted in the literature using various opti-
mization techniques to determine the optimal location and
capacity of SVC devices to be installed. For example, [68]
proposes a novel approach to determine the optimal
number, location, and capacity of SVCs for enhancing
voltage stability by employing voltage stability indices and
the PSO algorithm. Another study employs the harmony
search algorithm to identify the optimal location and ca-
pacity of SVCs to reduce voltage variation at buses and
decrease active losses [69].

Serial FACTS are connected in series to transmission
lines to enhance the system power transfer capacity by
controlling the line impedance. The thyristor-controlled
series capacitor (TCSC) is the most commonly used series
device that regulates line reactance. A study was conducted
to examine the effect of TCSC on the stability of power
systems when subjected to load disturbances. The in-
vestigation utilized the IEEE 14-bus test system, and the

results of simulations indicated that the use of TCSC can
improve the voltage profile and bolster power system sta-
bility in the face of load disturbances [70]. In [71], the in-
stallation costs of FACTS combined with a voltage stability
index were targeted to install TCSC in the IEEE 6- and 30-
bus test networks. Another study optimized and regulated
the voltage deviation and excessive flow in lines in the IEEE
14- and 39-bus networks by placing TCSC and other FACTS
devices [72]. In addition, the installation of several FACTS
devices, namely, TCSC, TCPST, TCVR, and SVC, to reduce
the amount of active power loss in the transmission lines of
the IEEE 30-bus test network was the subject of [73].

Hybrid-type FACTS are combined series and shunt
devices used to control both the voltage level and the system
power transfer capability. The most commonly used com-
bined device is the unified power flow controller (UPFC),
which can control the power flow simultaneously with in-
dependent voltage control. A study on the effects of UPFC
placement on power flow control as well as on voltage profile
is presented in [74]. This study showed that the electrical
network performance is better with the UPFC model than
without the UPFC model. In [75], the load capacity of the
network was formulated as a single objective to be maxi-
mized using the UPFC in the IEEE 14-bus network.

In terms of performance and cost, each device has its
advantages and disadvantages. For shunt devices, the
STATCOM is often the most cost-effective solution for
voltage regulation [76], but it may not be suitable for ap-
plications where there are high levels of power flow. SVCs
are generally less expensive than series devices such as
TCSCs or combined devices such as UPFCs. SVCs are very
effective in controlling the reactive power flow in the system
[77], but they may not be able to handle large power transfer
capacities. On the other hand, series devices such as TCSCs
are very effective in increasing the power transfer capability
of the system, but they may not be able to control the voltage



13

Journal of Electrical and Computer Engineering

sura)s£s [ed113d9[d ur mofj 1omod Jo Jonuod orureufq (1a)
swa[qoid [ejuaWUOIIAUS ON (A)

ap1s D Y} uo (100 afero)s £31ous Junonpuooadns e

uonjerado Surdreyostp isey £1oA (1 (AnmiqepA> ayruyur ysourpe) oJ1f d1atas SuoT (al) JIM PIJRIDOSSE SI0ISLIAY) 10 UO Paseq SIOLISAUOD (s8]
I 1SIeDSIp 1se] ADA (1 PRI 48ty A1ap () M pajer LA OLD 10 YOS uo paseq SHINS
o105 1omod 2ARPER PUT SATOY (1) om] pue ((y'y/L'V) stounojsuen) Suridnod om) sapnpur 1y
s asuodsar y1oys £19A (1) [£8]
asuodsa1 s INODLV.LS Uey) 1aisej st asuodsar s SSHG (AT)
QUI[ UOISSTWSUEI}
SJUWIAd  papeo] 3y} ut mofy A319ud ) unsn(pe pue Junem3ay (1) 191e] 31 S9SN UBY PUT “SoLBIEq S[qestieyess
I9YHO Y} PUE AP SSAF A} UIMIQ SuOBILINT (11) OUUR 1 £S1sus 2.% SUre}aI ‘$a2IN0S .mo Kyorrea e woiy £310u9 Ssaq [98]
WNODLV.LS seaiaym ‘fousdiaws ue jo syuowiow £1res §309[02 Je]) “wd)sAs aFe1o)s £310Ud 92INOS [EdTWAYD © ST J]
a3 ur saseardap adeyjoa pajoadxaun jussaid 03 3[qy (1) : :
Suneayreso Aouadunuod ay) 19)je
0} Surpes] paaiasqo sem A1aneq a2y jo SurdreyoraaQ (1) pue Jurmp a8eyjoa D ySiy Apwanxs sppuey 03 LIqy (1)
(DAS) 107esuadwIod dnels [BUOTIUIAUOD ®
Jo asotp) 03 Jor1adns xej axe sonsuayoereyd Sunerado iy (11a)
IYPIy pue uonenionyy 23e3[0A JWIT (14)
SSAd uey) Iamors (11) swn asuodsar 12110y (A) a8ejjoa parrsap ayy yoear o) pajsnipe
1omod aarpoear o) onpoid o) papaau st 1ojpedes oN (A1)  A[[esnewoine s jey) 20Inos 25e)[oA d[qeLieA e se papIredax [s8]
9ZIS UI UOIONPAI © UT S)NSAI YoIym st J] “Jojesuaduwiod A31oua aA1ioear onjeys pajoauuod-junys ¢ WODLV.LS
981035 £310u5 103 s10joeded 93re] axmbar jou sso (1)  se Sunerado Jojerousd snouorydOUAs d1EIS B ST SI0ISLIAY)
siusuodwod sINODLV.LS eLURE o J900 soveujurepy () OLD 30 FUSADE I tHIM padopaasp ‘WODLVLS YL,
3} 0} aNP $ISSO] JATIOB JUNOIDE OJUT e} Jou sa0( (1) T : -
paau
OAS Uey $s0] puv 1509 134B1H (1) ay} 03 Surpoooe Q) 1omod 2A1oLAI 3} qI0SqE 10 dNPOI{ (1) (78]
S1OVA Teyio
susuodwos pareduwod 3500 a3eraae ue je A)i[Iqe)s a3ej[oA 10j J[qeIns
I9[[onu0d §IOV] Juelrodw ue parapIsuod aq ued Iy (1A)
DAS 03 9N SISSO[ 2ATOB JUNOIOE OJUI 3¥e) J0U S0P J] (A)
wreidoxd uonenores moyy peoy e ur juswa[dwr o) Aseq (1a) (S1ous
Aymiqess a3e3joa aaoxduy (A) [#8]
. 01 poreduion ss0] pue 1505 MOT (A1) 9AT)OBAI JO 19QIOSQE JO JOJeIdudd O1je)s PajdauUU0d-1unys e S
IWODLV.LS Ueyl 1oMol[s (I11) WOOLVLS % p mowhﬂ_wvoEs uuzwum A:o I GHAT 2y 03 SUIpI02OY "s2dBUINg dIe IO S|t uI[[oI s yons SAS
: 7 speol rensnpur Suneniong A[ySiy 03 anp uonezijiqes agejjoa
aatsuadxa A1oa are Lot ‘uonippe uf -aoeds uonjesuaduwod [PUOTIUSATUOD o u.o o u mmc.: 03 ‘eotIoW : LION ‘@ WE .o. I2s9M
JIOO JO JO[ & PUE UOTIE[[eISUT 10] YIOM JO J0[ & saxmbay (1r) UBY[} [0I}UOD JJBINIOE PUE YJOOWS IOUI SIPIAOIJ (IT) - w ﬁﬁﬁ: “3 151 N .MM:M@\,MM@ MS @EZS dde
waty [onuod P poreisut OAS 381G Y], 'sal 3 ut p DAS
0] papaau are su)sAs Ioyjo ‘s1ojowered omy 19YI0 Ay} Sromiau
107 *(o[8ue pue aFeyjoa @ouepaduwr) siojourered jueyrodwr ayy jo Lyoedes uorssrwsuer) 1omod aanoe Y} sasearduy (1) (2]
2a11) o) Suoure a3eyjoa A[uo Sur[onuod smoe DAS YT, (1)
S3SSO| MO[ SIAPO II[[013U0d SIYT, (1T romdu oy Ut
DS.IL Y3 Jo syrwr] oy} 103 ajesuadurod 0) A1essadau s1 YD, © [ MO[ S1950 1311043 . (1) $100pJ9 90ueU0saI 9p1aoxd 0) pue 25eI[0AIIA0 JUITSULI) JIWI]
cuonerauad romod 2A1)oBAI S[qeLIEA A[SNONUNUOD € 104 (I1) uopesuadurod 1omod 03 s1031oedEd AU YIIM SILISS UL PAJIIUUOD IDUBIINPUT [[ELS B DSL (2]
9ATIORAI UT S)[NSax [qedns apraoid Jey saotasp radeay) (1) st 219y, ‘[P[[erednue 3y} UI PARUNOW SIOISLIAY) YIIM SILISS
sdays ur padueyd aq A[uo ued romod 2A1oRAI YT, (1) uoperado [ewrzouqe Jo ased ur JuaLImd oy yrwr (1) ur paoed srojmeded Jo yueq e Jo SISISUOD JMOID DS, YL, [¢8]
S[qerrea st aoueurtoyrad syy (1) oidounid Sunerado aydung (1) T —,
sarouanbaiy mof e waysAs A YIIM JoeIaqur Aewr 3y (1) - .QOWMHMMMM WMMWMMM mﬁwwwwum_wﬂmo wmsww_mﬁww Surfxea oy 19owr 0) pajsnlpe st ﬁu:.m.m:w 1omod aanoear ayy
P Bl pwuwwo . Hu %c Wwao .,wwcﬁmv Jo anfea ayy “eseyd ur 103stdyy o) Surfjonuod A sarIasay) uSL (e8]
a8ejjoarano juanaxd oy Lypiqeur(r) I pue s : 1 " 951A9P 10)SLIAY) [BUONDAIIPIq B 0) pa[dnod aoue)oear e st |
i 7 qonuod SuLIy oYM SI0JSLIAY) sasn Id[[onuod sy, (1) : ST :
syoeqmeI safejueapy suonIuydJ SIDVd  seouaray

"SI9[[ONU0d STV Jo Apnys aanjeredwo)) i/ a14V],



Journal of Electrical and Computer Engineering

14

[o1e3s21 JO [eap Jeaid e saxmbai pue [esrojourda) 2107 (111)

puewap 1omod aanoear Surpuodsarrod
o) pue saur] aansisax uo sdoip a3ejjoa aresuadwo)) (ar)
wa)ss [[e1ano 3y Jo Aouamige ay) Sursearouy (Imm)

STRUTWIIA) SATIBUID)[E SDSSS ) W2aMIdq MO Tomod

SOUI[ PIpeOLISpUN  JAT}OE A[[EUONIAIIPIQ SJLII[IOR] 0} UONIIUUOD (] PaIeys & Dddl [08]
aidound Bugesado xadwiod () PUE POPEOISAO UM DUB[RQUI Y} unoa11o) (I1)  £q pajdauuod sHSSS 210w J0 ¢ Jo pasodwiod st D] YT,
1902 [eRumISqns SOUI] UdaM)q MO[J Tomod [ear pue 2AT)oBAI Ay} ddueleq (T)
sey )1 ‘uonjeSyuod pajeoridwod syt o3 SumQ (1) : : :
0149 nyromod pue s[qeidepe jsowr 9y} ST 3] (Al 1amod aapoeax
Apsnoaueymnuurs Sunerado s1ajraAut 3P SLOVA Y pue 2[qudepe 3 ST (AT) pue 2anoe Surdrea jo o[qedes are YPIYM ‘SI91I2AUT IFeI[OA
oM} Jo [o1u0d 33 03 anp 9[dourid Sunerado xaydwon) (1r s1500 Sunerado aonpay (1)  10ISLIAY) aseyd-aa1y) oM} JO SISISUOD I ‘A
Jol Y P -l [dwo) P P OLD 9sey q 3 ODLVIS
sour| uorssrwsuer) jo Ayoedes ay) aseaduy (1) Y pue DSSS Y3 Jo ndIno Yy UIMIaq SUOTIIAIIP 10q Dddn [z6]
- aul[ oY) Ul MO[J UI MOJj 0} Jomod dATIOE A[qeUD 0 “DSSS Ue pue WODLV.LS ©
. : 1omod 9ATIOEAI PUE [EN)OE JY) SB [[OM S ‘QUI| UOISSTWSUEI} U99M]2q UOTBUIqUIOD € st FHH] 0 Surpiodsoe pauysp
sey 3t “voneim3yuod pajeoduios sit 03 Bumo (1 a3 jo o[3ue pue ‘@ouepaduur 9eijoa oy Isn(pe 03 AIQY (1) ST 3] "opedap siyy jo Suruurdaq oy Je pareadde DIJN YL,
paau oy 03 urprodoe 1omod dA13deaI qIOsqe 10 dnpoId (Ar)
DSDL Jo 1eyy 03 paredwod 3s0d Y3y (11) SYI0M)2U pajdauuodIdul ur Sunueeq peo (1) podyuIy A[enas st 31 Junys e jo pearsur 1d2%> WODLVLS
DSDL 243 Jo jeyy 03 uosLredwrod ur paonpar st azis sif (Ir) : : S :
: : o 73U} 0] JR[TWIIS ST ]] "IOULIOJSUEI) 93BI[OA B BIA SUI| UOTSSTUISURI) DSSS [16]
speo[ a81e[ 10J SE [[oM SE (SJUILIND MO[) SPEO] [[EWS
suonenwwod aAnadar : ; S} YIIM SILISS UT PIJOSUU0D IJISAUOD DIJLIS B JO SISISUOD J]
03 anp 33e)[0AISA0 0} S[QEIAUNA YIOMIDU Y} saxeur I (I) 10§ QA2 SI 31 ‘DIOJAIDYL “JUILND 3 JO Juapuadaput
: queysuod anfea ageyjoa paysasur ayy doay 03 AyIqy (1)
Sunwiy Juarmd Jneq (A1) 25UBPNPUL
SOMOWLIEY Jo UORPNPOIU] (1) Ayniqers a8eyjop (1) sarxas paddays ajead 03 sajeys nEO. pue NO Ap3opdwod S L (0]
Aypiqess orureudp pue Juslsuel], (1)  U29MIdq PIYDIMS ST JOISLIAY) SIYT, "TOISLIAY) & £q pajunys
[01U0d JudIIMy) (1)  I0}0edI SILIAS © JO pasodurod IoULOLII SANONPUI U ST ]
UOTeYIWI] JUILIND J[Ne (AL) UO1}291100
A310u0 dajs s1ago pue 10joeded 9y S[O1UOD YOIMS I0ISLIAT)
sur] uorsstsuen) ym Jomod aanoe adueyoxa jouue) (1) aanoear Surqrosqe 1o Surjerousd £q adejoa oy azIIqels (1) Y 'SALIds UT s10)10eded [BI9AS JO SISISUOD Jey]) Jojesuadwod DSS.L [68]
19)10AU00 Aq 2Fer03s AS1ouq (1) aanoedes e se AT £q pauyap st J1 ‘s10jesuadurod
[onuod moy AS1aug (1) [ewras jo Aqrurey ayy ur xeadde 0 1s1y oy ST DSST, YL, [06]
Liqedes Suryoyims
DSSS 2y 03 paredwod axey st azis sif (1) paads-ySiy s HSDL, oy Sursn mopy amod aurf fonuo) (1r) 9oueIOLaI dANDEdED JY) JO UOTIBLIEA [68]
PEO[ JIMDIID JIWI[ PUE SPEO[IIA0 0NPAY (II)  sNoduUdF0UWOY © JINSUS 0) SIOJPNPUI PI[[0IJUOI-I0ISLIAT
oy $10JSLIAY) JO sonstIaloeIeyd M [dffered ur siojoeded Jo saLIas € JO SISISUOD 1] "SO8—PIW OSO.L
"L [e011309[9 9} AQ PAULAP SIIUI] UIYIIM $ISBIID3P JUILIND dul] ) ur pareadde jeyy tojesuadurod aouejoear aanmedes e st S8
uorsstsuer) 3y m 1amod aanoe sueyoxa jouue)) (1) WS :2“3 Mozmmwu QMHMU ﬁoow :wﬁEmE weo Wmurw Syl QW Burp 4 [<8]
syoeqmeI safejueapy suonIuydJ SIDVd  sadudIafyg

‘panunuo)) i/ AI4V],



Journal of Electrical and Computer Engineering

level of the system effectively. The SSSC is often the most
cost-effective solution for power flow control, but it may not
be suitable for applications where voltage regulation is re-
quired. For hybrid devices, the UPFC is often the most
expensive solution, but it provides the most comprehensive
control over both voltage and power flow [78, 79]. The IPFC
is a newer technology that is still being developed, but it has
the potential to provide a cost-effective solution for power
flow control in multiline systems [80, 81]. To deepen,
a detailed comparative study on the advantages and dis-
advantages of FACTS devices related to voltage stability was
conducted and presented in Table 7.

5. Conclusions

This study gives an overview of the methods that are used
to control and improve voltage stability. On one hand,
various definitions have been presented and briefly
summarized to derive a new definition that takes into
account the process and the involved factors. On the other
hand, an outlook of different analyses and prevention
methods of voltage stability has been proposed. An ex-
haustive classification of voltage stability indices as well as
their different advantages and limitations has been given
to provide a general baseline for decision-making in
choosing appropriate VSIs for identifying the weak area in
the system. Furthermore, a well-detailed comparative
study of the different FACTS dispositive existing in the
literature has been developed to help identify the con-
tribution of each device in voltage stability and its
compatibility with different network parameters and
configurations.
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