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ABSTRACT

Over the past two decades, developing distributed energy sources in electric power grid have created new
challenges related to the power quality, voltage adjustment and proficient energy utilization. Power electronic
converters are widely used to interface the emerging energy systems (without and with energy storage) and
smart buildings with the transmission and distribution systems. Flexible Ac Transmission Systems (FACTS)
and Voltage-Source Converters (VSC), with smart dynamic controllers, are emerging as stabilization and
power filtering equipment to improve the power quality. FACTS devices are of vital significance for tackling
the problem of voltage instability which is inevitable and leads to losses in transmission system networks. These
devices provide fast voltage regulation, ensure system stability and reactive power compensation. In this
regard, modeling, control and appropriate placement of these devices in the transmission lines have been of
great importance for researchers of power transmission systems. By using high speed power electronic
converters, FACTS perform many times faster than the conventional compensation techniques. FACTS not
only provide fast voltage regulation but also damping of active power oscillations and reactive power
compensation. Hence, they increase the availability and reliability of the power systems. But, the functioning
of a FACTS device extremely reckons upon its parametric quantity, appropriate placement, and sizing in the
power network. In this paper, an extensive literature survey is presented to discuss and investigate these
parameters of FACTS devices.
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selection of a suitable site. It is more convenient to
install the fuel based generating station near its source

1. INTRODUCTION

he need of transmission systems arises from

the fact that generation systems cannot be

located near the load centres. The various
factors governing this issue are pollution, smoke and
noise, land constraints and the availability and
transport of fuel. According to the Environmental
Protection Agency (EPA) standards no power plant
can emit more than 1400 Ibs/MW of carbon dioxide.
The power plants emitting this high concentration of
CO; cannot be installed near the localities. The most
crucial constraint in the hydro power plant is the

so as to limit the cost of the transport of fuel. All these
constraints demand a proficient transmission network
so that the electric power is transferred to load centres.

Over the years, major challenges have been faced by
the power system engineers in the transmission of
electric power. A transmission system must be
efficient enough to deliver maximum power with
minimum losses. The voltage levels chosen for the
transmission must be such that they minimize the
losses as well as cost. But, often, we have to make a

! Department of Electrical Engineering, University of Central Punjab, Lahore, Pakistan.
Email: 2ayesha.haroon @ucp.edu.pk, Pirfanshafqat @ucp.edu.pk, chuma.rehman @ucp.edu.pk,

da.nasir@ucp.edu.pk (Corresponding Author), arslan.ashraf @ucp.edu.pk

This is an open access article published by Mehran University of Engineering and Technology, Jamshoro under CC BY 4.0

International License.




Modeling, Control and Placement of FACTS Devices: A Review

trade-off between cost and transmission losses.
Moreover, the design of a transmission system must be
such that it may address external disturbances and
noise. All these challenges must be confronted for a
sophisticated transmission system.

Most of the world's electric power supply
arrangements are widely integrated as there can be
inter-utility, inter- regional or international
interconnections. The persona of transmission system
networks is to pool these interconnected power
systems and load centres. Nevertheless, as the power
system develops, it becomes progressively intricate;
consequently, it can become less secure to line
outages, contingencies These
disturbances produce oscillations in the power system.
If the system has appropriate damping or inertia, these
oscillations may damp out. However, inability of
damping system for damping these oscillations, the
phenomenon of voltage imbalance occurs. This can
lead to inadvertent tripping of generators and can lead
to cascaded failures resulting in a complete black out

[2].

and other faults.

For safe operation of electric power flow, voltage of
all the phases must be balanced. Voltage imbalance
occurs due to shortfall of reactive power at load buses
under accumulated loading conditions or during
contingencies. This can be reinforced using FACTS
controllers  like  Thyristor Controlled Series
Compensator (TCSC), Static VAR Compensator
(SVC) etc. [3]. FACTS devices are adequate to control
the network constraint in a very quick mode by
reactive power management and to ameliorate the
transient stability of an arrangement. Thus, the major
goal of given devices is to upgrade the controllability,
load-ability and hence the wusable transmission

capacity of the power system.

2. NEED OF FACTS CONTROLLERS

The major problem that a power system has to face is
voltage instability as a power system is mostly reactive
[4]. The active power provided by the synchronous
generator is dictated by the mechanical input power.
Whereas, the reactive power depends upon the load
requirements. Voltage break is the phenomenon due to
which the voltage downfalls to a minimum,

exceptionable point due as consequence of occurrence
of events resulting in voltage imbalance. To overcome
this problem, reactive power compensation is an
essential criterion to sustain the voltage profile in the
system.

At present, more innovative technology is utilized for
authentic cognitive operation of transmission and
distribution in power system which enables better
utilization and control of existing transmission
systems. FACTS devices are capable of providing
voltage support by means of fast acting thyristor
switching. These devices can increase power transfer
ability of the line and corroborate the network to
compatible with sufficient tolerances of stability.
They can be employed in the transmission systems to
compensate for the reactive power losses. They are
capable of system compensation by means of series,
shunt, series-series or series-shunt controllers.

3. TYPES

Over the past few years, FACTS devices are proven to
be more efficacious in addressing the power quality
issues. These issues involve voltage spikes, dips,
surges and transients etc. They are widely used to
ensure satisfactory voltage levels during over voltage
and under voltage conditions. Basically seven types
of FACTS devices have been discussed below with
respect to their modelling, control and placement in
transmission line.

3.1 Thyristor Controlled Series Compensator
3.1.1 Modeling

TCSC is a series device which permits a quick and
continuous change in
impedance. It consists of four components, a capacitor
Bank-C, Bidirectional thyristor Switch, a bypass
inductor L and a Metal Oxide Varistor (MOV) as
represented in Fig. 1 [5].

transmission  network

The purpose of MOV is to protect the capacitor banks
during transients. The firing angle o of the
bidirectional switch is controlled in response to the
system voltage profile. Variation of firing angles
introduces a variable reactance of the compensator at
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the fundamental frequency. Mondal et.al. [6] have
proposed the following relation between thyristor
firing angle (o) and Steady State Reactance (Xtcsx)-

Xiese ==X +C (2((71 —a)+sin(2(z —a)))- C, cos*(7 —a)o tan(w(r —a)) - tan(z —a))

ey

where, Xc is capacitive reactance and X is inductive
reactance in relation to equivalent inductive capacitive
reactance Xy c in following equation

_ XcXL
XL = Gex
C = Xc+XLe _axie
1= ’ 2= XL,
i MOV
MOV ED:I
Is Ic |C| g
> > [ >
SCR
i L
G /AR
> g
SCR

Fig. 1: Thyristor Controlled Series Compensator

3.1.2  Control

To improve the transient behaviour of this device, a
Proportional Integral Derivative (PID) controller must
be employed with model which is represented earlier
in Fig.1 and its control loop with detailed transfer
function analysis is discussed in [1]. Another control
technique of TCSC is presented in [7], which is
manipulated through adjusting the stage deferral of the
thyristor pulses to the Phased Lock Loop (PLL) which
is used to synchronize these pulses with line current.
PI controller has been used with series compensator
for filtering, this device consists of basically three
blocks namely: signal conditioning, gain factor and a
compensator [8]. Several researchers presented the
effect of voltage break down in power networks based
on some outcomes like point of break down and some
other designing schemes. A different technique was
presented in [9] to design the output feedback damping
controllers and its installation is determined by
analyzing the modes of its controllability. The
Simulated Annealing (SA) algorithm in [9] is
employed to optimize the controllers and also for

control objectives. It also proposed a complete
discussion on various measurable input signals which
are used to design TCSC controllers. Recently, another
application of TCSC in transmission line was
proposed in [10] which justify the stability of power
system in a very low cost.

3.1.3 Placement

Researchers have used various algorithms to examine
the optimal placement and size of TCSC to attain
maximum benefit from this device. These two
constraints have been of great importance for
researchers. Particle Swarm Optimization (PSO)
technique combined with real time accelerating
coefficients has been discussed in [11] for optimal
placement of TCSC. The Line Stability Index (LSI) is
utilized for proper sizing as well as to allow for precise
indicant about the voltage imbalance in the system
[12]. The value of LSI is zero at no load and 1 at
voltage break down. Optimal location and size can be
found out by reducing the LSI points of several lines.
It is between two lines, it has to be minimized and is
given by the expression:

4Xi; Qljj

LSI;; =
(Visin(e—éii]-))z

1

(2)

Mondal et. al. [6] optimizes the gain, location, lead
and lag time constant of TCSC by using classical PSO
algorithm. This algorithm minimizes the Critical
Damping Index (CDI). The CDI to be minimized is
given by the equation:

cpl=J= (1-¢]) 3

A combined algorithm named Genetic Algorithm
(GA) and PSO is utilized for the optimal placement of
TCSC to reduce real power losses [11]. As given by
Rashed et. al. [13], PSO converges faster than the GA.
A global Harmony Search Algorithm (HAS) is
discussed in [14] for the placement of TCSC as well
as for system security. HAS also converges faster than
the genetic algorithm. It minimizes a fitness function
to obtain optimal location in terms of minimum cost
and losses. The proposed fitness function having
transmission coefficients including losses is as
follows.
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Fitness = a;. JP + ax. JV + az. (Total Investment Cost)
+ as4. (Losses) “)
A placement technique was presented in [15] to lessen
the transmission losses for proper voltage profile and
also to increase the available capacity. Another
technique was proposed named (Trajectory Sensitivity
Analysis) TSA for transient stability at different
considerations of a power system. A new method
using Artificial Neural Network (ANN) was utilized
for different load conditions to satisfy the voltage
stability [16]. This network is applicable on IEEE-14
bus and IEEE-30 bus power system for the calculation
of LSI. The Differential Evolution (DE) is also used
by many researchers to select the ideal position and
parameter estimation for the reduction of power loss
in electric power networks.

3.1.4 Applications

TCSC can amend the transient stability of the system.
It provides voltage support to the system. It can boost
the dynamic performance of the system such as
increasing power transfer capability. It can also be
applicable for damping system oscillations and
mitigating sub synchronous resonance.

3.2 Static Synchronous Series Compensator

The Static Synchronous Series Compensator (SSSC)
is a series controller and has the ability of allowing
reactive power compensation. Here, voltage acts as an
output, having phase difference of 90° with its line
current, to manage both inductive and capacitive
reactance [17]. SSSC can increase electric power flow
ability of transmission line by minimizing its
impedance.

3.2.1 Modeling

SSSC is the combination of VSC and a capacitor bank
which is connected with an injection transfer. When
utilized for reactive power remuneration just, the dc
capacitors must give the dynamic power expected to
balance for misfortunes in the framework. Something
else, when real power infusion is embarked, the DC
capacitor is likewise utilized as a storage device [18].
A current source converter based SSSC has been
suggested in [17]. The primary side of every

with the
transmission line. The control goals of the SSSC are to
keep the present steady and to give the network

transformer is associated in series

reactive power minimization as needed.
3.2.2 Control

Many researchers employed PLL and rotating frame
transformer for the control of SSSC e.g. Ye et. al. [17]
propose the controller of the form u = -Kx + TyrfMe
which results in transfer function after choosing
appropriate K, T and M matrices. Where u is a control
input having gain K with multiple state variables. The
dynamic performance of SSSC has been analyzed
through a PID controller [19]. The control gains of PID
are tuned using Artificial Bee Colony (ABC)
optimization technique. The proposed configuration
is given in Fig. 2.

Plant . .

sT,, €
1+sT,,

l—

. K
AP,,+T‘+A,JA-

Fig. 2: PID Controller for SSSC

These controllers have been generally established in
the feedback loop. Another filter is connected in
cascade with PID controller to rule out any undesirable
disturbance in the steady state. The controller relation
along with the washout in the feedback path is given
in [19]. Washout filter is used as high pass filter to
improve the transient behaviour of plant as well as to
fasten its response.

H(s) = [K, + 2+ Kps| 2] )

1+sTw.

Another model is used in [20] which used multiple
gate pulses for thyristor switching to compensate
reactive power flow as well as to stabilize the terminal
voltage. Transient stability and small signal analysis of
a power system was proposed in [21] to improve the
performance of system. Panda et. al. [22] proposed a
controller for specific design problem using the Real
Coded Genetic Algorithm (RCGA) with time delay
between two signals. A robust controller design in [23]
was implemented to reduce the disturbances as well as
system uncertainties.
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3.2.3 Placement

in electrical load,
transmission lines get overloaded, which can further
trip the electric power flow. Considering this problem,
it is imperative to carefully devise the placement of
controller in transmission lines. Hajforoosh ez. al. [24]
propose PSO technique for placement and sizing of
SSSC and it minimizes a social welfare equation to
alleviate congestion and maximize social benefit.
Consequently, the goal of commercialize operator is to
maximize the social welfare, including load flow
equality and functional inequality restraints. Proposed
objective function in [25] is as:

Due to continuous increase

max {Z}il(aij +byP; + ¢;P7) + |eijsin (fss(Pij -
2
P]l)) Erl\ll:—l CXc,u,k z_n} (5)

GA 1is a widespread optimization purpose algorithm,
founded on the mechanism of natural selection and

genetic science. The proposed social welfare
maximization equation is expressed as:

min

P, {ZND Bp;(Pp) + Cost(FACTS)} (6)

A predisposition based method for operational
determination of SSSC placement in electricity market
is discussed in [26]. It has employed less sensitivity
and active power flow performance indices to
determine the location for SSSC. The proposed indices
are written as:

2n
N w P
PI= T, o (hi) o)
_ aPloss
A= T, (8)

Right hand side of the above expression (8) is equal
to k less than the loss sensitivity with respect to SSC
placed in line where (k = 1, ...N)

The objective function f is used as the reduction of
total loss for voltage profile improvement.

min f = min (Tioss) (&)

This objective function is minimized using improved
particle swarm optimization technique for distributed
SSC.

A new objective function is given in [27] to find out
the optimal location of fact devices. It also proposed
an installation technique of SSC by using iterative
method implemented on 4-bus and 5-bus power
system. Similarly, a method was proposed in [28] to
find out the accurate placement of SSC controller that
maximizes the available transfer capability of power
system.

3.3 Static VAR Compensator

SVC is a shunt device which is capable of regulating
the voltage to a set point during steady state and
contingency preconditions. It can provide dynamic
and fast acting reactive power after contingencies.
SVC can also enhance power transfer capability,
prevent over-voltages, minimize reactive power losses
and mitigate power system oscillation.

3.3.1 Modeling

An SVC typically consists of a combination of two of
the given devices

TCR

TSC

FC

MSC or MSR

A typical model of SVC is shown in Fig. 3 [6].

node n

node n

I .\'r('l

IF'\.
|
i

r|”

Fig. 3: Typical Model of SVC

The effective reactanceX, offered by the SVC in [29]
is given as:
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_ /Ty
Xe - XC (sinZa—Zoﬁn(Z—%)) (10)

3.3.2 Control

Several control algorithms are projected in the
literature switching of thyristor banks
in SVC. Mishra discusses the application of rough
fuzzy controller design for SVC to provide better
control efficiency [30]. A fuzzy logic switching
scheme with variable gain has been presented in detail.
The magnitude of switching control signal depends on
severity of disturbance. The signal diminished when
disturbance ends to avoid unnecessary control action.
A different optimization technique known as Bacterial
Foraging Algorithm (BFA) to model a damping
controller for SVC [31]. This research employed an
objective function(J) which is totally dependent on
time that includes speed deviations
(AW, , ,AW,3, AW, 3) as mentioned in the following
equation:

to control

J =[5 t([AW;2] + [AW,3] + [AW;5])dt (1)
SVC can also be used to mitigate sub synchronous
resonance SSR in power systems. Therefore, an
optimal control must be used for the damping of SSR.
The results presented in [31] also shows that the
optimal control performs better than the PID controller
used for the same application. An additional SVC as
well as STATCOM controller has been proposed in
[32] which used H_controller techniques to eliminate
oscillations. An artificial neural network based
technique is used to design an effective damping
controller for SVC. The control loop of SVC controller
is given in Fig.4.

ref Firing angle Sy
regulator
| ABg,
e
1+ 5T,
Ve B
ot I SVCinternal
K (145T)) delay
hif———
(I+5T5) Av

Auxiliary controller
Fig. 4: Block Diagram for SVC Controller

An analytical approach was proposed in [33] for
multiple SVC controllers to analyse the nonlinear
interactions in power systems It also discusses the
effects of SVC controllers on the stability of system
named single machine dynamic load. For stability
purposes, Chaotic PSO (CPSO) algorithm is used in
which damping controllers were tested for proper
system analysis [34]. A robust controller is recently
proposed by using whale optimization technique for
the transient stability of power system in [35].

3.3.3 Placement

The implementation of the Improved Harmony Search
Algorithm (HIS) technique as a different optimization
technique for governing the best positioning and sizing
of SVC devices in a transmission line as introduced in
[36]. A multi-objective function is considered to
determine the optimal location and size of SVC. The
objectives include the minimization of voltage
deviation, active power loss and installation cost Cgyc
which are given as following expression:

Csys = YI_, 0.0003QZ — 0.3051Q, + 127.38 (12)

The Optimal Power Flow (OPF) and the Low
Discrepancy Sequence (LDS) based optimization
techniques are employed to determine the optimal
allocation of SVC. The OF (objective function) in [37]
that minimizes the cost of generation (C;; and Cg; ) as

well as the cost of devices (Cgy,) is expressed as:

OF = min[(Z, C;y + Cqs) + 2i=1Csvei — Cwith]
(13)

An appropriate approach was published in [37] to
calculate the network security indices for optimal
placement of SVC controllers. Singh suggested a
method called Reactive Power Spot Price Index
(QSPI) under various loading conditions to verify the
performance and placement of controller [38].

3.4 STATCOM

The Static Synchronous Compensator (STATCOM)
are such compensators which do not require large
capacitive and in SVC.
STATCOM is able to provide greater reactive current
generation at depressed system voltages. It can
provide voltage support and enhance the damping of

inductive circuits as
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inter-area oscillations [39]. It successfully improves
the system steady state and dynamic exhibitions,
controls power factor, minimize losses and permits
power flow in existing lines, thus results in the post
fault recovery of a transmission network.

3.4.1 Modeling

A simplified circuital model for STATCOM is
presented in Fig. 5.

If“:\BCIpv ie
1 3 _>5
1

~

ﬂuc

1t

Fig 5: Simplified Circuital Model for STATCOM

A basic structure of a 6 pulse STATCOM connected
to a power grid through a filter and transformer is
presented in Fig. 5. Multilevel converter topologies
have become an important technology in FACTS.
Multilevel converters are made of multiple, identical
H bridge inverters. A multilevel converter based
STATCOM as presented in [40] consists of three
major parts. A VSC with separate DC capacitors,
coupling reactors and controllers.

342 Control

The feedback control strategy is analyzed and
configured in [40] to execute reactive power
compensations as well as capacitor voltage balancing
in a multilevel converter. A nonlinear control of
STATCOM based on differential algebra theory is
presented to perform better than the conventional
linear control. Therefore, a rule based controller for
STATCOM is used to improve system damping for all
load conditions. Kavitha and Neela [41] present a
coordinated design of STATCOM which determines
the design parameters using PSO

optimization. An Equivalent Current Injection (ECI)
model of STATCOM has been presented in Fig.6.

controller

STATCOM controllers were discussed to ensure the
power quality and its effectiveness and proper
modelling of this controller has been discussed in [42]

g+ Jb; I |‘,-’
|

- l
l

jbe

Fig. 6: STATCOM as in Equivalent Circuit Injection (ECI)
Model

which used the Genetic and Evolutionary Algorithm
(GEA) to ameliorate the performance of system. The
applications of STATCOM controllers were presented
in [43] with their using
PSCAD/EMTPDC.

simulation results

3.4.3 Placement

To attain maximum benefit from the device, it should
be positioned at some optimum placement in the
power system. Literature has proposed
optimization methods for the allocation and sizing of
STATCOM. PSO is a creative technique motivated by
the behaviour of birds and fish. The criteria used in

several

PSO is that the voltage digressions at each bus does
not outperform a certain boundary. The objective
function (J) used in [44] is a weighted sum of voltage
variations (V;)and size of STATCOM, as expressed in
following equation:

min() = (T4, (v, - 1)2)*° + L

500 (14)

It also determined the optimal placement of
STATCOM in a two area system using the objective
function for transient stability. A hybrid algorithm,
consisting of ant-colony optimization and genetic
algorithm, optimizes the location and size of ECI
based STATCOM. A combined voltage loss
sensitivity index has been defined in [45] as following
set of equations:

VLSI(j) = aVLIn(j) + BLSIn(j), j=12,....N (15)
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where, n represents normalized values, N is the
number of buses, VSI is voltage sensitivity index, LSI
is loss sensitivity index, and a, § are weight factors.

To determine the optimal location of STATCOM, the
optimal size is managed using genetic algorithm. It
presents a graphical user interface which is able to find
the optimal location and size of multi-type FACTS
device. STATCOM has also been efficiently
employed in Distributed Generation (DG) systems. A
systematic methodology using STATCOM for fast
voltage recovery at the DG bus is presented in [46]. A
stability evaluation of DG systems with index based
placement of STATCOM has been investigated in
[46]. Its objective function minimizes system energy
loss and capacitor investment cost and is expressed as:

min

16
q (16)

j Z}:1 Ci(q?) + ZjLzl ke,jTj l:’loss,j (Xj' qj)

The results in [46] depict that STATCOM controller
having multiple variations in its voltage ratio does not
prove actual placement under these variations but it
only provides excellent damping functionalities as
compared to lying at some different nodes. Proper
optimal location and sizing of STATCOM controllers
were investigated by using PSO and also for voltage
profile performance. Sensitivity analysis is used to
preserve energy margins for finding the optimal
location of STATCOM controllers.

3.5 Interline Power Flow Controller

The Interline Power Flow Controller (IPFC) can
achieve a general active and reactive power flow and
its compensation in transmission network. This ability
makes it feasible to balance both active and reactive
power flow between the transmission lines, and to
increase the viability of the counterbalancing
framework against dynamic disturbances.

3.5.1 Modeling

An IPFC encloses a series voltage into a transmission
line by utilizing a voltage source converter. An IPFC
can compensate two or more lines simultaneously. To
build the structure preserving energy function of an
IPFC, an IPFC has to be comprised by an injection
model [47]. The injection model of an IPFC with two
series branches is shown in Fig.7.

A two converter IPFC using two series injected
voltage sources are used to control power quality and
its flow. For a given magnitude of series injected
voltage, the relation between active power and angle
of injected voltage is given by the author in [47].

| G0,

-

Pri—
Pti0y,

F——>
I:ii +sti1

j XTSRl

L;&

. | Gl
Is?z ) Qsiz

—>
I:iz +stiZ

Fig. 7: The Injection Model of an IPFC with Two Series
Branches

3.5.2 Control

The suggested control technique of an IPFC is based
on energy function is discussed in [48]. The principle
is based on the numerical search for the minimum of
time derivative of the energy function given by:

V(w, $,U) = Vi(w) + V1 (d,U) + Vo (d) + K

(17)
where ¢ = [§T @T], & is rotor angles; 0 is bus-
voltage angles;® is rotor velocities; and U is bus-
voltage magnitudes.

A basic control technique has been proposed for IPFC
to realize the power flow control and A general control
scheme and a special control for IPFC control scheme
has been presented in [49] as shown in Fig.8.

2 2
N 'V 2pga + Vopaq

Series
Inverter 11
gate
pattern
logic

Decoupled
Pi Control

—
O0+1g2 Viypag
T

qud

Phase Lock
Loop

Tae
Fig. 8: General and Special Control Scheme for IPFC
Control
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Many researchers also presented damping based IPFC
controllers to analyse the torque contribution in the
power system. A unique design of generalized
controller is presented in [50] for power flow using
IPFC.

3.5.3 Placement

To ameliorate the voltage profile of the system, IPFC
has to be arranged at an efficacious positioning in the
power system. A hybrid technique cascaded with GA
and GSA is represented in [51]. Proper placement of
IPFC controller is used to stabilize the voltage of
power network. The optimal location of the controller
is found using GA. The proper parameters to
ameliorate the voltage profile of the system are found
using GSA. Another algorithm uses a combination of
Integrated technique and ANN in the nominated
algorithm to find out the proper placement
localizations for IPFC [52].

The sizing of IPFC in the network is articulated as an
optimization problem in [53] to the
transmission line losses. The minimization of total

lessen

cost Toos¢ (active power generation and cost of
installation) is taken as the objective function in [53],
as expressed:

min(Teost) = C1(Pg) + C,(IP) (18)
The optimal location is determined by using the
Lagrangian Relaxation (LR) and ABC algorithm.

3.6 Unified Power Flow Compensator

The Unified Power Flow Compensator (UPFC) is a
versatile device which is used to control the active and
reactive power flow through the line independently. It
is multi-functional power flow controller having
multiple abilities like to maintain terminal voltage at
desired values, line compensation and phase angle
detection as well as regulators [54]. UPFC is the
combination of STATCOM and SSSC. The idea of
UPFC makes it conceivable to deal with all the power
stream control and transmission line compensation
issues. UPFC injects a voltage of variable magnitude
in series with the transmission line whose phase angle
can vary from 0 to 27 with respect to terminal voltage.

The main parts of the UPFC are two three phase
converters, two coupling transformers connecting the
converters to the transmission lines and a dc link
capacitor, as shown in Fig.9.

Transmission line
| AN
AN

/'\f\r’}.h unt transformer |

| VSC 2

el E e
L

Fig. 9: Simplified Configuration of UPFC

Series
transformer

3.6.1 Modeling

A UPFC can be represented by two voltage sources.
These sources represent the output voltage of the two
converters and the impedances are the impedance of
coupling transformers [55]. Equation 18 represents the
power frequency model of a UPFC for dynamic study

Vg2 = (P, — P,)Sp (19)
The presented frequency model works very well with
the dynamic power system with accuracy. Normally
the UPFC model consists of two voltage source
converters, two magnetic circuits, two coupling
transformers, four mechanical switches, two electrical

switches, current and voltage sensors and a controller.

3.6.2 Control

The control of UPFC can be bifurcated into two parts.
The STATCOM is controlled in such a way that it
ingests or engenders the compulsory VARS at the
point of connection. SSSC injects a series voltage into
the transmission line. The control of STATCOM and
SSSC is represented in Fig.10.

i
1
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1 R'grtating |
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Fig. 10: Control of STATCOM and SSSC
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The control scheme discussed in [56] also includes
both series and shunt control. The voltage injected in
series with the transmission line can be divided into
direct and quadrature components. An add-on self-
tunning controller for UPFC is discussed in [57]. If
only PI controller were used, it would not be able to
adapt to change system conditions. The self-tunning
control copes to system alteration and offers excellent
tracking ability.

3.6.3 Placement

UPFC is a tool used to assure the voltage levels at the
sending end and the active and reactive power flows at
the receiving end bus. However, to achieve full
functionality of UPFC, it is mandatory to install it at
an effective location in the power system. Laifa and
Boudour [58] consider the security of electric power
network as well as, it discusses the results after
applying optimization criteria. A modification of PSO
namely Perturbed PSO has been applied to find the
optimal location and parameter settings of UPFC.

The immune algorithm presented in [59] is used to find
the optimal location L(x) and parameters of UPFC.
The objective function is to minimize the cost of active
and reactive power generation and installation cost of
UPFC (J) which is given as:

min(L(x)) = f(X) + PF.|] — 1| (20)

J = ITiine OVLiine X [1gus VSpus (21)
It has been observed that increase in load can cause
instability in power system and optimal positioning of
UPFC can reinstate the system to balanced condition.
Genetic algorithm is generally applied as an optimal
placement method for UPFC. A novel method known
as cat swarm optimization technique is proposed in
[60] to discern the optimal placement and sizing of
multiple UPFCs under large contingencies. The
objective function consists of three parts. First part is
concerned with the voltage levels. Second part
consists of optimal location and size of UPFC. And the
third part is maximum load-ability of power networks.
The expression for objective function (F) as a function
of multi objective functions with cost coefficients are
expressed as:

F=@.F; + @,F; + @3F; (22)
Aghazadeh et.al. [61] address a new fuzzy based
optimization technique namely multi objective honey
bee mating optimization. Maximization of total
revenue and minimization of voltage divergence are
considered for the objective functions.

3.7 Distributed Power Flow Controller

The Distributed Power Flow Controller (DPFC)
utilizes the Distributed FACTS (D-FACTS) concept
and is derived from the UPFC. The DPFC can be
regarded as a UPFC with an eradicated common dc
link. It engages multiple small-size single-phase
converters instead of one three-phase series converter
in the UPFC [62]. Appropriate sizing, tuning and
placement is an important part of FACTS installation.
For this purpose, an optimization procedure must be
employed. This problem optimizes various objective
functions such as voltage profile, voltage stability, loss
of power and operational cost. Shrivastav et. al. [63]
proposed the design of proper location and size of the
device. The control capability of both DPFC and
UPFC are same. A case study is proposed in [64] based
on infinite bus bar system to improve the quality of
power by using DPFC. The design problem of a
FACTS device is formulated as an objective function
which can be used for the improvement of transient
stability, voltage profile, losses minimization as well
as minimization of cost [65]. This objective function
can be minimized by using an optimization technique.
Some of the algorithms that are widely discussed as
SFLA (Shuffled Frog Leaping Algorithm), PSO and
GA can be used for the placement of FACT device.
But proper placement of DPFC has not been analyzed
so far.

A detailed comparative analysis of each device with
respect to its control and placement has been discussed
in Table 1. It clearly shows that every technique differs
from others in each domain.

4. CONCLUSION

FACT devices are of great importance for stability,
voltage regulation, damping the system oscillation and
reactive power compensation of power networks.
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FACTS devices are more efficient and fast as
compared to traditional compensation techniques. In
regard to this, the placement and sizing of these
devices an assiduous task. So far,
researchers have proposed the modeling, control and
optimal sizing of several FACT devices.

is various

In this paper multiple FACT devices has been
discussed in regard to their modeling, control and
optimal placement in power systems. It has been
investigated that the modeling of DPFC has been
proposed by various authors, but the control and
optimal placement of DPFC is still unexplored. In this
regard, the control and placement of DPFC in power
systems can be suggested as a future work.
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