= International Journal on Electrical Engineering and Informatics - Volume 4, Number 4, December 2012

Particle Swarm Intelligence based allocation of FACTS controller for the
increased load ability of Power system

Biplab Bhattacharyya®, S.K.Goswami?, Vikash Kumar Gupta®

1Dep‘[. of EE, Indian School of Mines, Dhanbad, Jharkhand, India
2Dept. of EE, Jadavpur University, Kolkata, India
3Dept. of EE, Indian School of Mines, Dhanbad, Jharkhand, India

Abstract: This paper presents Particle Swarm Optimization (PSO) based approach for
the allocation & coordinated operation of multiple FACTS (Flexible AC Transmission
System) devices for the economic operation as well as to increase power transfer
capacity of an interconnected power system under different loading condition. The PSO
based approach is applied on IEEE 30-bus system. The system is reactively loaded
starting from base to 200 % of base load. FACTS devices are installed in the different
locations of the power system and system performance is noticed with and without
FACTS devices. First, the locations, where the FACTS devices to be placed is
determined by calculating active and reactive power flows in the lines. A Particle
Swarm Optimization based algorithm is then applied to find the amount of magnitudes
of the FACTS devices. This Particle Swarm Optimization based approach for the
placement of FACTS devices Yields promising result both in terms of performance and
economy which is clearly observed from the result obtained.

Keywords: FACTS Devices, Line Power Flow, Optimal Location of FACTS Devices,
Particle Swarm Optimization.

1. Introduction

In recent years power demand has increased substantially while the expansion of power
generation and transmission has been limited due to limited resources and environmental
restrictions. As a consequence some transmission lines are heavily loaded and system stability
becomes a power transfer limiting factor. Flexible AC transmission system (FACTS)
controllers are mainly used for solving various power system steady state control problems.
However recent studies reveal that FACTS controllers could be employed to enhance power
system stability in addition to their main function of power flow control. It is known that the
power flow through an ac transmission line is a function of line impedance, the magnitude and
the phase angle between the sending and the receiving end voltages. By proper coordination of
FACTS devices in the power system network, both the active and reactive power flow in the
lines can be controlled. Tighter control of power flow and the increased use of transmission
capacity by FACTS devices are discussed in [1]. A scheme of power flow control in lines is
discussed in [2]. The system load ability and loss minimization are used as an objective
function. Use of static phase shifters and FACTS controllers to increase the power transfer
capacity in the transmission line is described in [3]-[4]. A simple approach based on the
optimal location of FACTS devices are discussed in [5]. Modeling and optimum location of
variable FACTS devices are discussed in [6]-[7]. Power injection model of FACTS devices and
Optimal Power Flow (OPF) model is discussed in [8]-[9] which present a novel power flow
control approach to enable the working of different FACTS devices. Assessment and Impact of
FACTS devices on power networks have been discussed in [10] through the concept of steady
state security regions. The placement of different FACTS devices in a power system using
Genetic Algorithm is discussed [11]. The system load ability is carried out to measure power
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system performance. In [12] authors have discussed about the most important feature of the
TCSC i.e. its variable degree of compensation that can be used in damping out low-frequency
oscillations, controlling the power flow, etc. In [13] an adaptive stabilizer design for SVC
control in power systems for either voltage regulation or controlling dynamic and transient
performance under abnormal condition is discussed. Steady state firing angle model of SVC
and TCSC for power flow solution were developed and discussed in [14]. Use of Thyristor
Controlled Series Capacitor (TCSC), Unified Power Flow Controller (UPFC), Thyristor
Controlled Voltage regulator (TCVR), and Static Var Compensator (SVC) were studied in [15]
for increased power flow.

The objective of this present work is the optimal allocation of FACTS devices in the
transmission network so the transmission loss becomes minimized and also for the
simultaneous increase of power transfer capacity of the transmission network that ultimately
yields minimum operating cost under various loading conditions. Minimization of transmission
loss is a problem of reactive power optimization and can be done by controlling reactive
generations of the generators, controlling transformer tap positions and adding shunt capacitors
in the weak buses [16] but the active power flow pattern can not be controlled. Power flow
control with different FACTS devices were discussed in [17]. In the proposed work, first the
locations of the FACTS devices are identified by calculating different line flows. TCSC’s are
placed in lines where reactive power flows are very high and the SVC’s are connected at the
receiving end buses of the other lines carrying significant amount of reactive power.

2. FACTS Devices
Modeling of FACTS Devices

For the steady state analysis it is necessary to model the FACTS devices mathematically.
Thyristor controlled switched capacitors (TCSC) and Static VAr Compensators (SVC) are used
as FACTS devices in the transmission network in this approach.

TCSC

TCSC acts as either inductive or capacitive compensator by changing the line reactance. The
maximum value of the capacitance is fixed at -0.8 X, and 0.2X; is the maximum value of the
inductance, where X is the line reactance. When a TCSC is connected to a particular line, its
admittance can be written as

1

—_— (M
R + j(X + Xtesc)

Gresct j Bresc=

where R and X are the resistance and reactance of the line without TCSC.

TCSC allows faster changes of transmission line impedance. Figure 1 shows the
mathematical model of TCSC connected with transmission lines.

1

XTCSC ZLine
Figure 1. Mathematical Model of TCSC.

ZLine = R + JXL
Xij = XL + XTCSC
Xrese = Irese X Xq
Where

X = Reactance of the transmission line.

Line
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Xrese = Reactance of TCSC.
rrosc = Coefficient which represents the compensation degree of TCSC.

SVC

SVC can be considered as to generate or absorb controllable reactive power by synchronously
switching capacitor and reactor banks “in” and “out” of the network. The main function of
SVC to absorb reactive power from the bus or to inject reactive power to the bus where it is
installed. The SVC's effective reactance Xgyc is determined by parallel combination of X¢ &
Xy and is given by

Xsve = 7 XX, 2)
X [2(7- )+ 2sina]-7 X

where & is the firing angle.
The SVC model is shown in figure 2.

Isve

L
l B

Figure 2. SVC firing angle model.

FACTS Devices cost Functions

TCSC:
Crese= 0.0015(0R)?- 0.7130(OR) + 127.38 (US $/kVar) 3)
SVC:

Csve= 0.0003(OR)?- 0.2691(OR) + 188.22 (US$/kVar) (4)

Here, (OR) is the operating range of the FACTS Devices.

3. Optimal Placement of FACTS devices

Having made the decision to install a FACTS device in the system, there are three main
issues that are to be considered: types of device, its capacity and location. The decision where
they are to be placed is largely dependent on the desired effect and the characteristics of the
specific system. SVCs are mostly suitable when reactive power flow or voltage support is
necessary. TCSC devices are not suitable in lines with high Reactive Power flow. Also the
costs of the devices play an important role for the choice of a FACTS device. There are two
distinct means of placing a FACTS device in the system for the purpose of increasing the
system’s ability to transmit power, thereby allowing for the use of more economic generating
units. That is why FACTS devices are placed at the more heavily loaded lines to limit the
power flow in that line. This causes more power to be sent through the remaining portions of
the system while protecting the line with the device for being overloaded. This method which
sites the devices in the heavily loaded line is the most effective. If reactive power flow is a
significant portion of the total flow on the limiting transmission line, either a TCSC device in
the line or a SVC device located at the end of the line that receives the reactive power, may be
used to reduce the reactive power flow, thereby increasing the active power flow capacity.
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4. The Proposed Approach

Here the main objective is to minimize the total operational cost under different loading
situation by incorporating FACTS devices at suitable locations of the transmission network.
Inclusion of FACTS controllers also increase the system cost. So, optimal placements of
FACTS devices are required such that the gain obtained by reducing the transmission loss is
significant even after the placement of costly FACTS devices. Installation costs of various
FACTS devices and the cost of system operation, namely, energy loss cost are combined to
form the objective function to be minimized. Besides FACTS devices, transmission loss can be
minimized by optimization of reactive power, which is possible by controlling reactive
generations of the generator’s, controlling transformer tap settings, and by the addition of shunt
capacitors at weak buses. But with FACTS devices both the active and reactive power flow
pattern can be changed and results significant changes in the system performance. The optimal
allocation of FACTS Devices can be formulated as:

CroraL=Cy (E) +C, (F) ®)

where C,(E) is the cost due to energy loss and C,(F) is the total investment cost of the FACTS
Devices.

Subject to the nodal active and reactive power balance
min max
Ri <P <F,

Q" <Q, <Qp"

voltage magnitude constraints: V;"" <V, <V,™
and the existing nodal reactive capacity constraints:

min max
gi < Qgi < Qgi
Superscripts min, max are the minimum and maximum limits of the variables.

The power flow equations between the nodes i-j after incorporating FACTS devices would
appear as

TCSC:
N-I
Pgi —Ppi + P; - ZViVj(Gijcoséﬁ + Bijsin &) = 0 (6)
j=1
N-1 _
Qai — Qoi + Qi(i“j) - Z ViVi(Gijsin6i — Bijcos0i) 0 @)
j=1
N-1
Pg; —Poj T Pi - % "ViVj(Giicos 6 + Bjisin @) =0 )
=1
N-1 _
Qgj — Qoj TQjinj) - Z ViVi(GisinBj — Bicosfy) 0 9)
j=1
SVC:
N-1
Qai— Qoi T Qirinj - Z ViVi(Gisin®i — Bijcos0i) ~ 0 (10)

j=1
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P; and Qjnj are the real and reactive power flow change takes place at the nodes due to
TCSC connected to a particular line between the nodes i & j. Qirgnj is the reactive power
injection due to SVC. These changes in the power flow equations are taken into consideration
by appropriately modifying the admittance bus matrix for execution of load flow in evaluating
the objective function for each individual population of generation both in the cases of Genetic
Algorithm and Particle Swarm Optimization based approaches.

In this approach, first the locations of FACTS devices are defined by calculating the power
flow in the transmission lines. Then TCSC positions are selected by choosing the lines carrying
largest reactive power. Lines 25, 41, 28 & 5 are found as the lines for TCSC placement and
simultaneously series reactance of these lines are controlled. 21%, 7% 17" & 15" buses are
found as the buses where suitable reactive injection by SVC could improve the system
performance.

PSO approach in brief:
The formulae on which PSO works is given as

v = w,0f +C, rand x(P —Sik)+ C, rand ><(gbest —Sik)

best;
Where,
k
U —
current velocity of agent i at iteration K,
_ a)max B a)min H . . . .
=0, ——.—XIter - is the modified velocity of the ith agent
iter_

rand —is the random number between 0 and 1,
S — current position of agent i at iteration k,

Ci—>  weight coefficient for each term,

F)besti —> Phest of agent i,

Obest —> Ohest Of the group,
@, — weight function for velocity of agent i.

Where o is updated by the following equation at each iteration
[0 — @, .
0=, ———xIter
iter_

Here 0, =0.9, @, =0.4, iter,

max

=500 and iter = current iteration, C; and C, are set to 2.0.

PSO is used after the solution obtained by the Fuzzy approach for optimal setting of
transformer tap positions, Generator’s reactive generations. Here the control variables are
represented with in a string. Initially strings are generated randomly and each string may be a
potential solution. In PSO, each potential solution, called particles is assigned a velocity. The
particles of the population always adjust their velocity depending upon their position with
respect to the position of the pbest (the particle having the best fitness in the current
generation) and the gbest (the particle having the best fitness upto the present generation).
While adjusting their velocities and positions, particles adjust their fitness value as well. The
particle having the best fitness among all is selected as the pbest for the current generation, and
if this pbest has better fitness than the gbest, it takes the position of the gbest as well. In PSO,
therefore, the gbest particle always improves its position and finds the optimum solution and
the rest of the population follows it. The string length depends upon the problem and the
control variables within the string are shown in figure 3.
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TCSC SvC Transformer Tap Reactive Generations of
Generators

1 2 3 4 1 2 3 4 1 2 3 4 1 123 4 |5

Figure 3. Strings Representing the Control Variables.

Figure 4. Shows flowchart of proposed power flow in PSO approach.
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Figure 4. Flowchart of proposed power flow in PSO.
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Table 1. Reactive power flow without FACTS devices.

Base 150% Base 175% Base 200% Base
Reactive Reactive Reactive Reactive
Load Load Load Load
0.0150 0.0140 0.0133 0.0126
-0.0033 0.0153 0.0248 0.0345
-0.0582 -0.0363 -0.0250 -0.0136
-0.0277 -0.0153 -0.0090 -0.0025
0.0390 0.0387 0.0386 0.0384
-0.0510 -0.0312 -0.0211 -0.0107
0.0241 0.0165 0.0126 0.0086
0.0297 0.0696 0.0899 0.1105
0.0731 0.0884 0.0958 0.1032
0.0134 -0.0703 -0.1133 -0.1572
-0.1101 -0.0751 -0.0571 -0.0386
-0.0314 -0.0028 0.0120 0.0270
-0.2252 -0.2746 -0.2998 -0.3254
0.0315 0.1178 0.1618 0.2064
-0.0685 -0.0341 -0.0164 0.0016
-0.3016 -0.3874 -0.4308 -0.4747
0.0198 0.0346 0.0421 0.0497
0.0507 0.0930 0.1146 0.1365
0.0168 0.0427 0.0559 0.0692
0.0024 0.0089 0.0122 0.0155
-0.0020 0.0145 0.0228 0.0313
0.0091 0.0234 0.0307 0.0380
-0.0005 0.0091 0.0139 0.0188
-0.0346 -0.0420 -0.0457 -0.0493
0.0441 0.0553 0.0608 0.0664
0.0608 0.0735 0.0798 0.0860
0.0939 0.1430 0.1677 0.1925
0.0419 0.0650 0.0766 0.0883
-0.0205 -0.0283 -0.0323 -0.0361
0.0149 0.0360 0.0467 0.0576
0.0204 0.0351 0.0425 0.0500
-0.0016 0.0113 0.0178 0.0244
-0.0073 -0.0155 -0.0195 -0.0235
0.0237 0.0355 0.0414 0.0474
-0.0310 -0.0510 -0.0611 -0.0712
-0.0383 -0.0027 0.0156 0.0345
0.0166 0.0240 0.0277 0.0315
0.0166 0.0237 0.0273 0.0309
0.0060 0.0087 0.0101 0.0114
0.0083 0.0306 0.0421 0.0539
0.0421 0.0581 0.0665 0.0751

Table 2. Location of different FACTS devices in the transmission network.

TCSC in lines

SVC in Buses

25,41,28,5

21,7,17,15
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Table 3. Bus Voltage and Phase angle for 200% reactive loading.

Bus Bus Voltage Bus Voltages Bus angle Bus angle
No. Without With FACTS without With FACTS
FACTS using PSO FACTS using PSO
1 1.0500 1.0500 0.0000 0
2 1.0338 1.0338 -0.0481 -0.0483
3 1.0284 1.0215 -0.0813 -0.0793
4 1.0231 1.0149 -0.0975 -0.0951
5 1.0058 1.0058 -0.1579 -0.1591
6 1.0182 1.0100 -0.1127 -0.1112
7 1.0014 0.9952 -0.1391 -0.1383
8 1.0230 1.0230 -0.1137 -0.1146
9 1.0302 1.0933 -0.1415 -0.1380
10 1.0135 1.0801 -0.1755 -0.1694
11 1.0913 1.0913 -0.1083 -0.1067
12 1.0295 1.0674 -0.1644 -0.1511
13 1.0883 1.0883 -0.1432 -0.1307
14 1.0096 1.0558 -0.1789 -0.1658
15 1.0036 1.0574 -0.1795 -0.1711
16 1.0122 1.0618 -0.1728 -0.1622
17 1.0050 1.0662 -0.1775 -0.1696
18 0.9906 1.0487 -0.1893 -0.1800
19 0.9871 1.0477 -0.1920 -0.1825
20 0.9926 1.0547 -0.1888 -0.1801
21 0.9956 1.0684 -0.1816 -0.1773
22 0.9965 1.0678 -0.1816 -0.1767
23 0.9892 1.0476 -0.1851 -0.1763
24 0.9819 1.0469 -0.1877 -0.1794
25 0.9901 1.0527 -0.1885 -0.1794
26 0.9651 1.0271 -0.1917 -0.1809
27 1.0079 1.0694 -0.1859 -0.1773
28 1.0121 1.0055 -0.1195 -0.1184
29 0.9832 1.0448 -0.2057 -0.1942
30 0.9696 1.0315 -0.2208 -0.2072
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Table 4. Reactive power flow with FACTS devices using PSO Approach.

Base Reactive 150% Base 175% Base 200% Base
Load using Reactive Load Reactive Load Reactive Load
PSO using PSO using PSO using PSO
(p-w) (p-u) (p-u) (p-u)
0.0133 0.0131 0.0129 0.0120
0.0547 0.0524 0.0089 0.0641
0.0146 0.0104 -0.0443 0.0239
0.0301 0.0218 -0.0244 0.0273
0.0384 0.0383 0.0385 0.0380
0.0071 0.0099 -0.0366 0.0258
-0.0327 -0.0035 0.0271 0.0076
0.0806 0.1058 0.0739 0.1427
0.0224 0.0525 0.1052 0.0714
-0.2323 -0.2438 -0.0523 -0.3106
-0.3905 -0.3893 -0.4220 -0.3623
-0.1353 -0.1340 -0.1843 -0.1116
0.0634 0.0596 0.1285 0.0134
0.0574 0.0620 -0.1560 0.1365
-0.2448 -0.2429 -0.2434 -0.1913
-0.0259 -0.0305 0.0209 -0.1573
0.0110 -0.0047 -0.0231 0.0146
0.0152 -0.0627 -0.1447 -0.0034
-0.0211 -0.0094 -0.1158 0.0007
-0.0062 -0.0298 -0.0521 -0.0186
-0.0398 -0.0371 -0.1501 -0.0360
-0.0115 0.0173 -0.0055 0.0165
-0.0211 0.0032 -0.0216 -0.0021
-0.0552 -0.0479 -0.0812 -0.0702
0.0651 0.0611 0.0975 0.0879
0.0992 0.1259 -0.0436 0.1544
0.0990 0.0778 -0.0729 0.0923
0.0453 0.0388 -0.0157 0.0495
-0.0153 0.0102 0.1382 0.0323
-0.0078 0.0253 0.0024 0.0298
0.0290 0.0480 0.1212 0.0807
-0.0241 0.0009 -0.0258 -0.0027
-0.0169 -0.0069 0.0234 -0.0140
0.0236 0.0353 0.0412 0.0472
-0.0406 -0.0422 -0.0179 -0.0612
-0.1879 -0.1738 -0.1916 -0.1419
0.0164 0.0237 0.0272 0.0311
0.0162 0.0233 0.0267 0.0305
0.0060 0.0086 0.0099 0.0113
0.0502 0.0559 0.0202 0.0756
0.0096 0.0207 0.0360 0.0388
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Table 5. Comparative analysis with and without FACTS devices with PSO based approach.

Active | Operating Active Cost due to Operating Cost of Net
Power | cost due to Power energy loss Cost with FXE”I(“)S Saving
Reactive Loss the energy | Loss with | with FACTS FACTS devi
Loading | without loss FACTS devices evices
FACTS (in $) using PSO (in $) (in $) (in $) (in $)
(p.u) (A) (p-w ®B) (A-B)
100% 0.0711 3737016 0.0445 2338920 2.4052x10° 66280 1331816
150% 0.0742 3899952 0.0478 2512368 2.6080x10° 95632 1291952
175% 0.0765 4020840 0.0497 2612232 2.7693x10° 157068 1251540
200% 0.0795 4178520 0.0637 3.3481x10° 3.4460%x10° 97900 732520
Table 6. Comparative study of reactive power flow in line with PSO.
For base reactive For base reactive For reactive For base reactive
Lines loading of 150% loading of 150% loading of loading of 200%
& ° (By the PSO based | 200% (before) (By the PSO based
(before)
approach) approach)
5 0.0387 0.0383 0.0384 0.0380
25 0.0553 0.0611 0.0664 0.0879
28 0.0650 0.0388 0.0883 0.0495
41 0.0581 0.0207 0.0751 0.0388
9 0.0884 0.0525 0.1032 0.0714
18 0.0930 -0.0627 0.1365 -0.0034
26 0.0735 0.1259 0.0860 0.1544
27 0.1430 0.0778 0.1925 0.0923
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Table 7. Amount of facts devices and other reactive sources in the transmission network

with PSO technique with different loading cases

SvC TCSC Reactive
. . . Transformer
Loading amount amount in Generation ..
. . . . Tap Position
inp.u lines in p.u Qginp.u
0.0 0.1463 88 0.9
0.0 0.0419 ) 0.9
o,
100% 0.0 0.1049 82 0.9248
0.0 0.1388 00 0.9
0.0869 0.1463 8'8 0.9
0.0 0.0419 ) 0.9
o,
150% 0.0 0.1049 . (2"407 A 0.9358
0.1510 0.1388 ) 0.9
0.0
0.3202 0.1463 gg?gg 0.9195
175% 0.0063 0.0419 0.4656 0.9308
? 0.2336 0.1049 0'2370 0.9673
0.2018 0.1388 0.1942 0.9006
0.1457 0.1463 88 0.9
0.0 0.0419 ) 0.9
0,
200% 0.0 0.1049 0 (3).1068 0.9483
0.1089 0.1388 '0 0 0.9

5. Test Results & Discussion

The proposed approach for the placement of FACTS devices is applied on IEEE 30 Bus
system. The power system is loaded (reactive loading is considered) and accordingly FACTS
devices are placed at different locations of the power system. The power system is loaded up to
the limit of 200% of base reactive load and the system performance is observed with and
without FACTS devices. Table 1 shows the reactive power flow pattern without FACTS
devices in different lines. Table 2 shows the locations of different FACTS devices in the
transmission network. The magnitude and phase angle of the bus voltages with & without
FACTS devices for highest reactive loading i.e. for 200% is shown in Table 3. Phase angles are
given in radian. Table 4 shows the reactive power flow pattern with FACTS devices in
different lines using PSO based approach. A comparative analysis of active power loss and the
operating cost of the system with and without FACTS devices using PSO technique are shown
in Table 5. The change in reactive flow pattern in the lines where FACTS devices are
connected for 150% and 200% base reactive loading is shown in Table 6. Amount of FACTS
devices, reactive generations of the generators and transformer tap positions in different cases
of loading is shown in Table 7.

It is observed that SVC’s are connected at the buses 21%, 7%, 17" & 15" those are at the
finishing ends of the lines 27™, 26", 9" & 18™ respectively because these are the four lines
carrying highest, second highest, third and fourth highest reactive power respectively, as seen
from Table 1, without FACTS devices. After connecting SVC'’s at theses buses, voltage profile
at these buses are improved, also reactive power flow reduces greatly in the lines 27%, 26", 9™
& 18™ in each case of loading. TCSC’s are placed in the lines 25", 41%', 28"™ & 5™ as these are
the next four highest reactive power carriers as seen from Table 1.

From Table 5 we observe that transmission loss reduces significantly in all cases of loading
with FACTS devices as compared to without such devices also we observe that operational
cost is reduced significantly in all cases of loading with FACTS devices as well as significant
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economic gain is obtained even at a loading of 200% of base reactive loading. The economic
gain obtained is much higher than the installation cost of FACTS devices in every cases of
loading.

Here, energy cost is taken as 0.06$/kWh.

Conclusions

In this approach, PSO (Particle Swarm Optimization) based optimal placement of FACTS
devices in a transmission network is done for the increased load ability of the power system as
well as to minimize the total operating cost. Cost of FACTS devices are very less compared to
the benefits in terms of the system operating cost for each cases of loadings are clearly
observed. Two different types of FACTS devices are considered. It is clearly evident from the
results that effective placement of FACTS devices at proper locations by using suitable
optimization technique can significantly improve system performance. Hence, this PSO based
approach could be a new technique for the installation of FACTS devices in the transmission
system.
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