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Abstract: Firefly algorithm is proposed in this article for placement of Interline power flow controller (IPFC) to
reduce power loss of a transmission line and cost estimation. The IPFC is one of the series FACTS devices. It can
control active and reactive power of multiple transmission lines. Power loss reduction, improvement of efficiency
of the transmission line and enhancement of voltage profile are major issues in the power transmission system.
The average power loss in the system is taken as the objective function with various constraints and then cost is
estimated. The code has been developed in MATLAB (Version 2019) and executed on personal computer. The
proposed algorithms has been tested on IEEE 5 bus system and the results are presented. It is noticed that the
proposedalgorithmprovidesbestresultsintermsofpowerlossandinstallationcostwithlesscomputationaltime.
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1 Introduction

Flexible alternating current transmission system
(FACTS) devices and controllers are developed to
provide an attractive solution for several key issues
in transmission and distribution of the large scale
power systems [1]. Placement of FACTS controllers
in power system network is one of the key research ar-
eas in power system planning, operation and control.
Thyristor based FACTS devices are earlier employed
for the reactive power control in power grid network.
Major disadvantage of these devices is formation of
resonance in the transmission network[2]. Voltage
source inverter (VSI) based FACTS devices nullified
the resonance effect in the transmission line. These
devices such as STATCOM, SSSC, UPFC and inter-
line power flow controller (IPFC) are versatile and
can operates in several modes [3]. Connecting two
devices in a transmission line cost of equipment also
becomes an additional constraint in practical grids.
The IPFC [5] is more suitable for improving the ac-
tive power and reducing reactive power flow in a multi
-transmission line network [11].

1.1 Literature survey

Many researchers have suggested various FACTS de-
vices, optimization algorithms [4, 6, 14], control
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strategies [10] and tuning methods [10] for FACTS
devices. For finding the optimal location, various
algorithms proposed such as Genetic algorithm [7],
Particle swarm optimization [8, 9, 13], Gravitational
Search Algorithm [16], Evolutionary programming
[17], Evolutionary algorithm [19], a novel method
[20], Moth flame algorithm[15] are used in previous
studies.

Static VAR compensator(SVC) and TCSC sizing
is determined using PSO in identifying the ideal lo-
cation of IPFC increases voltage stability in the sys-
tem is discussed in [13]. The genetic algorithm [7]
is used for solving the optimization problem. Exact
location of the IPFC in a power distribution scheme
for improving the voltage stability is also investigated.
The GSA [16] determines the magnitude and angle
of injecting voltage of the IPFC whereas the genetic
algorithm identifies optimal position of IPFC. New-
ton Raphson method is used in performing the load
flow. Output of hybrid algorithm indicates that opti-
mal location of the IPFC leads to improve the system
voltage stability. Line utilization factors of conges-
tion management is used for optimal location of the
IPFC . Firefly algorithm is used for determining the
sizing of the device. The position of IPFC is iden-
tified based on the Disparity Line Utilization Factor
(DLUF). The DLUF provides difference between per-
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centage of MVA utilization in each line connected
to a common bus. The device is located between
lines which has the maximum DLUF. After placing
the IPFC in a network, firefly algorithm [18] is tuned
for varying active power loss, security margins, total
voltage variation and capacity of the device.

1.2 Observations and motivation

Various heuristic and modern heuristic methods have
been proposed for achieving global solutions for dif-
ferent problems in the planning of power system. Re-
duction of powerloss depends on the selection , place-
ment and tuning of the FACTS device. In brief, the
IPFC can be used effectively to control active power
and reactive power of multiple transmission lines.
Several soft computing methods have already sug-
gested for reduction of the power loss in the transmis-
sion line. Quality of the solution depend on various
control parameters. It is observed from the literature
survey that the FA is a simple and an efficient algo-
rithm. It has been applied for many complex prob-
lems in the engineering. The features of the FA mo-
tivated to develop the algorithm in this article. The
FA is adopted in this article compared to other algo-
rithms because it takes less computuaional for proving
the optimal solution.

1.3 Organization of article

The proposed FA is implemented in MATLAB (ver-
sion 2019) and executed on personal computer. The
rest of the article is divided in to five sections. Sec-
tion 2 describes about interline power flow controller.
section 3 provides a short description about firefly al-
gorithm. Development of the algorithm is given in
section 4. Case studies and Simulation results with
discussion is provided in section 5. Conclusions of
the work is mentioned in the last section.

2 Interline power flow controller
(IPFC)

Interline power flow controller (IPFC) [5] is a series
FACTS device. Multiple converters provide reactive
power compensation in multiple lines connected in the
network. The IPFC uses multiple Static Synchronous
Series Compensators. schematic diagram of the IPFC
device is shown in Fig 01.

Each voltage source converter (VSC) is placed in
series with line 1 and line 2. They are interconnected
using DC link. This link allows transmission of real
power between the transmision lines. Power demand
of one line can be compensated by other line. Wih this
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Figure 1: Schematic Diagram of IPFC
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Figure 2: Simplified network of Interline Power Flow
Controller in 3 bus system

mechanism, the IPFC control real power and reactive
power flow. More information can be found in [20,
21]. Modelling of the IPFC is one of the key issue in
load flow for finding the optimal placement. A short
description about the modelling of the IPFC for load
flow study is given below.

2.1 Modelling of IPFC for Load Flow Study

The IPFC consists of two back to back voltage source
converters (VSC). It is connected in series with two
transmission lines via injected transformer and the
DC terminals of the converter. The IPFC can control
two transmission line parameters with 3 bus voltages.
Equivalent circuit of the IPFC is shown in Fig 02.

In the Fig 02, three buses and two transmission
lines are connected with bus j and k. V;, V; and V), are
complex bus voltages at lines i, j and k respectively.
V1, 01 are the magnitude and angle of respective bus.
Visein 1s the complex controllable series injected volt-
age source which represents the series compensation
of the series converter. Vsein, dsein are the magnitude
and angle of V., respectively. Active power can be
exchanged between the two or number of series con-
verters connected with the DC link. Resultant of ac-
tive power exchange is zero.

2.2 Incorporation of IPFC in load flow study

Active power can be exchanged between the two or
“n” no. of series converters connected with the DC
link. Resultant of active power exchange shall be

Zero. Power flow equations are given below.
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2.3 Busi

I = Ij + Ly (D
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2

From the above equations, Compleex powers can
be derived and the expressions are provided here.

Si = Vil; = Pi + jQi 3)

The complex power expression in terms of volt-
ages and impedance is given below.

‘/i_‘/seij_‘/j_’_v:i_v?seik_vk

S; =
Zseij Zseij

Vil " @

Simplifying the above equation to get the expres-
sions for active and reactive power and these equa-
tions can be found in [23].

For solving loadflow with IPFC with operating
constraints are considered as follows:

max
sem

min
V:eein

S V:eein S (5)

< esein < -7 (6)

The real power exchange between th converter
through DC link is provide in the following equation

P,=> Pum=0 )

IPFC can minimize the real and reactive power
flow of line ¢ — j and line ¢ — k. Active and reactive
power flow of sending end transmission ine which is
connected to bus j, k are P;, and —Q ;.

The real and reactive power of the IPFC are

Poi — PP = 8)
Qui — Q2 =0 )

where n = j, k PP QP are the specified ac-
tive and reactive power flow control reference respec-
tively. The method of implementation of IPFC power
flow control model in Newton Raphson power flow
algorithm. For FACTS branches i-j, Py; and Q,; are
controlled. Also, P,; and ),; balance in respective
buses also be maintained. The jocobian matrix is
given in [24].

where 0F;, 0Q;, 0F;, 0Q;, 0P, 0Q) are mis-
matches at busest, j, k. The first four rows of the jo-
cabean matrix with respect to the IPFC power flow
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control and active power exchange. The power balnce
constraints are

Py — PP =0 (10)
Qui — Q=0 (1
PE:ZPseinZO (12)

The terms

2.4 Initialization of control variables of
IPFC in Power flow

In th beginning the algorithm, all bus voltages are as-
sumed as flat voltages. The terms of the last rows
of the system Jacobean matrix relate directly to the
power mismatch equation at buses i,j and k. In the
present methodology for the second series converter,
it is presumed that the active power flow control con-
straint is used while the reactive power flow constraint
is in idle mode and vice versa. In general, both the
scheme can be implemented in the newton power flow
equation. From the equations, new IPFC Jacobean
matrix will be arrived by applying partial differen-
tial method. The relevant equations can be found in
[22, 23, 24, 25, 26]. Voltage expressions are provided
in [22].

2.5 Objective Function

The objective of this study is to find the optimal loca-
tion of the IPFC in order to reduce average transmis-
sion losses of overall network and minimize respec-
tive bus voltage drop in the network. The objective
function is

NPN

N 13)

Paverageloss =
k=1

Here, Py is the power loss of individual transmission
line.
N
VD =Y |Vi— Viesl (14)
k=1

These values change for different locations of the
IPFC. Since ‘N’ is the number of lines in the system,
the above expression calculates the average value of
the real power losses in the lines.
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2.6 Cost Function of IPFC

The cost of installation of UPFC is is taken from [7].
The equations are

Cyprc = 0.00035% — 0.2691S + 188.22  (15)

Cyprc = Cost of installation of UPFC devices in
US dollar perKVAR
S = Operating range of UPFC device in MVAR

As UPFC is having series and shunt combination
of two SSSC devices, the combination of both de-
vices combining together the above cost function is ar-
rived, the above function is derived from the Siemens
database. Converting UPFC cost function into IPFC
as assuming both are having two SSSC devices like
two inverters and two transformers along with the con-
trol circuit. Converting above (13) into one combi-
nation of inverter, transformer and controller the cost
equation of one set is designated as CIPFCA. The
IPFC will have two SSSC connected in series circuit
as per explained in section 2, the equation of IPFC will
be achieved with dividing by 2 of (13). S;,S; are cost
functions for converters connected between line i and j
respectively. Q;1, QQ;2 are reactive power flows in line
i before and after placing of IPFC. ()1, ;2 reactive
power flows in line j before and after placing of IPFC.
Using the above cost function, it is understood that
IPFC equipment cost directly related to reactive power
compensation. Depending on the required compensa-
tion of reactive power IPFC equipment cost will be
calculated.

Crpro—a = 0.0001552 — 0.13455; + 94.11 (16)

Crprc—p = 0.0001557 — 0.13455; 4+ 94.11 (17)

Using the above cost function, it is understood
that the IPFC equipment cost directly related to reac-
tive power compensation. Depending on the required
compensation of reactive power the cost of [IPFC will
be calculated. In this article, Firefly algorithm has
been adopted for finding the optimal placement of the
interline power flow controller. The detailed informa-
tion is provided in section 3.

3 Firefly algorithm

Nature is a motivation for understanding several bi-
ologically inspired algorithms. survival of fittest is
one of the motivations for genetic algorithm. colo-
nial behavior, herding, flocking, etc are some exam-
ples. communication is also another motivation. vari-
ous species communicate with one to another through
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several ways. Flashing property is utilised by fireflies
to communicate. They produce a short flash with a
particular order. The light is produced by the bio lu-
minescence. The flashing is applied to attract their
partner. A suitable partner will communicate back. It
is observed that the light intensity decreases with re-
spect to distance. a firefly receives a response from
fireflies around it within a visual range of the flash.
Based on these observations, Firefly Algorithm is de-
veloped by Xin She Yang in 2008 [27, 28, 29] . The
stages involved in the algorithm are provided in the
following sub-sections.

3.1 Development of Firefly algorithm

When firefly is considered as a solution in the selected
solution space, the attraction and movement of fire-
flies motivate to find the optimal solution. In the pro-
cess, the candidate fireflies follow the brighter fire-
flies. Therefore, brightness is considered as the ob-
jective function. Initially, all are randomly selected
in search space. The FA can be summarized in two
stages. The explanation is provided here.

3.1.1 Variation of light intensity

Light intensity is the objective function. A firefly with
low intensity will attract another firefly with low in-
tensity for minimization.

3.1.2 Attractiveness

In the firefly algorithm, the form of attractiveness
function of a firefly is the following monotonically de-
creasing function

B(r) = Boe " (18)

where, 1 is the distance between any two fireflies, 5y
is the initial attractiveness at r and ~y is an absorption
coefficient which controls the decrease of the light in-
tensity.

3.1.3 Distance

The distance between any two fireflies 7 and 7, at posi-
tions x; and x ;, respectively, can be defined as a Carte-
sian or Euclidean distance as follows

2 2 2
rig =y —wil” + [z — @] (19)
However, the calculation of distance r can also be de-
fined using other distance metrics, based on the nature
of the problem, such as Manhattan distance or Maha-
lanobis distance.
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3.1.4 Movement

The movement of a firefly is

2t =

z;t + Br)(z — 2t) + agi! (20)

where (3(r) is the attractiveness function of the
firefly and is given by

where the first term is the current position of a
firefly, the second term is used for considering a fire-
fly’s attractiveness to light intensity seen by adjacent
fireflies, and the third term is used for the random
movement of a firefly in case there are not any brighter
ones.

4 Development of Firefly algorithm
for Optimal placement of IPFC

The step-by-step procedure for the proposed FA is
provided below.

4.1 Step 01-Input parameters

(i)Line data and bus data, the bus voltage limits for
the given test system. (ii) IPFC parameters. (iii) The
control parameters for Firefly algorithm. (iv) Number
of generations.

4.2 Step 02- Initialization

(i) Randomly initializing the population. Here, the bus
voltages are taken as control variables. (ii) IPFC pa-
rameters are initialised.

Population = [ X1, X9, X3, .....X] (21

4.3 Step 03- Evaluation of fitness function

(1) Ybus is calculated (ii) Injected powers are calcu-
lated. (iii) Jacobian matrix is evaluated. (iv) The fit-
ness function is evaluated by determining the average
of the active power loss in the connected transmission
lines of the system using equation (1). If the tolarence
is within the specified limit, then algorithm is termi-
nated. Otherwise, control variables are updated using
step 04.

4.4 Step 04- Updation of control variables
using FA

(1) Sorting the locations based on the fitness function.

Here, fitness function is evaluated by placing the IPFC

for all possible locations of the IPFC and then best lo-
cation of the IPFC is found based on the power loss.
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Table 1: Control parameters of the firefly algorithm

S No Control variable Numerical values
1 Number fireflies 25
2 Generations 50
3 Q 0.5
4 I3 0.5
5 ¥ 1

Table 2: Lina Data of 5 BUS system

SNo From To r X G B
1 1 2 002 006 0 0.06
2 1 3 008 024 0 0.05
3 2 3 006 018 0 0.04
4 2 4 006 0.18 0 0.04
5 2 5 004 012 0 0.03
6 3 4 001 0.03 0 0.02
7 4 5 008 024 0 0.05

The bus needs to have at least 2 transmission lines.
(ii) connected it for a possible location for the IPFC.
(iii) Randomly picking new locations in the neighbor-
hoods of the best sites. (iv) Control variables are up-
dated using equation (6), (7) and (8)

4.5 Step 05- Termination creteria

The above step 3 and step 4 are repeated until the max-
imum number of iterations are reached.

4.6 Step 06- Final results

Power loss, bus voltages, active and reactive power
flows are calculated. Estimation of the cost of IPFC is
determined using equation (4) and (5).

5 Case studies and Simulation re-
sults with discussion

Firefly code is developed in MATLAB (Version
2019). The algorithm has been tested on IEEE 5 BUS
system. The objective function is average power loss
during execution of the FA. For all cases, the control
parameters of the FA are shown in Table 1.

IEEE 5 Bus system is considered to test the effec-
tiveness of the suggested algorithm. The bus data and
line data is provided in Table 2 and 3.

The objective function is the average of the power
loss in the seven transmission lines during the ex-
ecution of the proposed algorithm. Initially, NR
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Table 3: Bus Data of 5 BUS system
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SNo BUS Voltage P Q Pz Qg
! Slack 1.06 0.0 0 0 0 Table 5: Reactive power with and without IPFC of
2 PQ 100 02 0.1 0 0 IEEE 5 bus system
3 PQ 1.00 045 015 O 0 Line  Quihontipre Quiniprc
4 PQ 1.000 040 0.05 O 0 12 074 07555
5 PQ 1.00  0.60 0.10 O 0 123 0.1682 0.1686
2-3 -0.0252 -0.0229
Table 4: Rotor angles of IEEE 5 BUS system 2-4 -0.0172 -0.0219
Bus No Angle without IPFC  Angle with IPFC 2-5 0.0556 0.0374
1 0.0000 0.0000 3-4 0.0236 0.0223
2 -1.8735 -1.8037 4-5 0.0052 0.0052
3 -4.4466 -5.668
4 -4.7531 -6.3461
5 -5.43 -6.0624

method is applied and voltage profiles and transmis-
sion line losses, reactive power are calculated without
the IPFC. Simulation is run using the Firefly Algo-
rithm for optimal location and the most suitable loca-
tion is 2nd bus. Voltages and angles of IEEE 5 BUS
system are given Table 4. During the execution of the
FA, average power loss is noted and shown in Fig 03.
It is note from the table that the algorithm provides the
solution within 230 iterations. The minimum power
loss is 0.77. Values of the transmission losses without
and with IPFC at BUS 2 are given in Table 05. The av-
erage power losses of transmission lines without IPFC
is 0.87 p.u and with IPFC is 0.78 p.u.

Reactive power with and without IPFC of IEEE 5
BUS system is given Table 05.

Voltages at each bus with and without IPFC are
shown in Fig 04.

Reactive power at each bus location with and
without IPFC are shown in Fig 5.
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Figure 3: Average Power loss at each iteration by the
proposed algorithm for IEEE 5 BUS system
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Figure 5: Reactive power at each bus location with
and without IPFC for IEEE 5 bus system
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Table 6: Location, average power loss with and with-
out IPFC and cost of IPFC

Loc

Lossyithoutiprc  Lossyitniprc Cost(Rs)

Bus 2 0.0087 0.0078

12998.72

5.0.1 TIPFC cost calculation at Bus 2

At optimal location 2 erection cost of IPFC is calcu-
lated with reactive power obtained before and after
placement of IPFC at bus 2. The reactive power be-
fore and after placement of IPFC is tabulated. As per
optimal location of IPFC at bus 2 the two converters
are installed in lines between 2 to 3 and 2 to 5 of trans-
mission system. At bus 2 reactive power flow for Q2
to 3 and Q 2 to 5. The number of iterations for fire-
fly is set to 20. As per the analysis, the FA execution
time is 58 sec. Location, average power loss with and
without IPFC and cost of IPFC calculated using eqn
(16),(17) is listed in Table 06.

6 Conclusions

The Firefly Algorithm is implemented using MAT-
LAB and tested on IEEE 5 BUS bus system. The re-
sults showed that the overall losses in the transmission
line of the power system network are reduced by us-
ing IPFC and bus voltages are improved. The exact
location of the IPFC in the algorithm is determined
with the fitness function of average power loss. Once
IPFC is placed optimally, the power flows in the trans-
mission lines are also considerably improved. It is ob-
served that the FA converged in a shorter time and it
is known as most optimum time to converge for any
bus configuration. In addition to the above, cost of
optimal location of IPFC is also estimated. Ccost of
the IPFC device is derived based on KVAR basis. De-
pending on requirement of KVAR compensation, cost
of IPFC can be achieved. Analysis in this paper pro-
vided will be more useful to different grid owners, in-
dustries and construction companies for making way
forward to install the IPFC devices in a provided grid
network.
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