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A complete comparison of a number of well-known flexible alternating current transmission system (FACTS) devices for static
voltage stability enhancement is presented. Various performance measures including power–voltage (P –V ) curves, voltage
profiles, and power losses are compared under normal and contingency conditions. The importance of proper modeling of
FACTS devices, including the DC side, is emphasized because, at their limits, most of these devices behave like a fixed capacitor
or inductor. A simple placement technique of series FACTS devices and unified power flow controller (UPFC) is proposed
considering exclusive loading margin enhancement. A new idea of loading margin increase per cost is proposed to find the
appropriate FACTS devices for investment. The paper provides a guide for utilities to have an appropriate choice of FACTS
device for enhancing static voltage stability and loading margin by comparing technical merits and demerits of each of these
devices in terms of system performance. © 2012 Institute of Electrical Engineers of Japan. Published by John Wiley & Sons,
Inc.
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1. Introduction

Voltage instability has been a major threat in power systems.
Voltage instability that could lead to widespread blackout is
more severe in large interconnected power systems compared
to small individual systems. The whole country or an entire
state could get stranded as a result of blackout due to voltage
instability, and the associated losses, both monetary and non-
monetary, could be substantial [1–3]. This phenomenon is more
pronounced in the current electricity market scenario as power
systems will be operating under more stressed conditions due
to profit or social welfare maximization objective. Hence, it
is important for electric power utilities or independent system
operators (ISOs) around the world to do a thorough investigation
on the voltage stability on their systems by taking into account
the neighboring interconnections as well. Here, the fundamental
question is whether the systems have enough loading margin (LM)
even with some credible contingency. If there is enough margin
with credible contingency, the problem of voltage instability could
be avoided.

Though there are a number of factors directly or indirectly
influencing dynamic and static voltage instability, the fundamental
reason of this problem is lack of reactive power reserve [4–7,8].
Unlike real power, reactive power is easy to produce but difficult
to transfer. The challenge here would be to provide adequate
reactive power support at the appropriate location whenever
it is needed. Traditionally, reactive power has been produced
by capacitors because this way of producing reactive power
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is considered the cheapest solution. However, capacitors are
unable to smoothly control their reactive power output which
varies in proportion to the square of the terminal voltage to
which they are connected. That leads to the development and
deployment of devices popularly known as flexible alternating
current transmission systems (FACTS) devices. These devices
can provide dynamic reactive power in a smooth way unlike the
capacitors.

Among various types of FACTS devices, static variable com-
pensator (SVC), static synchronous compensator (STATCOM),
thyristor-controlled series capacitor (TCSC), static synchronous
series compensator (SSSC), and unified power flow controller
(UPFC) are well known [9]. Each of these FACTS devices, how-
ever, has its own characteristics and limitations [9–11]. Some of
these devices, namely STATCOM, SSSC, and UPFC, could be
considered as new-generation FACTS devices as they are based
on voltage source converters (VSCs). In this group, there are no
capacitor or thyristor-controlled reactors (TCRs) as such; however,
the capacitive and inductive effects are realized by appropriate
control of the VSC. These devices are expected to perform better
compared to the traditional counter parts, namely SVC and TCSC.
As these devices defer in cost and construction, it would be use-
ful to study and compare the well-known FACTS devices, namely
SVC, STATCOM, TCSC, SSSC, and UPFC.

Appropriate models of these FACTS devices, including both AC
and DC sides, are required to accurately capture their behaviors
when they are operating at their limits. Moreover, as in the
case of dynamic stability, optimal placement and sizing of these
FACTS devices are important issues [12,13]. Placing appropriate
FACTS device at suitable locations with proper sizes would lead
to maximum LM for static voltage stability. In Ref. [14], detailed
steady-state models with control of SVC and TCSC to study
their effects on voltage collapse phenomena in power systems
are presented. Furthermore, Ref. [15] proposes AC/DC models
for representing the UPFC for load flow and transient stability
studies. In Ref. [11], transient stability and power flow models of
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SVC, STATCOM, TCSC, SSSC, and UPFC suitable for voltage
and angle stability studies are presented. In addition, Ref. [10]
compares a shunt capacitor, SVC, and STATCOM in static voltage
stability improvement.

Very scant research attention has been paid on AC/DC models
of FACTS devices, especially VSC-based ones, in static voltage
stability study as the DC side representation is important in sizing
and accurately representing the limits of these devices. This could
provide more accurate reflections of FACTS devices under stressed
system conditions, especially when the devices are operating at
their limits. The study should also compare all available FACTS
devices in terms of voltage stability margin in the same system to
rank them based on their performances and cost. This would be
useful for utilities who would like to invest in FACTS devices to
select the most appropriate FACTS device in the context of static
voltage stability. The merits and demerits of all FACTS devices
could also be revealed with regard to voltage stability.

Based on the above observation, attention is drawn in this paper
to study the influence of well-known FACTS devices on static
voltage stability. AC/DC model is used to represent AC and DC
characteristics of VSC-based FACTS devices.

The rest of the paper is structured as follows: Section 2
summarizes concepts of static voltage stability. Section 3 presents
structures and models of well-known FACTS devices. Siting and
sizing issues of FACTS for loadability enhancement are addressed
in Section 4. Test system along with analysis tools used and
numerical results and discussion are presented in Section 5.
Finally, in Section 6, a summary of the main conclusions and
contributions of the paper is presented.

2. Loadability

2.1. Loadability Static voltage instability is mainly asso-
ciated with reactive power imbalance. Reactive power support that
the bus receives from the system can limit loadability of that bus
and hence the entire system. If the reactive power support reaches
the limit, usually the maximum limit, the system will approach the
maximum loading point or voltage collapse point due to high real
and reactive power losses due to transmission of real and reactive
power [2,4,10,14]. In order to minimize this, at least the reactive
power support should be local.

In static voltage stability, slowly developing changes in the
power system occur that eventually lead to a shortage of reactive
power and declining voltage. This phenomenon can be seen
from the plot of the voltage at receiving end versus the power
transferred. The plots are popularly referred to as power–voltage
(P–V) curve or ‘nose’ curve. As the power transfer increases,
the voltage at the receiving end decreases. Eventually, the critical
(nose) point, the point at which the system reactive power is
depleted, is reached where any further increase in the active power
transfer will lead to a very rapid decrease in the magnitude of
the voltage. Before reaching the critical point, a large voltage
drop due to heavy reactive power losses can be observed. The
maximum load that can be supplied prior to the point at which
the system reactive power is depleted is called the static voltage
stability margin or loading margin (LM) of the system. It is also
widely known as the loadability of the system.

2.2. Modeling The power flow model is used to investi-
gate static voltage stability because the power flow equation yields
adequate results, as singularities in related power flow Jacobian can
be associated with actual singular bifurcation of the corresponding
dynamical system [2]. The power flow model is represented by

F (z , λ) =
[
�P(z , λ)

�Q(z , λ)

]
= 0 (1)

where F (z, λ) is power flow equation and λ is the loading factor
(LF) or system load change that drives the system to collapse in
the following way:

PD ,i = PDo,i (1 + λKP ,i )

QD ,i = QDo,i (1 + λKQ ,i ) (2)

where PDo,i and QDo,i represent the initial active and reactive loads
at bus i , and constants KPi and KQi , respectively, represent the
active and reactive load increase direction of bus i .

2.3. Analysis techniques The purposes of analysis tech-
niques are to identify system conditions causing voltage instability,
to find LM of the system, and to specify the parameters affect-
ing the voltage stability of the system. In static voltage stability
study, four analysis techniques are popularly used, namely, direct,
modal analysis, continuation power flow (CPF), and optimization
technique methods.

2.3.1. Direct method Direct method uses power flow
equations, singular conditions of the power flow Jacobian, and
nonzero left eigenvectors to find the maximum loading point. An
obvious disadvantage of this technique is the high computational
cost, requiring good initial conditions. In addition, pertinent infor-
mation between maximum LM and the base case is not available.

2.3.2. Modal analysis method In standard power flow,
the Jacobian contains the first derivatives of the reactive power
mismatch equation with respect to the voltage magnitude V .
The load flow Jacobian can be decomposed into left and right
eigenvector matrices and the matrix of singular values. The
singularity of system Jacobian can be used as an indicator to
detect the proximity of voltage instability. Moreover, right and
left eigenvectors, which are the decomposition of the Jacobian,
can reveal information related to the weakest bus and the weakest
area of the system.

2.3.3. Continuation power flow (CPF) method The CPF
method uses the successive power flow solution to fully compute
the voltage profiles up to collapse point to determine the LM.
It involves predictor and corrector steps to guarantee a well-
behaved numerical solution of the related equation. The method
is an iterative method that can trace P–V curve of the system up
to the maximum loading (‘nose’) point without having numerical
problems. P–V curves are currently in use at some utilities for
determining proximity to collapse so that the operator can take
timely preventive measures to avoid voltage collapse.

2.3.4. Optimization method Static voltage stability study
can be carried out by maximizing the LF subject to power flow
equations. Optimization technique such as Lagrangian multipliers
can be used to find the necessary conditions. These necessary
conditions are identical to those obtained from the direct method
with the exception of one equation that guarantees nonzero
left eigenvectors. Other power system limits, such as voltage
and thermal limits, can also be introduced in the optimization
formulation as inequality constraints.

Voltage instability of the system can be avoided by increasing
the voltage stability margin. This margin can be enhanced by
various ways, i.e. by adding reactive power sources, increasing
generation at the appropriate locations, or reducing reactive power
losses throughout the system. Introducing FACTS devices at the
appropriate location, where the reactive power support is needed
the most, is an effective way to increase the voltage stability
margin. It can be also viewed as a way to reduce reactive power
losses, as the power flow is changed to less congested lines. In
the following section, the concepts and structures of well-known
FACTS devices used in this paper are presented.
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Table I. Cost comparison of capacitors and FACTS controllers

Conventional devices/FACTS controller Cost (USD)

Shunt capacitor 8/kVar
Series capacitor 20/kVar
SVC 40/kVar controlled portions
TCSC 40/ kVar controlled portions
STATCOM 50/kVar
UPFC series portions 50/kVar through power
UPFC shunt portions 50/kVar controlled

3. FACTS Devices

The development of FACTS devices in power transmission
system has led to many applications of these controllers not
only to improve various stability issues but also to provide
operating flexibility to power systems. Although FACTS devices
can offer high-speed control for enhancing the power system,
one disadvantage of power electronics-based controllers is their
high cost per unit of rating compared to similar conventional
equipment [9]. However, the long list of benefits that these devices
possess justifies their installation. Table I gives an idea about the
cost of various FACTS controllers [9].

FACTS devices can be connected to a transmission line at any
appropriate location in series, in shunt, or in a combination of
series and shunt. SVC and STATCOM are connected in shunt,
whereas TCSC and SSSC are connected in series. UPFC, on the
other hand, is connected in series and shunt combination. Each of
FACTS devices has its own characteristics and limitations. They
are represented by different models and mathematical equations
depending on the stability issue under consideration and the time
frame involved. In the following subsections, the concepts and
static models of all well-known FACTS devices are presented.

3.1. Shunt FACTS devices

3.1.1. SVC SVC is a shunt-connected static var genera-
tor/load whose output is adjusted to exchange capacitive or induc-
tive current so as to maintain or control specific power system
variables. SVC is similar to a synchronous condenser in that it
is used to supply or absorb reactive power but without a rotat-
ing part. It contains an automatic voltage regulator system to set
and maintain a target voltage level. The basic structure and termi-
nal characteristic of SVC are shown in Figs 1 and 2, respectively.
From Fig. 1, SVC is composed of a controllable shunt reactor and
shunt capacitor(s). The total susceptance of an SVC can be con-
trolled by controlling the firing angle of the thyristors. However,
SVC acts like fixed capacitor or fixed inductor at the maximum
and minimum limits, as shown in Fig. 2.

Appropriate model with DC representation of SVC can be incor-
porated in static voltage stability study by adding SVC equations
in the power flow equations. The validated per-unit differential-
algebraic equations (DAEs) corresponding to this model are as
follows [16]: [

ẋc

α̇

]
= f (xc , α, V , Vref) (3)

0 =
⎡
⎣Be − 2α−sin 2α−π(2−XL/XC )

πXL
I − Vi Be

Q − V 2
i Be

⎤
⎦

︸ ︷︷ ︸
g(α,V ,Vi ,I ,Q ,Be )

(4)

where Be is the total susceptance, α is firing angle of the thyristor,
XL is the inductance, XC is the capacitance, I is the injected
current, and Vi is the terminal voltage of SVC. Equation (4) can
be introduced into the power flow equation in the CPF process. It

Filter

V

a:1

I

Vi

Vref
+

Fig. 1. Basic structure of SVC

V

I

Bmax Vref

Bmin

Fig. 2. Terminal characteristics of SVC

represents the limits not only on the firing angle α but also on the
current I , the control voltage V , and the SVC voltage Vi , as well
as the reactive power Q .

From Fig. 2 and (4), it can be observed that if SVC is
represented only by an AC part, the behavior at the limits (Bmax,
Bmin) can not be revealed. Moreover, the slope between Bmax and
Bmin can be represented by the second subequation in (4).

3.1.2. STATCOM STATCOM is based on a solid-state syn-
chronous voltage source and is analogous to an ideal synchronous
machine except the rotating part. It generates a balanced set of
sinusoidal voltages at the fundamental frequency with rapidly
controllable amplitude and phase angle. As shown in Fig. 3, STAT-
COM is the voltage-source converter, which converts a DC input
voltage into an AC output voltage in order to compensate for the
active and reactive parts needed by the system. STATCOM could
be viewed as superior to SVC because the former provides better
terminal characteristics compared to diminishing characteristics at
low terminal voltages by SVC. Figure 4 shows characteristic of
STATCOM.
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Filter

V,d

a:1

Vi,d

I,q

+ C -

Vref
+

Fig. 3. Basic structure of STATCOM

The per-unit DAEs corresponding to STATCOM controller are
described as follows:⎡

⎣ẋc

α̇

ṁ

⎤
⎦ = f (Xc , α, m , V , Vdc, Vref, Vdc,ref) (5)

V̇dc = VI

CVdc
cos(δ − θ) − 1

RcC
Vdc − R

C

I 2

Vdc
(6)

0 =

⎡
⎢⎢⎣

P − VI cos(δ − θ)

Q − VI sin(δ − θ)

P − V 2G + kVdcVG cos(δ − α) + kVdcVB sin(δ − α)

Q + V 2B − kVdcVB cos(δ − α) + kVdcVG sin(δ − α)

⎤
⎥⎥⎦

︸ ︷︷ ︸
g(α,k ,V ,Vdc ,δ,I ,θ ,P ,Q)

(7)

where Vdc is DC voltage of voltage source inverter (VSI), m
is modulation index, α is angle of internal synchronous voltage
source, Rc is internal DC losses due to switching, Xc is reactance
of the capacitor, δ is the angle of the voltage, and θ is the angle
of the current.

The steady-state model of STATCOM can be readily obtained
from (5)–(7) as

0 =

⎡
⎢⎢⎣

V − Vref ± XSLI
Vdc − Vdcref

P − V 2
dc/RC − RI 2

g(α, k , V , Vdc, δ, I , θ , P , Q)

⎤
⎥⎥⎦ (8)

Equation (8) includes the AC and DC representation of STAT-
COM and it can be directly included in power flow program with
the proper handling of limits to analyze the static voltage stability
of a power system with STATCOM. If DC equations are intro-
duced in the study, more practical solutions regarding to both AC
and DC sides can be obtained.

3.2. Series FACTS devices

3.2.1. TCSC TCSC controllers use TCRs in parallel with
segments of series capacitor bank. The combination of a TCR and
capacitor allows the capacitive reactance to be smoothly controlled
over a wide range and switched upon command to a condition
where the bidirectional thyristor pairs conduct continuously and
introduce appropriate reactance into the line. The basic structure
of the device is shown in Fig. 5. The total susceptance of the line
is controlled by controlling the firing angle of the thyristor.

V

Bmax
Vref

Bmin

Vmin

ImaxImin

Fig. 4. Terminal characteristic of STATCOM

Vk,αk Vm,αm

L

C

Fig. 5. Basic structure of TCSC

Suitable models to handle the control limits and operation
constraints are important. The p.u. DAEs corresponding to this
device are given as follows:[

ẋc

α̇

]
= f (xc , α, V , Vref) (9)

0 =

⎡
⎢⎢⎢⎢⎢⎣

P + Vk Vm Be sin(δk − δm)

−V 2
k Be + Vk Vm Be cos(δk − δm ) − Qk

−V 2
m Be + Vk Vm Be cos(δk − δm ) − Qm

Be − Be(α)√
P2 + Q2

k − IVk

⎤
⎥⎥⎥⎥⎥⎦

︸ ︷︷ ︸
g(α,Vk ,Vm ,δk ,δm ,I ,P ,Qk ,Qm ,Be )

(10)

where k and m are the buses where TCSC is connected in between,

Be(α) = π(k4
x − 2k2

x + 1) cos kx (π − α)/

{XC [πk4
x cos kx (π − α)

− π cos kx (π − α) − 2k4
x α cos kx (π − α)

+ 2αk2
x cos kx (π − α) − k4

x sin 2α cos kx (π − α)

+ k2
x sin 2α cos kx (π − α) − 4k3

x cos2 α sin kx (π − α)

− 4k2
x cos α sin α cos kx (π − α)]} (11)

and

kx =
√

XC

XL
(12)

The steady-state model of TCSC can be easily obtained from
(10)–(12) as

0 =
[

Be − Be,ref

g(α, Vk , Vm , δk , δm , I , P , Qk , Qm , Be)

]
(13)

which can be directly introduced into the power flow formulation.
From (13), the total susceptance of TCSC can be controlled at a
specific value.
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Vk,αk Vm,αm

a:1

Vc,δ

Vinv,b

+ C -

Fig. 6. Basic structure of SSSC

3.2.2. SSSC SSSC is based on a solid-state synchronous
voltage source employing an appropriate DC-to-AC inverter with
gate turn-off thyristor, which can be used for series compensation
of transmission lines. SSSC is similar to STATCOM, as illustrated
in Fig. 6, as it is based on a DC capacitor-fed VSI that generates
a three-phase voltage at fundamental frequency, which is then
injected into a transmission line through a transformer connected
in series with the line.

The per-unit DAEs of SSSC including the control and operation
limits can be elaborated as follows:⎡

⎣ẋc

β̇

ṁ

⎤
⎦ = f (xc , β, m , I , Vdc, Iref, Vdcref) (14)

V̇dc = VI

CVdc
cos(δ − θ) − GC

C
Vdc − R

C

I 2

Vdc
(15)

0 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Pk − Vk I cos(δk − θ)

Qk − Vk I sin(δk − θ)

Pm − Vm I cos(δm − θ)

Qm − Vm I sin(δm − θ)

P − Pk + Pm

Q − Qk + Qm

P − V 2G + kVdcVG cos(δ − β) + kVdcVB sin(δ − β)

Q + V 2B − kVdcVB cos(δ − β) + kVdcVG sin(δ − β)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

︸ ︷︷ ︸
g(β,k ,Vdc ,Vk ,Vm ,V ,δk ,δm ,δ,I ,θ ,Pk ,Pm ,P ,Qk ,Qm ,Q)

(16)

where β is angle of internal voltage, δ is angle of AC voltage
generated by SSSC, and Gc is 1/Rc .

To realize the models in power flow program, (14)–(16) are
used as

0 =

⎡
⎢⎢⎣

I − Iref

Vdc − Vdcref

P − GC V 2
dc − RI 2

g(β, k , Vdc, Vk , Vm , V , δk , δm , δ, I , θ , Pk , Pm , P , Qk , Qm , Q)

⎤
⎥⎥⎦

(17)

which can be incorporated directly into the power flow program.
DC equations are included in the formulation to provide more
practical solutions on DC side.

3.3. UPFC UPFC consists of two identical VSIs: one in
shunt and the other one in series with the line. Two inverters,
namely, a shunt inverter and a series inverter, that operate via a

P+jQ

+ -

Vser

Shunt inverter Series inverter

Pdc

Fig. 7. UPFC configuration

common DC link with a DC storage capacitor allow the UPFC to
independently control active and reactive power flows in the line
as well as the bus voltage. Active power can freely flow in either
direction between the AC terminals of the two inverters through
the DC link. Although each inverter can generate or absorb reactive
power at its own AC output terminal, it cannot internally exchange
reactive power through DC link. The general scheme of UPFC is
illustrated in Fig. 7.

It is obvious that the operation of UPFC is very important
because it affects both the transmission line flow and voltage
magnitude. Operation limit and control constraints of UPFC are
very crucial to realize the actual operation of the device. To realize
that, the validated per-unit DAEs corresponding to this model can
be derived as follows:⎡

⎢⎢⎢⎢⎣
ẋc

α̇

β̇

ṁsh

ṁse

⎤
⎥⎥⎥⎥⎦ = f (xc , α, β, msh , mse , Vk , Vl , Vdc, δk , δl ,

Pl ,ref, Ql ,ref, Vk ,ref, Vdc,ref)
(18)

V̇dc = Vk Ish

CVdc
cos(δk − θsh) + Vm Il

CVdc
cos(δm − θl )

−GC

C
Vdc − Rsh

C

I 2
sh

Vdc
− Rse

C

I 2
l

Vdc
(19)

0 =

⎡
⎢⎢⎢⎢⎢⎢⎣

Psh − Vk Ish cos(δk − θsh)

Qsh − Vk Ish sin(δk − θsh)

Psh − V 2
k Gsh + kshVdcVk Gsh cos(δk − α)

+kshVdcVk Bsh sin(δk − α)

Qsh + V 2
k Bsh − kshVdcVk Bsh cos(δk − α)

+kshVdcVk Gsh sin(δk − α)

⎤
⎥⎥⎥⎥⎥⎥⎦

︸ ︷︷ ︸
gsh (α,ksh ,Vk ,Vdc,δk ,Ish ,θsh ,Psh ,Qsh )

(20)

0 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Pk − Psh − Vk Il cos(δk − θl )

Qk − Qsh − Vk Il sin(δk − θl )

Pl − Vm Il cos(δm − θl )

Ql − Vm Il sin(δm − θl )

Pk − Pl − Psh − Pse

Qk − Ql − Qsh − Qse

Pse − V 2Gse + kseVdcVGse cos(δ − β)

+kseVdcVBse sin(δ − β)

Qse + V 2Bse − kseVdcVBse cos(δ − β)

+kseVdcVGse sin(δ − β)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

︸ ︷︷ ︸
gse (β,kse ,Vdc,Vk ,Vl ,V ,δk ,δl ,δ,Il ,θl ,Pk ,Pl ,Psh ,Pse ,Qk ,Ql ,Qsh ,Qse )

(21)

0 =

⎡
⎢⎢⎣

Ik cos(θk ) − Ish cos(θsh) − Il cos(θl )

Ik sin(θk ) − Ish sin(θsh) − Il sin(θl )

Pk − Vk Ik cos(δk − θk )

Qk − Vk Ik sin(δk − θk )

⎤
⎥⎥⎦

︸ ︷︷ ︸
gcon(Vk ,δk ,Ik ,Ish ,Il ,θk ,θsh ,θl ,Pk ,Qk )

(22)
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where the subscripts se and sh represent series and shunt compo-
nents, respectively, and l represents the line used for current and
power flow control.

The UPFC steady-state model can be obtained by using
(19)–(22) as

0 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Vk − Vk ,ref

Vdc − Vdc,ref

Pse − Pse,ref

Qse − Qse,ref

Psh − Pse − GC V 2
dc − RshI 2

sh − RseI 2
l

gsh(α, ksh, Vk , Vdc, δk , Ish, θsh, Psh, Qsh)

gse(β, kse, Vdc, Vk , Vl , V , δk , δl , δ, Il , θl , Pk , Pl ,
Psh, Pse, Qk , Ql , Qsh, Qse)

gcon(Vk , δk , Ik , Ish, Il , θk , θsh, θl , Pk , Qk )

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(23)

which again can be incorporated into the power flow program.
The limits of UPFC can be divided into two limits: shunt com-

pensation limits, and series compensation limit. Shunt compensa-
tion limits are basically the firing angle and Vdc limits, which can
be handled in the same way as in the case of STATCOM. The
series compensation limit, however, involves the capacity of the
series compensation, which incorporates the active and reactive
power limits.

AC/DC model including AC and DC equations of FACTS
devices can be incorporated in the static voltage stability study
by adding FACTS equations in the power flow equations. These
models are used throughout this paper.

4. Placement and Sizing

Placement and sizing of FACTS devices are important issues.
Placing FACTS devices with the appropriate sizes may enhance
voltage stability of the system in an appropriate way. In this
section, a new methodology is developed for placement of series
FACTS devices and UPFC. Other methods are also available for
placement and sizing, for each FACTS groups, namely, shunt,
series, and combination.

4.1. Shunt FACTS

4.1.1. Placement The best location for reactive power
compensation for improving static voltage stability margin is the
‘weakest bus’ of the system [14,17]. The weakest bus is defined
as the one that is nearest to a bus experiencing voltage collapse
and it can be found by using tangent vector in the predictor step of
the CPF process. Introducing shunt FACTS device at the weakest
bus will improve the voltage stability margin the most.

4.1.2. Suitable size In order to get a rough estimate of
reactive power support needed at the weakest bus and correspond-
ing LM for a given load and generation direction, a synchronous
compensator with no limit on reactive power was used at the weak-
est bus. The amount of reactive generated at the maximum loading
point from the synchronous compensator is considered as the suit-
able capacity of the shunt FACTS capacitors.

Another method of determining the capacities is to find the
relationship between the maximum LF and the corresponding
capacities that the devices can deliver without suffering from
voltage collapse. The optimal capacity is found from the point
at which there is no improvement in the LM.

4.2. Series FACTS

4.2.1. Placement One of the causes of voltage instability
is the increase of reactive power losses that prevent sufficient
reactive power supply from reaching the subregion needing the

reactive power [2]. The reactive power loss sensitivity approach
is proposed to narrow down the candidates and to identify the
weakest line of the system. The weakest line is defined as a line
that needs the reactive power the most. If the series compensation
device is introduced at this line, the LM of the system will be
increased to the maximum value.

Reactive power loss sensitivity (QLS or ∂Qloss/∂λ) can be found
by the ratio of the change of reactive power losses and the
load increase. The equation of reactive power loss sensitivity or
sensitivity index for placement is

QLSij = ∂Qloss,ij

∂λ
≈ �Qloss,ij

�λ
(24)

where QLSij is the reactive power loss sensitivity on line ij,
Qloss,ij is the reactive power loss on line ij, and
λ is the load increase or LF.
Reactive power loss sensitivity can be written as a function of

the sensitivity of the voltage to the load increase in (25). Sensitivity
of voltage to the load increase (∂V /∂λ) is the tangent vector, which
represents the weakest bus in the system. Thus, reactive power loss
sensitivity can represent the weakest line of the system based on
the location of the weakest bus.

∂Qloss,ij

∂λ
= ∂Qloss,ij

∂Vi

∂Vi

∂λ
+ ∂Qloss,ij

∂Vj

∂Vj

∂λ
(25)

where Vi and Vj are the voltage at the end of the line ij.
The sensitivity index is computed at the collapse point. The

compensation device is located based on the sensitivity index,
which identifies the location needing reactive power the most.

4.2.2. Suitable size The size of these series devices can
be found by plotting the corresponding capacity of these devices
against various LFs. The values of reactive power needed at the
collapse point are the minimum capacity for the active and reactive
power.

4.3. UPFC

4.3.1. Placement The best location for introducing UPFC
controller can be found from a group of candidate locations of
shunt and series compensation devices.

4.3.2. Suitable size The capacity of UPFC can be also
found from the active and reactive power needed by the devices at
the voltage collapse point. The capacities of shunt and series com-
ponents are plotted separately. The reactive power requirements
of shunt and series components at the collapse point constitute the
capacity of UPFC.

5. Numerical Results

In this paper, sizing and placement techniques are proposed first
to find the appropriate sizes and locations of FACTS devices for
enhancing LM. Then, various performance measures of the system
with FACTS devices including P –V curves, voltage profiles,
and power losses are investigated in normal and contingency
conditions. LMs of the system with various FACTS devices are
compared.

The IEEE 14-bus test system is used in the simulation, which
consists of five synchronous machines including three synchronous
compensators used only for reactive power support and two
generators located at buses 1 and 2. In the system, there are
20 branches and 14 buses with 11 loads totaling 259 MW and
81.4 MVAr. The value of 259 MW is used as the base mega volt
ampere (MVA) for load increase in the IEEE 14-bus test system.
The modified IEEE 14-bus test system [4] is also used in this
study. The modification from the original IEEE 14-bus test system
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is that generators located at buses 6 and 8 were changed from
synchronous compensators to generators. A single-line diagram of
the modified IEEE 14-bus test system is depicted in Fig. 8.

The western systems coordinating council (WSCC) 9-bus test
system is also used to validate the proposed method for placement
of series FACTS devices and UPFC. The WSCC 9-bus test system
consists of nine buses, three generators located at buses 1, 2, and
3, and three loads located at 5, 7, and 9. The total load in the
system is 315 MW and 115 MVAr. Figure 9 shows the WSCC
9-bus test system.

The study is based on a program developed in MATLAB [18].
These programs are used to find the solution to the voltage stability
study with FACTS devices. The result developed in MATLAB is
compared with university of waterloo power flow (UWPFLOW)
for the case of SVC, STATCOM, and TCSC. The UWPFLOW is
a research tool that has been designed to calculate the LM of the
power system for a given load and generation direction [17]. Only
SVC, STATCOM, and TCSC are available in the UWPFLOW.

5.1. Placement and sizing of FACTS devices In
order to simulate voltage stability based on CPF process, state
variables of system with AC and DC representation of FACTS
devices are introduced in the corrector and predictor steps in the
numerical integration. The state variables of the system with SVC,
STACOM, TCSC, SSSC, and UPFC are 33, 35, 36, 41, and 48,
respectively. These state variables and FACTS equations were
presented in Section 3.

5.1.1. Shunt FACTS devices The best location for reactive
power compensation for improving static voltage stability margin
is the “weakest bus” of the system [2,10,14]. The weakest bus
is defined as the one that is nearest to experiencing the voltage
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Fig. 10. Loading factor versus controller capacities for shunt
FACTS devices

collapse. The weakest bus of the system can be identified by
using tangent vector analysis [2,10]. Tangent vector is the direction
vector of the states on the system voltage profile. It is obtained
from the predictor steps in the CPF process. In IEEE 14-bus test
system, bus 14 is found to be the weakest bus.

A method of determining the capacities is to find the relationship
between the maximum LF and the corresponding capacities that
the devices can deliver without voltage collapse [10]. These
relationships for SVC and STATCOM are given in Fig. 10. It is
clear from Fig. 10 that the optimum capacity required for both
SVC and STATCOM is 150 MVAr. The voltage setting of these
devices is 1.0 p.u. Voltage control is used for SVC and STATCOM.

Another sizing method is to introduce a synchronous compen-
sator with no limit on reactive power at the weakest bus. The
amount of reactive power generated at the maximum loading point
from the synchronous compensator was found to be 150 MVAr at
1.0 p.u. voltage. This will be a good starting point of shunt FACTS
capacities.

5.1.2. Series FACTS devices Reactive-power loss sensi-
tivity approach is proposed to narrow down the candidates and to
identify the weakest line of the system. The weakest line is defined
as a line that needs the reactive power the most. If the series com-
pensation device is introduced at this line, the LM of the system
can be increased to the maximum value. Reactive-power loss sen-
sitivity can be found by the ratio of the change of reactive power
losses and the load increase. To validate the methodology and pos-
sibility for use in the power system applications, some simulations
have been conducted in the test systems under various system con-
ditions including stressed system conditions, which consider N-1
contingency in a transmission line.

The proposed method is at first validated in the WSCC 9-
bus test system. Tables II and III show the reactive power loss
sensitivity index (∂Qloss/∂λ) near LM in the normal condition and
N-1 condition at line 4–5, respectively. The N -1 line contingency
of line 4–5 is arbitrarily selected as it is inside the main loop
network of the system. The value in parenthesis represent ranking
of the lines. The increase of reactive power losses (�Qloss) is
computed first by using load flow calculation at two LFs near
the collapse point. Then, the reactive power loss sensitivity is
calculated from the ratio of the increase of reactive power losses
(�Qloss) and the increase of LF (�λ) as given by (24). LM with
TCSC is obtained from P –V curves using CPF analysis when
TCSC is connected in the line shown in the leftmost column of
the table. From Table II, the reactive power loss sensitivity (QLS)
of line 4–9 is highest; placing the TCSC at this line would increase
LM of the system the most. This can be seen from the LM results
which show the highest LM when a TCSC is connected at line 4–9.
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Table II. Reactive power loss sensitivity index near LM of
WSCC 9-bus test systems in normal condition

Line Normal condition of WSCC 9-bus test system
�Qloss ∂Qloss/∂λ LM [p.u.] with
[MVAr] (ranking) [MVAr/p.u.] (ranking) TCSC (ranking)

4–9 7.400 (1) 1762 (1) 1.4783 (1)
4–5 3.940 (2) 938 (2) 1.2888 (2)
5–6 1.300 (5) 310 (5) 1.1209 (6)
6–7 2.370 (3) 564 (3) 1.1988 (4)
7–8 2.160 (4) 514 (4) 1.2050 (3)
8–9 1.200 (6) 286 (6) 1.1329 (5)

LM of base case without TCSC is 1.1543 p.u. There are six lines in the
base case. The weakest bus is located at bus 9 and then changed to bus 4
near the collapse point.

Table III. Reactive power loss sensitivity index near LM of
WSCC 9-bus test systems with N-1 contingency at line 4–5 in

normal condition

Line N-1 contingency of WSCC 9-bus test system
�Qloss ∂Qloss/∂λ LM [p.u.] with
[MVAr] (ranking) [MVAr/p.u.] (ranking) TCSC (ranking)

4–9 0.820 (3) 804 (3) 0.5115 (3)
4–5 NA NA NA
5–6 3.440 (1) 3373 (1) 0.6561 (1)
6–7 0.300 (4) 294 (4) 0.4643 (4)
7–8 1.020 (2) 1000 (2) 0.5773 (2)
8–9 0.290 (5) 284 (5) 0.4522 (5)

LM of base case is 0.47802 p.u./ There are five lines in the base case./
The weakest bus is located at bus 5. NA is for the base case.

Table III shows the N-1 contingency case when the line 4–5 is
disconnected. QLS at line 5–6 is the highest in this case; locating
TCSC at this line increases LM of the system to the maximum
value. Reactive power delivered by TCSC is calculated by using
steady-state equations described in Section 3.

To further verify the effectiveness of the proposed method, the
results of line ranking according to reactive power loss sensitivity
(∂Qloss/∂λ) for the IEEE 14-bus system and the modified IEEE
14-bus test system are shown in Tables IV and V and Tables VI
and VII for the cases of normal condition and N-1 contingency at
line 2–3, respectively. From Table IV, it can be noticed that lines
1–5 and 1–2 require the reactive power compensation the most, as
they has the highest sensitivity ∂Qloss/∂λ. Having TCSC connected
in lines 1–5 or 1–2 would increase LM to the maximum amount
compared to the other cases. From Table V, connecting TCSC at
line 3–4 in case of N-1 contingency at line 2–3 would result in
the maximum LM.

For the modified IEEE 14-bus test system, QLS at lines 1–2
and 1–5 are the highest. Having TCSC at these lines provides the
highest LM for this case. The QLS at line 1–2 is slightly higher
than that at line 1–5 in this case. This is because introducing
generation at bus 6 in the modified IEEE 14-bus system largely
reduces reactive power losses at line 1–5. However, the rate of
change of QLS at line 1–5 is higher compared to that at line 1–2.
At the point very close to the collapse point, QLS of these two
lines are identical. In this case, two possible locations, lines 1–2
and 1–5, should be considered. Table VII shows the modified test
system with N-1 contingency. QLS at line 3–4 in this case is the
highest, and introducing TCSC in this line enhances LM of the
system the most.

From Tables II–VII, it is obvious that the reactive power loss
sensitivity method offers close results in ranking the lines in terms
of weakness compared to the case with TCSC, both in normal and

Table IV. Reactive power loss sensitivity index near LM of
IEEE 14-bus test systems in normal condition

Line Normal condition of IEEE 14-bus test system
�Qloss ∂Qloss/∂λ LM [p.u.] with
[MVAr] (ranking) [MVAr/p.u.] (ranking) TCSC (ranking)

1–2 2.430 (2) 810 (2) 0.93501 (2)
1–5 2.480 (1) 827 (1) 1.00520 (1)
2–3 1.750 (3) 583 (3) 0.84004 (3)
2–4 1.170 (4) 390 (4) 0.75681 (4)
2–5 0.730 (5) 243 (5) 0.73623 (5)
3–4 0.190 (7) 63 (7) 0.71908 (7)
4–5 0.270 (6) 90 (6) 0.72798 (6)

LM of base case is 0.70398 p.u. There are 17 lines in the base case. The
weakest bus is located at bus 14.

Table V. Reactive power loss sensitivity index near LM of IEEE
14-bus test system with N-1 contingency at line 2–3

Line N-1 contingency of IEEE 14-bus test system
�Qloss ∂Qloss/∂λ LM [p.u.] with
[MVAr] (ranking) [MVAr/p.u.] (ranking) TCSC (ranking)

1–2 0.440 (4) 151 (4) 0.32999 (4)
1–5 0.800 (2) 274 (2) 0.40591 (2)
2–3 NA NA NA
2–4 0.670 (3) 229 (3) 0.33042 (3)
2–5 0.360 (5) 123 (5) 0.29126 (6)
3–4 1.120 (1) 384 (1) 0.45186 (1)
4–5 0.210 (6) 72 (6) 0.29590 (5)

LM of base case is 0.24292 p.u. There are 16 lines in the base case. The
weakest bus is located at bus 3. NA is for the base case.

Table VI. Reactive power loss sensitivity index near LM of the
modified IEEE 14-bus test systems in normal condition

Line Normal condition of modified IEEE 14-bus test system
�Qloss ∂Qloss/∂λ LM [p.u.] with
[MVAr] (ranking) [MVAr/p.u.] (ranking) TCSC (ranking)

1–2 1.790 (1) 2797 (1) 1.1490 (2)
1–5 1.680 (2) 2625 (2) 1.2049 (1)
2–3 1.459 (3) 2279 (3) 1.0717 (3)
2–4 0.769 (4) 1201 (4) 0.96176 (4)
2–5 0.449 (5) 701 (5) 0.93838 (6)
3–4 0.223 (6) 349 (6) 0.93532 (7)
4–5 0.210 (7) 329 (7) 0.93844 (5)

LM of base case is 0.91064 p.u. There are 17 lines in the base case. The
weakest bus is located at bus 14.

Table VII. Reactive power loss sensitivity index near LM of the
modified IEEE 14-bus test system with N-1 contingency at line

2–3

Line N-1 contingency of the modified IEEE 14-bus test system
�Qloss ∂Qloss/∂λ LM [p.u.] with
[MVAr] (ranking) [MVAr/p.u.] (ranking) TCSC (ranking)

1–2 1.130 (4) 408 (4) 0.43412 (4)
1–5 1.970 (2) 711 (2) 0.50519 (2)
2–3 NA NA NA
2–4 1.770 (3) 639 (3) 0.44284 (3)
2–5 0.880 (5) 318 (5) 0.40278 (6)
3–4 4.860 (1) 1755 (1) 0.64573 (1)
4–5 0.690 (6) 249 (6) 0.41532 (5)

LM of base case is 0.37277 p.u. There are 16 lines in the base case. The
weakest bus is located at bus 3. NA is for the base case.
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Fig. 11. Capacity of TCSC at various LFs

in contingency conditions. However, in the modified IEEE 14-bus
test system, there is one incorrect ranking in the first position in the
normal case due to close values of LM. Changing the synchronous
condenser to generator at bus 6 largely reduces reactive power flow
in the line 1–5. However, a group of candidate buses having high
reactive power loss sensitivity could be considered. According to
this, the reactive power sensitivity method provides an effective
method not only to identify the weakest line but also to rank the
lines in terms of reactive power losses.

The reactive power loss sensitivity index is computed close to
the collapse point. The compensation device is located based on
the index, which identifies the location needing reactive power the
most. The index is sensitive to contingencies, as the power system
network is changed when contingency occurred. The criterions for
the use of the index depend upon operating condition, i.e. normal
or contingency, defined by utilities. If the contingency is occurred
at FACTS devices, the worst situation may happen. In this study,
N-1 contingency of shunt FACTS devices is the base case as the
system is returned to the intact case. The N-1 contingency of series
FACTS devices and UPFC is the N-1 of the line where series
FACTS devices or UPFC is connected.

Since TCSC at line 1–5 increases the LM the most in normal
condition, in the rest of the study the series FACTS devices are
placed at line 1–5. The modified IEEE 14-bus test system [4] is
used for the rest of the study.

Sizing of TCSC and SSSC can be found from the voltage
stability study. The size of these series devices can be found by
plotting the corresponding capacity of these devices against various
LFs. For TCSC, Fig. 11 shows the capacity of Qk reactive power
delivered at the sending bus, Qm reactive power absorbed at the
receiving bus, and Q reactive power delivered/absorbed by TCSC
with respect to LFs. The base value of real and reactive power
of FACTS devices in the study is 100 MVA. From Fig. 11, at the
collapse point, TCSC delivers reactive power about 2.4 MVAr.
Hence, the value of 2.4 MVAr is used as the capacity of TCSC.
In the base case, real and reactive power flows in line 1–5 are
0.3838 and 0.05 p.u., respectively.

Figure 12 shows the corresponding reactive power capacities of
SSSC at various LFs. From Fig. 12, at the collapse point, SSSC
delivers reactive power about 12.5 MVAr. From the simulation,
active power needed by SSSC at the collapse point is 0.2 MW.
These values are used for the active and reactive power capacity
of SSSC.

5.1.3. UPFC devices The best location for introducing
UPFC controller can be found from a group of candidate locations
of shunt and series compensation devices. From the group of
candidate buses, it was found that, for the modified IEEE 14-
bus test system, UPFC should be placed at line 9–14 to have
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the highest LM. Line 9–14 is one of candidate locations of shunt
FACTS device since it is the line connected to the weakest bus,
i.e. bus 14.

The capacity of UPFC can be also found from the active and
reactive power needed by the devices at the collapse point. The
capacities of shunt and series component are plotted separately.
From the simulation, active power required at the collapse point for
series and shunt components are 0.45 and 2.3 MW, respectively.
Figures 13 and 14 show the reactive power needed by series and
shunt components of UPFC, respectively. From these figures, it can
be seen that highest reactive power requirement are 18.4 and 100
MVAr for series and shunt components, respectively. The capacity
of UPFC is much lower than that of STATCOM, which is 150
MVAr. In practice, the parameters of FACTS devices including
capacities, reactance, etc., should be selected based on the available
sizes in the market. The variations in the Figs 12 and 13 are due
to numerical nature when the value is small.

5.2. P–V curves and voltage profiles In this section,
various FACTS controllers are compared. Figure 15 shows P–V
curves of the base case with FACTS devices for the modified
IEEE 14-bus test system. LM of the base case and various FACTS
devices are shown in Table VIII. From Fig. 15 and Table VIII, it
can be observed that UPFC gives the highest LM improvement
followed by shunt FACTS devices and series FACTS devices.
The modified IEEE 14-bus test system requires reactive power
compensation at the distribution level; therefore installing shunt
reactive devices could provide higher LM than series devices. The
UPFC, on the other hand, is composed of both shunt and series
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Table VIII. LM and percentage increase of LM of base case,
with FACTS devices

Case LM [p.u] LM increase % Increase

Base case 0.9278 NA NA
SVC 1.2606 0.3328 35.9
STATCOM 1.2625 0.3347 36.1
TCSC 0.9307 0.0029 0.3
SSSC 0.9452 0.0174 1.9
UPFC 1.4165 0.4887 52.7

NA is for the case without FACTS devices.

devices. Introducing UPFC can provide reactive power both at the
bus and at the line, thus making the device the most effective one
in terms of LM improvement in this test system.

Voltage profiles close to the collapse point of base case with and
without FACTS devices are illustrated in Fig. 16. From Fig. 16, it
can be seen that UPFC provides better voltage profiles than other
FACTS devices. Compared to series FACTS devices, shunt devices
give better voltage profiles since the reactive power is introduced
at the weakest bus.

5.3. Power losses Total real and reactive power losses of
the system are plotted in Figs 17 and 18, respectively. From the
figures, it can be seen that both real and reactive power losses
follow the same pattern against load increase. The UPFC results
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in the lowest losses as well as the incremental losses compared to
other FACTS devices, thus giving highest LM and better voltage
profile. Shunt FACT devices provide lower losses compared to
series FACTS devices.

5.4. Contingencies Comparison of LMs for three worst
contingency cases is shown in Table IX for various FACTS
devices. Shunt FACTS devices provide higher LM than series
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Table IX. Loading margin for various line outages for base case
and the cases with various FACTS controllers

Case Loading margins [p.u.] for line outages
1-2 2-3 1-5

Without FACTS 0.25184 0.38278 0.59605
SVC 0.40205 0.49212 0.87061
STATCOM 0.40097 0.49174 0.86916
TCSC NA 0.4033 NA
SSSC NA 0.3964 NA
UPFC 0.5003 0.5596 1.0161

Table X. Capacity, LM, cost, LMIC, and ranking for all FACTS
devices

FACTS Capacity LM Cost LMIC Ranking
[MVA] (shunt, [p.u.] [million [p.u./

series) USD] USD]

SVC (150, 0) 0.3328 6 5.54667E–08 2
STATCOM (150, 0) 0.3347 7.5 4.46267E–08 3
TCSC (0, 2.4) 0.0029 0.096 3.02083E–08 4
SSSC (0, 12.5) 0.0174 0.625 2.784E–08 5
UPFC (100, 18.4) 0.4887 5.92 8.25507E–08 1

NA is for the unstable case.

FACTS devices for all contingency cases, as the system requires
reactive power to compensate the reactive power load. UPFC is
the device that gives the highest improvement in voltage stability
margin. The N-1 contingency of SVC and STATCOM is the intact
case with 0.91064 LM in p.u. For the N-1 contingency of TCSC,
SSSC, and UPFC, the LM of the system is 0.76781 p.u.

5.5. Loading margin increase per cost In order to
compare technical merits and cost of FACTS devices, LM increase
per cost (LMIC) is proposed based on the ratio of the increase of
loadability and the cost. Table X shows capacity, LM, cost, LMIC,
and ranking for all FACTS devices with the capacity obtained from
the previous Sections. From the table, it is concluded that UPFC
has the highest LMIC followed by SVC, STATCOM, TCSC, and
SSSC, respectively. Having UPFC installed in the system may be
the most beneficial to the system in terms of LM and investment
cost.

6. Conclusion

A comprehensive comparison of five well-known FACTS
devices for loadability enhancement was presented in this paper.
A sensitivity factor based technique for series FACTS devices was
also proposed for static voltage stability improvement.

Detailed numerical results obtained for modified IEEE 14-bus
test system showed that UPFC gives the highest LMs in all the
cases, including contingency cases. UPFC also results in lower
real and reactive power losses and better voltage profile at different
loading conditions. Results also showed that shunt FACTS devices
are better than their series counterpart in enhancing loadability
in the intact and contingency conditions. This group of FACTS
devices also yields low loss and better voltage profile compared
to series FACTS devices. Both shunt devices, i.e. SVC and
STATCOM, show comparable performance, and series devices too
show comparable performance, for different operating conditions.
However, the VSC-based FACTS devices show a slightly better
performance in series and shunt groups compared to the respective
traditional FACTS device.
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Appendix

Table A1. SVC data

Xc (p.u.) Xl (p.u.) αmin (◦C) αmax (◦C) Slope (%) S (MVA) kV
1.1708 0.4925 90 175 2 150 26
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Table A2. STATCOM data

Rc (p.u.) R (p.u.) X (p.u.) S (MVA) k Xsl (%)
0.0017 0 0.145 150 0.9 2

Table A3. TCSC data

Xc (p.u.) Xl (p.u.) αmin (◦C) αmax(◦C) S (MVA)
10% of Xl 50% of the line 144 175 100

Table A4. SSSC data

Rc (p.u.) R (p.u.) X (p.u.) S (MVA) K
0.0017 0 0.145 100 0.9

Table A5. UPFC data: shunt part

Rc (p.u.) R (p.u.) X (p.u.) S (MVA) K Xsl (%)
0.0017 0 0.145 150 0.9 2

Table A6. UPFC data: series part

Rc (p.u.) R (p.u.) X (p.u.) S (MVA) k
0.0017 0 0.145 100 0.9
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