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Abstract Electric power systems, around the globe, are changing in terms of
structure, operation, management, and ownership due to technical, financial, and
ideological reasons. Recent trend involves augmentation of power systems in
terms of geographical area, assets additions, and penetration of new technologies
in generation, transmission, and distribution sectors. In this regard, flexible
alternative current transmission system (FACTS) devices play a key role in
enhancing controllability and increasing power transfer capability of the network.
Thyristor-controlled series compensator (TCSC) is an emerging FACTS device
designated to achieve this objective. The conventional methods in solving opti-
mization problems in power systems suffer from several limitations due to
necessities of derivative existence, providing suboptimal solutions, etc. Compu-
tational intelligence plays an important role in determining the optimal solutions
for multiobjective functions. A combinatorial analysis problem in power systems
can be solved by modern heuristic methods in finding optimal solution. Thus, in
this paper, particle swarm optimization (PSO), a wing of evolutionary computation
(EC) encapsulated with heuristic approach, has proposed for finding optimal
location of TCSC. An IEEE standard 5-bus and 14-bus systems have been con-
sidered to test the credibility of the proposed algorithm. The simulation result
proved the efficiency of the proposed approach by optimal placement of the
FACTS device to minimize the losses and to improve the power transfer in a
power system network.
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1 Introduction

Electric power systems have forced to operate to almost their full capacities due to
the environmental and/or economic constraints to build new generating plants and
transmission lines. The amount of electric power that can transmit between two
locations through a transmission network is limited by security and stability
constraints. Power flow in the lines and transformers should not be allowed to
increase to a level where a random event could cause the network collapse because
of angular instability, voltage instability, or cascaded outages [1]. Hence, eco-
nomic operation of power system along with the assurance of refined quality of
power supply to consumers is a challenging task. Due to the introduction of
deregulation in electricity market, installation of flexible alternative current
transmission system (FACTS) devices has become inevitable [3]. Because of the
economic considerations, installation of FACTS controllers in all the buses or the
lines in a system is not feasible. There are several sensitivity-based methods for
finding optimal locations of FACTS devices in power systems described [4].
However, it is required to find the optimal location of FACTS devices by heuristic
method to overcome both economical and technical barriers in accomplishing the
objective. The use of thyristor-controlled series compensator (TCSC) which is a
FACTS device gives a number of benefits for the user of the grid, all contributing
to increase the power transmission capability of new as well as existing trans-
mission lines. These benefits include improvement in system stability, voltage
regulation, reactive power balance, load sharing between parallel lines, and
reduction in transmission losses [2]. Optimal location of TCSC is a task assigned
to particle swarm optimization (PSO) where PSO is an approach to find optimal
solutions for search problems through application of the principles of swarm
intelligence technique [4]. The sensitivity analysis has been carried out for the
location of the different FACTS devices for the solution of optimal power flow [5].
System load ability can be increased using evolutionary strategies that use different
types of FACTS controllers have been discussed [6]. The application of PSO
method for location of FACTS devices to achieve maximum system load ability
with minimum cost of installation of FACTS devices has been evaluated [7].
This paper has focused on loss reduction and to increase the power transfer
capability of the transmission line by optimal location of TCSC using PSO
technique in a power system. An overview of modeling of TCSC and brief
description of PSO are presented in Sects. 2 and 3.1, respectively. Optimal location
of TCSC using PSO has explained in Sect. 4.1.2, which elaborates the traits of an
IEEE 5-bus and 14-bus systems under consideration. It also reveals the results
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obtained on applying the evolutionary strategy to solve the optimization problem.
Finally, the conclusion of the paper is described in Sect. 5.

2 Thyristor-Controlled Series Compensator Modeling

The IEEE TCSC is a capacitive reactance compensator, which consists of three
main components: capacitor bank C, bypass inductor L, and bidirectional thyristors
SCR1 and SCR2 [8]. Series capacitive compensation has used to increase line
power transfer as well as to enhance system stability. Figure 1 shows the main
circuit of a TCSC.

The firing angles of the thyristors are controlled to adjust the TCSC reactance
according to the system control algorithm, normally in response to some system
parameter variations. According to the variation in the firing angle, this process
can modeled as a fast switch between corresponding reactance offered to the power
system. Assuming that the total current passing through the TCSC is sinusoidal,
the equivalent reactance at the fundamental frequency can represented as a vari-
able reactance Xtcsc.

The TCSC can control to work in either the capacitive or the inductive zones
avoiding steady-state resonance [8]. There exists a steady-state relationship
between the firing angle o and the reactance Xtcsc, as described by the following
equation [8]:

Xtesc(®) = % (1)
where,
Xi(0) = Xp——— )

T — 20— sin o

where o is the firing angle, X, is the reactance of inductor, and X; is the effective
reactance of inductor at firing angle [8].

A model of transmission line with a TCSC connected between bus i and bus j is
shown in Fig. 2. During the steady state, the TCSC has considered as a static

Fig. 1 Configuration of a is ic C
TCSC — - i < >

i
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Fig. 2 a TCSC model. b Injection model of TCSC

reactance —jx.. The controllable reactance x,. is directly used as a control variable
in the power flow equations.

The real power injections at bus i(P;.) and bus j(p;.) are given by the following
equations [2]:

P = V2 AG; — Vi‘/j[AGij cos d; + AB;jsin (3,,-] (3)
ch = sz AGU‘ — VZV][AGU COoS 5,‘1‘ — AB,:]' sin 51}] (4)

Similarly, the reactive power injections at bus i(Q;.) and bus j(Q;) can be
expressed as follows:

Qic = — V2 AB;; — V,Vj[AG;;sin §;; — AB;jcos d; (5)
Qjc = — sz AB,’/ -+ V,VJ[AGU sin 5,’j + AB,'J‘ COS (S,j] (6)
where

xerij(Xe — 2x;5)
2
(75+8) (5 + (s —x)")
—Xe (rg —x; + chl'j)
ij = )
(7 +3) (7 + o = x)")

where AG;; and AB;; are the changes in conductance and susceptance of the line
i and line j, respectively.

This model of TCSC is used to properly modify the parameters of transmission
lines with TCSC for optimal location.

AB (8)

3 Proposed Method
3.1 Particle Swarm Optimization

The inherent rule adhered by the members of birds and fishes in the swarm enables
them to move and synchronize, without colliding, resulting in an amazing
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choreography, which was the basic idea of PSO technique. PSO is similar to
evolutionary computation (EC) techniques in which a population of potential
solutions to the problem under consideration has used to probe the search space.
The major difference between the EC techniques and swarm intelligent (SI)
techniques is that EC technique uses genetic operators, whereas SI techniques use
the physical movements of the individuals in the swarm. PSO has developed
through simulation of bird flocking in two-dimensional space. The position of each
agent is represented in X-Y plane with position (Sx, Sy), Vx (velocity along X-axis),
and Vy (velocity along Y-axis). Modification of the agent position has realized by
the position and velocity information. Bird flocking optimizes a certain objective
function. Each agent knows its best value so far, called ‘Pbest’, which contains the
information on position and velocities. This information is the analogy of personal
experience of each agent. Moreover, each agent knows the best value so far in the
group, ‘Gbest’ among all ‘Pbest’. This information is the analogy of knowledge,
how the other neighboring agents have performed. Each agent tries to modify its
position by considering current positions (Sx, Sy), current velocities (Vx, Vy), the
individual intelligence (Pbest), and the group intelligence (Gbest).

The following equations are utilized, in computing the position and velocities,
in the X-Y plane:

Vik+l =W x V,'k + C1 X randl X (Pbesli — Sik) + C2 X rand2 X (Gbest — Sik)

Sik+1 — Sik + Vik+l (10)
where

e Velocity of ith individual at (k + 1)th iteration;
v Velocity of ith individual at kth iteration;

w Inertial weight;

Cy, C; Positive constants both equal to 2;

rand; Random number selected between O and 1;

rand, Random number selected between O and 1;

Poesii Best position of the ith individual;

Gpest Best position among the individuals (group best);
s& Position of ith individual at kth iteration;

The velocity of each agent has modified according to (9), and the position has
modified according to (10). The inertia weight ‘W’ is modified using (11), to
enable quick convergence.

(Wmax - Wmin)

W= Wmax - "
1termax

X iter (11)
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where

Winax Initial value of inertia weight;
Winin Final value of inertia weight;
Iter Current iteration number;
Iter,,x ~Maximum iteration number

3.2 Problem Formulation Equations

Equations that considered for optimization to reduce the losses are given below.

Ng

i = |Vil| Vil ¥i] cos(8: — 0; — 0) (12)
j=1

~Qui = Z!VHvasm( 3 — 05) (13)

Pgi,min < Pgi < Pgi,max

Qgi,min S Qgi S Qgi,max (14)
Pimin < Pai < Pimax
Qdi,min S Qdi S Qdﬁmax (15)
Vi,min S Vi S Vi.max (16)
—0.8 XL < XTCSC < 0.2 XL p.u (17)
N
Ploss;; = Z Gij( i+ sz; 2(VijVayi cos(dy — 52))) (18)
K=1

Ng Np
minZCGi(P0;) - ZBDi(PD[) (19)

i=1 i=1

Py, Qi are the real and reactive power generation at bus i.

Pgi, Qg are the real and reactive power demands at bus i.

V;, d; are voltage and angles at bus i.

Pgi mins Pgimax real power minimum and maximum generation limits at bus i.
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Qgimin, Qgimax Teactive power minimum and maximum generation limits at bus i.
P i min; Pai max real power minimum and maximum demand limits at bus i.

Qi min, Quimax Teactive power minimum and maximum demand limits at bus i.
In the objective function, Cg;(Pg;) is cost function for generating real power Pg; at
bus i, and Bp;(Pp;) is the demand function.

N number of lines

V voltage at the bus

3.3 Proposed Algorithm for Location of TCSC

The algorithm steps for the proposed optimal placement of TCSC device with PSO
are as follows:

Step 1: Initialize the line and bus parameters, particle size, and maximum number
of iterations.

Step 2: The initial population of individuals is created satisfying the FACTS
device constraints given by (17), and it has verified that only one device is
placed in each line individually.

Step 3: Using initial parameters, run load flow to find losses using Newton—
Raphson method.

Step 4: Populate the dependent variable, that is, voltage between its limits with the
number of populations mentioned.

Step 5: Calculate the power loss using dependent variables.

Step 6: The minimum power loss and its position are taken as the Py (position)
and fPpes(power loss)

Step 7: Update each population with the new population and run load flow with
modified admittance matrix, which reflects the reactive power injected
variation.

Step 8: Iteration starts from this point.

Step 9: Process from Step 4 and Step 5 repeated until the stopping criterion, which
is the total number of iteration, reached.

Step 10: The Py value becomes the best for the 1st iteration.

Step 11: From the 2nd iteration, the new Py.s compared with the Gbest, that is,

update and interchanges for the lower power loss.

Step 12: Check whether the final best individual obtained satisfies the above
equations, which means that the load voltage magnitude deviations and
real power losses are minimum.

Step 13: After the final iteration, the Gy value and its position are taken to find
the placement of TCSC.

Step 14: Stop the process.
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4 Simulation Result
4.1 Case Study of IEEE 5-bus System

One line diagram of the above system has shown in Fig. 3. The system consists of
5 buses, 7 branches, and generators connected to buses 1, 2, and 3. The range of
TCSC is taken as —0.8 to +0.2 % from line reactance, and the power flow has
carried out before and after placing the TCSC to determine their benefits.

4.1.1 Line Flow for 5-bus System

The load flow analysis by Newton—Raphson method has been carried out using
MATLAB, and the results are tabulated as shown in Table 1.

4.1.2 Optimal Location of TCSC Found by the PSO Method

Proposed PSO methodology has applied to the IEEE 5-bus system. In this paper,
reactance of TCSC has considered as variable parameter. From the simulation
results, we can infer that TCSC has been optimally located in one of the seven
branches where minimum loss occurs rather than locating all the branches, which
in turn reduces the cost. The location of TCSC and the corresponding reactance
with PSO method have tabulated in Table 2.

BUS 1 BUS 2
1
: >
5 BUS 5
>
2 3 |4
BUS 3 BUS 4 7
—
-« 6

Fig. 3 Single line diagram of 5-bus system
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Table 1 Line flow result for IEEE 5-bus system
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Branch Line Xowd Line losses Power in MW Power in MVAr
MW MVAr

1 1-2 0.06 0.648 —4.702 59.891 4.050

2 1-3 0.24 0.408 —4.239 23.153 3.217

3 2-3 0.18 0.080 —4.066 10918 2.961

4 2-4 0.18 0.231 —3.565 18.221 7.254

5 2-5 0.12 1.298 0.784 50.136 30.437

6 34 0.03 0.237 —1.389 43.573 23.660

7 4-5 0.24 0.154 —4.582 11.333 5.853

Table 2 Result for TCSC allocation with PSO

Line Xgg Xtcsc  Xeir = Xoia — Xtesc  Line losses Power in MW Power in MVAr

MW MVAr

1-2 0.06 0.000 0.06 0.749 —40,400 64.583 2.662

1-3 0.24 0.000 0.24 0.288 —4.598 18.732 4.489

2-3 0.18 0.000 0.18 0.038 —4.191 3.656 5.307

2-4  0.18 -0.1337 0.04623 0.718 —3.714 34.531 8.491

2-5 0.12 0.000 0.12 1.154  0.352  45.725 30.932

34 0.03 0.000 0.03 0.142 —1.675 31.970 21.013

4-5 024 0.000 0.24 0.234 —4.355 15.763 4931

It has noticed that the insertion of the TCSC found by PSO method into the
system has resulted in:

Total Py reduces, real power flow increases, reactive flow changes, and optimal

location of TCSC is in 4th branch.

Graph of line loss verses branch shown in Fig. 4 and graph of power flow verses
branch shown in Fig. 5.

Fig. 4 Line loss verses

branch
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Fig. 5 Power flow verses
branch
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Real Power flow V/S Branch

Branch

———Real Power flow without PSO (1)
— Real Power flow with PSO (2)

4.2 Case Study of IEEE 14-bus System

The data of the IEEE 14-bus system are given in Fig. 6. The system consists of 14
buses, 20 branches, and generators connected to buses 1 and 2. The reactive power

sources connected to buses 3, 6, and 8.

Data: Spuse = 100 MVA, Vi5ax = 1.06 p.u, Vi, = 0.94 p.u, Phax gen. at bus
1 =250 MW, P« gen .at bus 2 = 50 MW, Q... gen. at bus 1 = 10 MVAr,
Omax gen. at bus 2 = 50 MVAr, O« gen. at bus 3 = 40 MVAr, QO,h.x gen. at bus
6 = 24 MVAr, Qnax gen. at bus 8 = 24 MVAr, O, gen. at bus 1 = 0 MVAr,
Omin gen. at bus 2 = —40 MVAr, QO,,i, gen. at bus 3 = 0 MVAr, Q,,i, gen. at bus
6 = —6 MVAr, O, gen. at bus 8 = —6 MVAr.

Fig. 6 Single line diagram
for 14-bus system
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Table 3 Line flow result for IEEE 14-bus system

873

Branch Line Xold Line losses Power in MW Power in MVAr
MW MVAr
1 1-2 0.05917 5.017 3.563 157.556 —66.776
2 1-5 0.22304 2.726 0.569 74.441 —10.116
3 2-3 0.19797 2.370 0.463 75.052 0.971
4 2-4 0.17632 1.798 —1.824 57.188 10.520
5 2-5 0.17388 0.815 —5.100 39.192 —0.044
6 34 0.17103 0.526 —1.304 —21.553 17.636
7 4-5 0.04211 0.472 1.490 —60.014 12.656
8 4-7 0.20192 0 1.632 28.596 5.257
9 4-9 0.55618 0 2215 16.935 13.402
10 5-6 0.25202 0 4.336 42.720 3.880
11 6-11 0.1989 0.050 0.104 6.543 3.554
12 6-12 0.25581 0.076 0.158 7.721 2.469
13 6-13 0.13027 0.220 0.433 17.339 7.215
14 7-8 0.17615 0 0.186 0.006 —10.613
15 7-9 0.11001 0 1.058 28.592 14.373
16 9-10 0.08450 0.017 0.045 6.095 4.186
17 9-14 0.27038 0.137 0.291 9.932 3.567
18 10-11 0.19207 0.009 0.022 —2.968 —1.636
19 12-13 0.19988 0.006 0.006 1.498 0.830
20 13-14 0.34802 0.049 0.099 5.090 1.751

4.2.1 Line Flow for 14-bus System

The line losses and power generation as per Newton—Raphson method have given

in Table 3.

4.2.2 Optimal Location of TCSC Found by the PSO Method

Proposed PSO methodology has been applied to IEEE 14-bus systems. The
location of TCSC and the corresponding reactance with PSO method have been
tabulated in Table 4.

PSO method into the system has resulted in:

Total Py, reduces, real power flow increases, change in reactive flow, and optimal

location of TCSC is in 17th branch.

Graph of line loss verses branch shown in Fig. 7 and graph of power flow verses
branch shown in Fig. 8.
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Table 4 Result for optimal location of TCSC found by PSO

Line X4 Xtcsc Xetr = Xog — Line losses Power in Power in
added Xtcsc MW MVAr MW MVAr
-2 0.0592 0 0.0592 5.015 3.558 157.530 —66.770
1-5 0.2230 0 0.2230 2.727 0.558 74411 —10.622
2-3  0.1980 0 0.1980 2.369 0459  75.040 0.962
2-4  0.1763 0 0.1763 1.798 —1.827 57.302 10.097
2-5  0.1739 0 0.1739 0.807 —5.132  39.772 —0.674
34 0.1710 O 0.1710 0.515 —1.335 —21.508 17.214
4-5 0.0421 0 0.0421 0487 1.536 —61.151 12.010
4-7 02019 O 0.2019 0 1.721  29.427 5.184
4-9 05562 0 0.5562 0 2272 17434 13.231
5-6  0.2520 0 0.2520 0 4.044 41418 2.148
6-11 0.1989 0 0.1989 0.062  0.130 7.597 3.535
6-12 0.2558 0 0.2558 0.069 0.143 7.227 2.733
6-13 0.1303 0 0.1303 0.183  0.361  15.398 7.729
7-8  0.1762 0 0.1762 0.0 0.167 —0.001 —10.074
7-9  0.7100 0O 0.7100 0.0 1.082  29.420 13.548
9-10 0.0845 0 0.0845 0.013  0.022 4.989 4.254
9-14  0.2704 —0.2163 0.0540 0.195 0.083 12.345 —2.568
10-11 0.1921 0O 0.1921 0.015 0.035 —-4.019 —1.564
12-13 0.2209 0 0.2209 0.004  0.004 1.048 1.002
13-14 0.3480 O 0.3480 0.024  0.048 2.765 2.560
Fig. 7 Loss verses branch ineloss V/S Branch
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4.3 Summary of the Results

5-bus system 14-bus system
Parameter Without PSO With PSO  Without PSO With PSO
Real power flow in MW 18.221 (Line 2-4) 34.531 9.932 (Line 9-14) 12.345
Total loss 3.055 MW 3.0 MW 14.288 MW 14.283 MW
Degree of compensations 5 % 5 %

5 Conclusion

It can be observed from the results that using PSO method, TCSC has been
optimally placed in a weak line of the system and resulted in loss reduction in the
lines. The total loss effectively reduces and resulted in a loss reduction, and it
increases the power transfer capability of the line. Hence, this method can be
extended to any practical systems with more number of buses. Further, the same
method can also be effectively applied to shunt FACTS devices to enhance the
voltage stability.
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