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Abstract: Flexible AC Transmission System (FACTS) devices play a vital role in improving the static as well
as dynamic performance of the power system. They serve to make the otherwise rigid, conventional AC systems
flexible ones as they make it possible to adjust the bus voltage magnitudes, phase angles and line impedances at
faster rates in the required directions which will result in the improvement of stability and bus voltage profiles
and reduction of real and reactive power losses. In order to tap maximum benefits out of their installation, the
location and ratings of the FACTS devices are to be chosen optimally. In this paper a PSO based technique has
been presented for solving the problem of device placement and an objective function comprising the weighted
sum of the indicators of line loadings, bus voltage deviations and device cost functions has been formulated .
The objective function is solved through the application of PSO technique and testing has been done using IEEE
14, 30 and 57 bus systems

Keywords: FACTS devices, Thyristor Controlled Series Capacitor (TCSC), Static Var Compensator (SVC),
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I. INTRODUCTION

Present day power systems are highly complex interconnected systems, so it becomes necessary to operate the
power systems in a secure and reliable manner. Due to the dynamic load pattern and ever increasing load demand, power
flows in some of the transmission lines are well above their normal limits while some of the lines are not loaded upto their
full capacity. As a result of this uneven load distribution, the voltage profile of the system gets deteriorated which poses a
threat for the security of the system. Taking into consideration the factors such as ever increasing load demand, economical
and technical constraints involved in setting up new power generation facilities and limitations faced in purchasing right of
ways to realize new transmission corridors it becomes highly essential to utilize the existing generation and transmission
facilities in the most efficient manner. FACTS controllers are found to be an effective alternative for the complex task of
building up new transmission corridors [1].

Modulating and reversing the power flow through the transmission lines in a fast, accurate and precise manner was
made possible through the FACTS (Flexible Alternating Current Transmission System) concept introduced by
N.G.Hingorani [2]. FACTS devices are very effective in improving the voltage profile, reducing the line loadings and line
losses, providing reactive power support over a wide range of operating voltages and enhancing the stability of the system.
They can as well be used with the existing lines in order to enhance their power transfer capability. The power flow through
the network can be controlled without modifying the generation and carrying out any switching operations in the network.
[3]. In order to achieve maximum benefits through the installation of the FACTS devices, devices of suitable ratings need to
be installed at optimal locations [4].

The proposed work deals with the placement of multi-type FACTS devices namely SVC and TCSC. SVC (Static
Var Compensator) was the first device to be released in the market, when the concept of generating controllable reactive
power through switching power converters was introduced. It is a shunt connected device and is installed parallel with a bus.
It has the ability to generate or absorb reactive power at the point where it is connected. More than 800 SVC’s are being
installed worldwide both for utility and industrial purposes. (especially in electric arc furnace and rolling mills)[5].

TCSC (Thyristor Controlled Series Capacitor) is a type of series compensator that can provide many benefits for a
power system including control of power flow in the line, damping power oscillations and mitigating sub synchronous
resonance [6].TCSC is a variable impedance type series compensator. It consists of a series compensating capacitor shunted
by a thyristor controlled reactor. By controlling the firing angle of thyristor, TCSC can change the line reactance smoothly
and rapidly. TCSC has one of the two possible characteristics either capacitive or inductive, can be used for increasing or

decreasing the reactance of the line X ; [7]. Moreover to avoid the over compensation of the line, the maximum values of

capacitance and inductance are fixed at —0.8X ; and 02X ; [8]. World’s first 3 phase, 2*¥*165 MVAR, TCSC was

installed in 1992 in Kayenta substation, Arizona. It raised the transmission capacity of transmission line by 30% and
effectively damped electromechanical power oscillations [9]. Optimal placement of FACTS devices is essential to tap the
maximum benefits in terms of system performance and cost effectiveness.

A loss sensitivity index with respect to the control parameters of FACTS devices has been suggested and with the
computed loss sensitivity index, the FACTS devices are placed on the most sensitive bus or line [10]. Fuzzy based approach
for the optimal placement of FACTS device for enhancing the system security under normal and network contingencies has
been discussed in [11]. The optimal location of a given number of FACTS devices is a problem of combinatorial analysis.

www.iosrjournals.org 45 | Page



Optimal Placement Of TCSC And Svc Using PSO

To solve such kind of problems, heuristic methods can be used [12]. They permit to obtain acceptable solutions within a
limited computation time. The application of Genetic Algorithm for the optimal location of multi type FACTS devices in
order to maximize the system loadability is analysed in [13]. A Differential Evolution based algorithm to decide the optimal
location and device rating has been suggested in [14] with an objective of enhancing the system security under single line
contingencies. The Particle Swarm Optimization (PSO) is applied for the optimal location of FACTS devices to achieve
minimum cost of installation and to improve system loadability, by considering thermal limit for the lines and bus voltage
limit for the load buses as constraints [15]. Sensitivity analysis approach for finding the optimal location and PSO for the
optimal parameter setting of TCSC has been suggested in [16] so as to maximize the loadability.

In this paper, PSO technique is applied to find the optimal placement and capacity of multi — type FACTS devices
(TCSC & SVC). The objective function to be minimized comprises of cost of the device, line loadings and voltage
deviations at the load buses.

II. PROBLEM FORMULATION
A. Objective of the optimization
As the cost of the FACTS devices is high, in order to achieve the maximum benefit, the devices are to be installed
at the optimal locations. The objective function has three terms, the first term represents the installation cost of the devices,
the second and third terms represent the load bus voltage deviations and line loadings respectively. The minimization of the
proposed objective function has to lead to a cost effective security oriented device placement.

The objective function is formulated as

MinF =W, [(Coye * )+ (Crese * S+ MILVDJ+ WA[LL] )
F is the objective function;

C resc 18 the cost of TCSC device in US $/KVar;

C syc is the cost of SVC device in US $/KVar;

S is the operating range of the FACTS device;
LVD is the Load voltage deviation;

LL is the Line loading;

VVl 5 VV2 & W; are the weight factors.

(i) Cost (Crege) & (Cgpe)

The first term of the objective function C. rcsc represents the installation cost of TCSC device and C syc 1s the installation

cost of SVC in the network, which are given by the following equations.

Crese =0.00155> —0.7130s +153.75 ()

Cyye =0.0003s> —0.3051s +127.38 (3

(i1) Load voltage deviation (L VD)

Excessive high or low voltages can lead to an unacceptable service quality and can create voltage instability problems.
FACTS devices connected at appropriate locations play a leading role in improving voltage profile thereby avoiding voltage
collapse in the power system. The second term considered represents the load voltage deviations in order to prevent the
under or over voltages at network buses.

w (VY
LVD:ZM (4)

i\ Ve

n

Vm is the voltage magnitude at bus m

er of is the nominal voltage at bus m & is considered as 1.0 pu.

m refers to the load buses, where Vm is less than er of -
(iif) Line loading (LL)

TCSC is located in order to remove the overloads and to distribute the load flows uniformly. To achieve this, line loading is
considered as the third term in the objective function.
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S ; 1s the apparent power in the line [.

S

Jmax 1S the apparent power rating of line [.

B. The optimization variables

The optimization variables considered in this work are

(a) The number of FACTS devices (TCSC & SVC) to be installed is taken as the first variable.

(b) The location of these devices is considered as the second variable to be optimized. TCSC is placed on a line and SVC is
connected at a load bus. TCSC’s are not installed in the lines where the transformers exist.

(c) Type of the device (TCSC or SVC) to be installed is considered as the third variable.

(d) The rating of the device is considered as the fourth variable.

Only one FACTS device per line or bus is permitted

C. Modelling of FACTS devices
(i) TCSC Modelling

TCSC is a series compensator. It consists of a series compensating capacitor shunted by a thyristor controlled
reactor as shown in figure(a). With TCSC the power flow control can be done by increasing or decreasing the overall lines
effective series transmission impedance, by adding a inductive or capacitive reactance correspondingly. The TCSC is
modeled as a variable reactance as shown in figure (b).

X, The working range of TCSC is considered as
vood follows.
’ —0.8X, < X5 <0.2X, (6)
I ‘ X rcsc 18 the reactance added to the line by placing
\
X, TCSC.
(a) (b X ; is the reactance of the line where TCSC is

located.

(ii) SVC Modelling

SVC is a shunt connected static var generator or absorber whose output is adjusted to exchange capacitive or
inductive current so as to maintain or control specific parameters of the electrical power system. The SVC is a general term
for a TCR (Thyristor Controlled Reactor), a TSC (Thyristor Switched Capacitor) or a combination of both as shown in figure
(c). It works in two modes, capacitive or inductive mode. In inductive mode, it absorbs reactive power and in capacitive
mode it injects reactive power. It is modeled as an ideal reactive power injection at bus i, where it is connected as depicted in
figure (d). SVC is placed in only at load buses.

T i _
b L
EJ il k= Cnr
1%
£ :
re eR TG o
© (@
The reactive power is limited as follows
min max
Osie < Ogye < Ogye @)

Where
e =—100MVar
Oy =100MVar
III. OVERVEIW OF PSO TECHNIQUE
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Particle swarm optimization is a heuristic search technique developed by Eberhart and Kennedy [17] based on the
concept of swarm intelligence exhibited by the flock of birds, school of fish etc in which each member of the group adjusts
its behaviour based upon its own experience and the experience of the swarm. .This sort of social behaviour is used to
simulate the problem solving environment in which a swarm is randomly generated in terms of solution variables of the
problem. The individuals in a swarm are called particles. After generating the swarm, the fitness values of the particles

P

hest ar€ evaluated and compared against the values obtained from the previous iteration. The particles with the best values

of fitness function in the next generation Pb are retained. G, is the best value attained so far by the swarm of particles.

est best

In each iteration, G of the current swam is compared with the GG, of the previous iteration and whichever is lower is

best
retained along with the corresponding particle.
The position update of particles is carried out through the expression (8) in which the velocity is calculated using

best

).
X' =X +Vy" ®)
Vifﬂ = WVI;( taon (Pbimd - Xz‘]; )"' Gl (szeszid - Xil:i ) ©

The inertia weight in (7) is calculated using the following expression.

W . —W.
_ max min % -
w=w,_, ———%iter (10)
iter, ..
This iterative procedure is repeated till a specified number of swarms are reached or until a predefined amount of
time has elapsed or until there is no considerable difference between the outcomes of a few subsequent iterations.

. . C g . th . .
Visﬂ -Velocity of the i™ individual at (k + 1) iteration.
sz -Velocity of the I ™ individual at k" iteration
X k- Position of the I th individual at k& th iteration.
id
.. . NPT th . .
X AL Position of the llh individual at (kK +1)" iteration.
id
P, ... - Best position of the I ™ individual.
best id p

G

1, ¥,-Random numbers distributed within the interval [0, 1]

hestia - Best position among the individuals.

C, C, - Positive constants called acceleration constants.

W - Inertia weight.
W._.. - Initial value of inertia weight.

VVmin - Final value of inertia weight.
itermax - Maximum number of iterations.

iter - Current iteration number.
d=12,....D, D is the number of members in a particle.

i=12,..... m , m is the size of the swarm.

Iv. ALGORITHM
The algorithm of the proposed work is explained below.
Stepl: The system data and the load factor are initialized.
Step2: PSO parameters such as the size of swarm m, maximum number of iterations, the number of variables to be optimized,

and G

Step3: An initial population is randomly generated considering the variables to be optimized. [The number of devices,
location of the device, type of device, rating of the device]
Step4: For each particle i [i = 1, 2...m] in the population, the objective function is evaluated.

and P,

best

limits of each variables in the particle, C; & C, values, VVmin & VVmaX , D, velocity limits, P,7 are initialized.

est best

StpeS: The calculated value of each particle is compared with its Pb of each particle is updated.

est
Step6: G
Step7: A new population is created by changing the velocity and position of the particle.

is calculated, then compared with the (5, __, in the previous iteration and it is updated.

best best
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Step8: If stopping criterion is satisfied, the best individual is printed, else repeated from step 4.
Step9: Steps from 2 to 8 are repeated for different load factors.

V. SIMULATED RESULTS

The proposed method has been tested on standard IEEE 14 bus, 30 bus and 57 bus test systems and the results are
presented in tables 1 to 9. To study the effect of the installation of TCSC and SVC on load bus voltages and line loadings
under overload conditions, the loads on the system were increased in a step by step manner; the real and reactive power
loads connected at various load buses were increased keeping the load power factor constant. The maximum number of
FACTS devices is limited to 2 on a 14 bus system, 3 on a 30 bus system and 5 on a 57 bus system. The test results are
tabulated and an equivalent bar chart representation of the results is also presented for each of the load conditions.

The results are presented here for three different cases namely, variations of load bus voltages and line loadings
under various loading conditions when no FACTS devices are present in the system, with only TCSC’s connected to the
system and with both TCSC as well as SVC connected.

Case () 14 bus system
Tablel: Line loading for different load factors
Table2: Load voltage deviation for different load

Load factor 1 1.1 1.2 1.3 14 1.5 factors

Without TCSC & SVC | 17.5892 | 19.2003 | 20.9319 | 22.4464 | 24.0519 | 25.7766

With TCSC 17.3007 | 19.0305 | 20.6862 | 22.3651 | 23.3228 | 25.0335

With TCSC & SVC 17.1084 | 18.8635 | 18.5792 | 20.5462 | 2141 | 250779 Load factor 1 L 1.2 1.3 14 [
Without TCSC & SVC_|0.3500 | 03696 | 0.4075 | 0.4875 | 0.5680 |0.5022
With TCSC 0.2884[0.3079 [0.3275 (03479 |0.3801 |0.4024
With TCSC & SVC__ [0.2016 | 03060 | 03019 | 0.3147 | 03353 |0.3705

Table3: Location of FACTS devices

Load 1 1 [ 12 [13 | 14 | 15
factor
TCSC location
Line number [TCSC1 | 12 [ 12 | 4 [ 12 ] 6 [ 12
Line number [Tcsc2 | 15 [ 19 [ 18 [ 19 ] 10 [ 18
TCSC & SVC location
Line number [TCSC1 [ 18 [ 12 [ 18 [ 18 | 18 | 5
Bus number [ sver | 13 [ 13 [ 13 J10] 13 ] 8
28
m Without TCSC & SVC
251/ owith Tese
= With TCSC & SVC
24
E=
=
.
o 22
@
£
- 20
18 -

1 11 12 1.3 1.4 15

Load factor
Fig. 1: Line loading VS percentage of load

0.65

W Without TCSC & SVC

06
O With TCSC

055 1l @ with TCSC & SVC
05 1

0.45
0.4

0.35

Load voltage deviation

0.3

0.25

1 1.1 1.2 13 1.4 1.5

Load factor
Fig. 2: Load voltage deviation VS percentage of load

A. Case (II) 30 bus system
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Table4: Line loading for different load factors
Table5: Load voltage deviation for different load

Load factor 1 1.1 1.2 1.3 14 1.5 factors

Without TCSC & ]
§VC 14.5592 | 16.2116 | 17.9504 | 10.7258 | 21.5352 | 23.1761 {gﬁfaf;ﬂésc&wc 061%7 0;-9{4 ﬂ;ﬁﬁ 0};;342 01?43 0;;14
= 1thout - .| . i J. L Xi L 102
With TCSC 145522 | 16.1973 | 17.9397 | 18.7155 | 21.5318 | 231150 | ~uniesc Teoes 060 o728 07335 T 0752 07578
With TCSC & SVC | 14.4592 | 16.1502 | 17.8509 | 19,5663 | 21.2701 | 23.0916 | [wWunTCSC & SVE | 0.6952| 0.6958 | 07103 | 07326 | 07515 | 0.7558

Table6: Location of FACTS devices

‘ Load ‘ 1 ‘ 1.1 ‘ 1.2 ‘ 13 ‘ 14 ‘ 1.5 25
factor m Without TCSC & SVC
TCSC location 231 | o with TsC
Line number TCSC1 2 15 9 9 9 9 ]
Line number TCSC2 | 25 | 28 | 25 | 21 | 21 | 21 oy | LAV TCSCE SVC
Line number TCSC3 | 37 | 30 | 37 | 30 | 30 | 30 2
TCSC & SVC location T
Line number TCSC1 | 57 | 10 [ 3 [ o | 37 | ¢ 219
Bus number SVC1 | 13 | 13 | 13 | 13 | 13 | 13 £
Bus number SVC2 23 19 18 15 25 13 v
15

1 1.1 12 13 14 15

Load factor

Fig. 3: Line loading VS percentage of load

08

| Without TCSC & SVC
o With TCSC
0.76 | @With TCSC & SVC

0.78 4

Q.74 1

0.72 1

0.7

Load voltage deviation

0.68 1

0.66 4

1 11 12 13 14 15
Load factor
Fig. 4: Load voltage deviation VS percentage of load

B. Case (III) 57 bus system
Table7: Line loading for different load factors

Load facter 1 1.1 1.2 1.3 1.4 1.5

Without TCSC & SVC | 53.330 | 61.290 | 70.010 | 79.860 | 92.010 | 105.160
With TCSC 53.260 | 61.230 | 69.920 | 79.660 | 91.590 | 104.230
With TCSC & SVC 52333 | 594761 | 67.789 | 78.862 | 91.011 | 103.11l6

Table8: Load voltage deviation for different load factors

Load factor 1 1.1 1.2 13 1.4 1.5

Without TCSC & SVC 3.880 | 4.160 | 4.460 4.460 5970 6.880
With TCSC 3860 | 4160 | 4450 4.460 5.650 6.780
With TCSC & SVC 3790 | 39815 | 4.4078 4.459 5571 6.033

Table9: Location of FACTS devices

‘ Load ‘ 1 ‘ 1.1 ‘ 1.2 ‘ 1.3 ‘ 1.4 ‘ 1.5
factor

TCSC location

Line number TCSC1 23 14 18 18 18 18
Line number TCSC?2 27 33 49 49 49 49
Line number TCSC3 35 37 73 73 73 73
Line number TCSC 4 45 45 74 74 74 74
Line number TCSC S 63 66 78 78 78 78
TCSC & SVC location

Line number TCSC1 18 49 18 18 18 18
Line number TCSC2 73 77 73 73 73 73
Line number TCSC3 74 78 74 74 74 74
Bus number svCi1 13 26 13 13 13 13
Bus nurnber SVCz2 14 49 14 14 14 14
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Fig.5: Line loading VS percentage of load
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7| mWithout TCSC & SVC
6.5 | |owith Tcsc

@ With TCSC & SVC

6

Load voltage deviation
(ol
4]

4.5 4
4
3.5
1 1.1 12 13 14 15
Load factor

Fig. 6: Load voltage deviation VS percentage of load

It has been observed that for the IEEE 14 bus system, there is a significant reduction in the line loadings when
TCSC’s are connected at optimal locations. When SVC’s are used along with TCSC’s, line loadings are further reduced
thereby improving the level of system security. It is also observed that the load voltage deviations are reduced when TCSC’s
are connected at appropriate locations and when SVC’s were used along with TCSC’s the load bus voltages improve
significantly thereby resulting in a better voltage profiles throughout the system under normal and overload conditions.
Similar results were obtained for IEEE 30 bus and 57 bus systems. The variations of line loadings and bus voltage deviations
under various load conditions are presented in the form of bar charts in Figures1 to 6 for better understanding.

VI CONCLUSIONS

A new method has been suggested for selecting the optimal location and size of TCSC’s and SVC’s under normal
and overload conditions. The objective function formulated consists three terms, first term indicating the installation cost of
the devices, the second term indicating the line loadings and the third one indicating the load voltage deviations. The
objective function has been solved by the application of PSO technique which is basically a heuristic search algorithm
which is well suited for complex, nonlinear problems. It has been found that the placement of TCSC’s and SVC’s of
optimal ratings at suitable locations results in considerable improvement in bus voltage profiles and line loadings are
reduced significantly.
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