
International Journal of Electrical, Electronics and Data Communication, ISSN: 2320-2084  Volume-3, Issue-1, Jan.-2015 

Optimal Power Flow with Interline Power Flow Controller using Modified BAT Algorithm 
 
6 

OPTIMAL POWER FLOW WITH INTERLINE POWER FLOW 
CONTROLLER USING MODIFIED BAT ALGORITHM 

 
1Y. N. VIJAYA KUMAR, 2S. SIVANAGARAJU   

 
1Associate professor, Department of EEE, Sri Venkateswara College of Engineering and Technology, Chittoor, A.P., India,  

2Professor, Department of EEE, University College of Engineering, JNTUK, Kakinada, A.P. India 
E-mail: yn.vijayakumar@gmail.com   

 
 
Abstract- Normally, economic load dispatch problem schedules the generators in such a way that, the lowest cost of 
generation should be utilized properly and the total system load along with the transmission power losses are supplied. 
Because of the development of the Flexible AC Transmission System (FACTS) controllers, the power transfer capability of 
the power system is increased and the transmission lines are operating nearer to thermal limits. In power system economic 
aspects, it is necessary to minimize the generation fuel cost to increase the net saving of the power system. In this paper, the 
modified BAT algorithm is developed to solve OPF problem by considering conventional fuel cost as an objective. This 
problem is solved while satisfying equality and in-equality constraints. The effect of IPFC is analyzed in on standard IEEE-30 
bus system with supporting numerical results. 
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I. INTRODUCTION 
 
An electrical power system can be seen as the 
interconnection of generating sources and customer 
loads through a network of transmission lines, 
transformers, and ancillary equipment.. In the present 
day scenario, transmission systems are becoming 
increasingly stressed, more difficult to operate and 
more insecure with unscheduled power flows and 
higher losses because of growing demand and tight 
restrictions on the construction of new lines. To 
overcome all these problems, a flexible AC 
transmission system (FACTS) provides an alternative. 
Transmission systems must be flexible to react to more 
diverse generation and load patterns. In addition, the 
economical utilization of transmission system assets is 
of vital importance to enable utilities in industrialized 
countries to remain competitive and to survive.  In 
developing countries, the optimized use of 
transmission systems investments is also important to 
support industry, create employment and utilize 
efficiently scarce economic resources. 
 
The operating principle and working of Static 
Synchronous Series Compensator (SSSC) for series 
compensation of transmission line has been reported 
by L. Gyugyi et al. and the performance of SSSC is 
compared with the thyristor controlled series 
capacitor. The theory and modeling of SSSC using an 
electromagnetic transient program (EMTP) 
simulation package along with the power flow control 
in transmission line in the presence of SSSC has been 
discussed by K. K. Sen. M.H.Haque and C.M.Yam 
proposed a model of Unified Power Flow Controller 
(UPFC). This model is incorporated in power flow 
method to solve the power flow problem with UPFC. 

Mehmet tumay et al. discussed power injection model 
of UPFC and impact of its location on active and 
reactive power flow. Further, it is suggested that the 
location of UPFC at the end of the line is better choice 
than at the midpoint of the line.  
 
Yankui Zhang et al. proposed power injection model 
of Interline Power Flow Controller (IPFC) for load 
flow analysis with practical constraints like maximum 
series injected current or voltage and maximum active 
power exchange on the DC link. The power injection 
models of FACTS deices like UPFC and IPFC has 
been focused by Jun Zhang and A.Yokoyama. 
A.M.Vural and Mehmet tumay discussed the 
mathematical model of UPFC for power flow analysis 
and the effects of UPFC location on power system 
operation.   
 
Because of the development of the computer 
technology and high speed systems, more attention 
has been paid towards the artificial intelligence 
techniques to solve optimal power flow problems. 
There are various methods such as, genetic algorithm 
(GA), artificial neural networks, simulated annealing 
(SA) and tabu search (TS) algorithms, particle swarm 
optimization (PSO), ant colony optimization (ACO), 
differential evolution (DE) and bacterial foraging 
algorithm (BFA) algorithms were developed to solve 
ED problem successfully. In, a Hopfield neural 
network (HNN) approach is used to solve OPF 
problem by taking fuel cost as an objective. In this 
approach, because of the use of sigmoid function, the 
convergence rate is decreased and this increases the 
execution time to solve the problem. Similarly, the 
convergence of the ED problem with SA method is 
slower than the GA method because of handling 
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various non-linear characteristics of the fuel cost 
functions.  
From the careful review of the literature, it is 
identified that, most of them are concentrated to model 
the FACTS controllers using voltage source based 
power injection modeling. This is because of the 
effectiveness of the modeling and easy to incorporate 
in conventional Newton Raphson load flow analysis. 
In this paper, the OPF problem formulated with 
conventional quadratic fuel cost objective is optimized 
while satisfying equality and in-equality constraints 
using proposed MBAT algorithm.  
 
The effect of device on system parameters such as bus 
voltage magnitudes and line apparent power flows are 
analyzed on standard IEEE-30 bus system with 
numerical results. 
 
II. OPF PROBLEM FORMULATION 
 
The OPF problem aims to minimize the power system 
objects by adjusting the system control variables while 
satisfying a set of operational constraints. Therefore, 
the OPF problem can be formulated as follows: 

),( uxJMinimize  
Subjected to g(x,u)=0; h(x,u)≤0 

 
where ‘g’ and ‘h’ are the equality and inequality 
constraints respectively and ‘x’ is a state vector of 
dependent variables such as slack bus active power 
generation (Pg,slack), load bus voltage magnitudes 
(VL) and generator reactive power outputs (QG) and 
apparent power flow in lines (Sl) and ‘u’ is a control 
vector of independent variables such as generator 
active power output (PG), generator voltages (VG), 
transformer tap ratios (T) and reactive power output of 
VAr sources (Qsh). 
 
The state and control vectors can be mathematically 
expressed as 

 
nlNGNL llGGLLG

T SSQQVVPx ,.......,,......,,.......,
1111

  

 NTshshGGGG
T TTQQVVPPu

NCNGNG
,.......,,......,,.......,,...... 1112

  

 
where, ‘NL’, ‘NG’, ‘nl’, ‘NC’ and ‘NT’ are the total 
number of load buses, generator buses, transmission 
lines, VAr sources and regulating transformers 
respectively.  
 
A.  Objective formulation 
In this section, a novel fuel cost objective is formulated 
by combining investment cost of SVC to the 
conventional fuel cost objective function. This 
constrained Economic Dispatch (ED) problem can be 
formulated as follows: 





NG

i
Gii PCFCMinimize

1
)(

 

where, ‘FC’ is the total generation cost, ‘Ci (PGi)’ is 
the fuel cost function of the ith unit, ‘PGi’ is the power 
generated by the ith unit and ‘n’ is the total number of 
generating units. The cost equation can be expressed 
as  

  SVCiiiiiGii ICcPbPaPC  2
 

where, ai, bi, and ci are the fuel-cost coefficients of the 
ith unit. 
 
B. Constraints 
The objective functions are subjected to the following 
equality, inequality and practical constraints. 
Equality constraints 

  0cos
1

 


mkkmkm

NB

m
mkDmGk YVVPP 

  0sin
1

 


mkkmkm

NB

m
mkDmGk YVVQQ   

where, ‘PGk, QGk’ are the active and reactive power 
generations at kth bus, ‘PDm, QDm’ are the active 
and reactive power demands at mth bus, ‘NB’ is 
number of buses, |Vk|, |Vm| are the voltage 
magnitudes at kth and mth buses, ‘δk, δm’ are the 
phase angles of voltages at kth and mth buses, |Ykm|, 
θkm are the bus admittance magnitude and its angle 
between kth and mth buses. 
 
In-equality constraints 
Generator bus voltage limits: 

NGiVVV
iii GGG  ;maxmin  

Active Power Generation limits:  
         

 
NGiPPP

iii GGG  ;maxmin

 
Transformers tap setting limits:  
         

 tiii niTTT ,...,2,1;maxmin   
Capacitor reactive power generation limits: 

CShShSh niQQQ
iii

,.....,2,1;maxmin 
 

Transmission line flow limit:  

linell NiSS
ii

,....,2,1;max 
 

Reactive Power Generation limits:                     
NGiQQQ

iii GGG  ;maxmin

 
Load bus voltage magnitude limits:   
            

loadiii NiVVV ,....,2,1maxmin   
where ‘nt’ is the total number of taps, ‘nc’ is the total 
number of VAr sources, ‘Nload’ is the total number 
load buses. 
 
III. IPFC POWER INJECTION MODELING  
 
An advanced and versatile member of flexible 
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alternating current transmission systems controller is 
Interline power flow controller. In general, IPFC is 
used in multiple transmission lines of a power system 
network. In this section, the operating principle and 
mathematical model of IPFC is discussed. 
 
C. Operating Principle of IPFC  
 In its general form the interline power flow controller 
employs a number of dc-to-ac converters each 
providing series compensation for a different line. In 
other words, the IPFC comprises a number of static 
synchronous series compensators. The simplest IPFC 
consists of two back-to-back dc-to-ac converters, 
which are connected in series with two transmission 
lines through series coupling transformers and the dc 
terminals of the converters are connected together via 
a common dc link as shown in Fig.1. In addition to 
providing series reactive compensation, any converter 
can be controlled to supply real power to the common 
dc link from its own transmission line. 

 

 
Fig.1 Schematic diagram of two converters IPFC 

 
D. Power Injection Model of IPFC 
A mathematical model of IPFC based on power 
injection is derived. This model is useful to study the 
impact of the IPFC on the power system network and 
can be incorporated in the power flow method. 
Usually, in the steady state analysis of power systems, 
the VSC may be represented as a synchronous voltage 
source injecting an almost sinusoidal voltage with 
controllable magnitude and angle. Based on this, the 
equivalent circuit of IPFC is shown in Fig.2.  

 

 
Fig.2 Equivalent circuit of two converters IPFC 

 
The complex voltages at IPFC connected buses can be 
expressed as  

 

      (1) 
 
The voltage magnitude at the series connected 
transformers having impedances  can be 
expressed as 

 (2) 
The power injection model is obtained by converting 
the series voltage sources to an equivalent current 
sources using Norton’s theorem and these sources are 
connected in parallel with the coupling transformers. 
The complex current entered into system can be 
expressed as 

    (3) 
The equivalent power injected at the IPFC sending bus 
can be derived as 

 (4) 
The respective real and reactive powers at ith bus can 
be expressed as 

 (5) 

 (6) 
 
Similarly, the apparent power injected at IPFC 
receiving ends can be derived as  

 (7) 
The respective real and reactive powers at jth and kth 
buses can be expressed as 

    (8) 
 (9) 

Based on Eqns. (5), (6), (8), and (9), power injection 
model of IPFC can be seen as three power injections at 
buses i, j and k as shown in Fig.3. 

 

 
Fig.3 Power injection model of two converter IPFC 

 
The power balance equation that the IPFC should 
satisfy with respect to the AC system i.e. the active 
power exchange between the converters via the dc link 
is zero. 

 
Where the superscript * denotes the conjugate of a 
complex number. 
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IV. LOAD FLOW PROCEDURE WITH IPFC 
 
The power balance equations and Jacobian matrix 
elements are modified due to IPFC. The modified 
power balance equations and Jacobian matrix 
elements are discussed in this section. 
E. Power Balance Equations with IPFC  
The IPFC power injection model can be incorporated 
into NR power flow algorithm by addition of power 
injections to the corresponding power mismatch 
equations. The modified power balance equations at 
IPFC connected buses can be expressed as 

 

 
 

Where, the superscript ‘0’ denotes the power 
mismatch without IPFC respectively.  
 
F. Jacobian Matrix Elements with IPFC 
The relevant elements of Jacobian matrix are modified 
to consider the impact of IPFC model. The modified 
Jacobian matrix elements can be expressed as follows. 
The modified diagonal and off-diagonal elements of 
Jacobian elements with IPFC are 
 

 
 
V. OVERALL  COMPUTATIONAL 

PROCEDURE WITH IPFC 
 
The overall computational procedure of 
Newton-Raphson power flow method with IPFC can 
be described in the following steps. 
1. Read bus data, line data and IPFC data.             
2. Assume flat voltage profile and set iteration count 
K=0. 
3. Compute active and reactive power mismatch from 
the scheduled and calculated powers.   
4. Determine Jacobian matrix using power flow 
equations. 
5. Modify power mismatch and Jacobian matrix to 
incorporate IPFC model.     
6. Solve the NR method equations to find the voltage 
angle and magnitude correction vector. 
7. Update the solution using correction vector.  
8. Increase the iteration count, K=K+1. 
9. Stop the process, when the maximum absolute 
mismatch is less than given tolerance and print the 
output. Otherwise, go to Step 3. 
 
VI. BAT ALGORITHM 
 
This algorithm is inspired from the echolocation of 

microbats. It is metaheuristic population based 
optimization algorithm. Bats transmits some signals 
to the environment and then listen to its echo signals, 
this process is called as echolocation process. The 
velocity of the each of the population (N) is calculated 
using  

 
 

Where, Gbest is the global best solution among all 
solutions. After calculating new velocities of each of 
the population is updated using  
 

 
The frequency of signals transmitted by each of the bat 
is calculated as 
 

 
 

Here,  and  are the maximum and 
minimum frequency values of each bat and  is a 
random number between 0 and 1. After this 
modification of the positions of bats, there is one more 
modification in the positions using another fly, the 
new positions for each of the population can be 
calculated as 

 
 

Where,  is the mean value of the loudness of all 
bats,  is the random number generated between 0 and 
1. 
 
VII. RESULTS AND ANALYSIS 
 
In order to investigate the feasibility of the proposed 
power injection model of IPFC and the modified BAT 
algorithm, a standard IEEE-30 bus system is 
considered. This system consists six generators, forty 
one transmission lines, two shunt compensating 
devices and four tap changing transformers is 
considered. For this system, the IPFC is placed in the 
lines connected between buses 6, 2 and 7. The total 
control variables in this system are twenty four 
variables, which includes, active power generations 
and voltage magnitudes at six generators, four tap 
settings of tap changing transformers, two shunt 
compensators and six IPFC control parameters. 
 
Initially OPF analysis is performed to show the 
effectiveness of the proposed MBAT algorithm, the 
obtained results are tabulated in Table.1.  From this 
table, it is observed that, the quadratic fuel cost is 
minimized with proposed MBAT algorithm when 
compared to existing methods. With this, the total net 
saving of 0.9316 $/h is obtained when compared to 
existing DE method.  
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It is also observed that, the total generation is 
decreased with proposed algorithm and hence the total 
transmission losses are reduced. The respective 
convergence characteristics are shown in Fig.4. From 
convergence characteristics, it is observed that, with 

proposed algorithm, the iterative process starts with 
good solution value and reached final best value in less 
number of iterations when compared to existing 
method. 

Table.1. OPF results with proposed MBAT 
S. No Control parameters TS Existing DE Proposed MBAT 

1 

R
ea

l p
ow

er
 

ge
ne

ra
tio

n 
(M

W
) 

PG1 176.0400 177.9866 176.5085 
PG2 48.7600 48.29219 48.34298 
PG5 21.5600 21.24213 20.92166 
PG8 22.0500 21.06506 22.03395 

PG11 12.4400 12.34296 12.75169 
PG13 12.0000 12 12 

2 

G
en

er
at

or
 

vo
lta

ge
s (

p.
u.

) VG1 1.0500 1.07 1.07 
VG2 1.0389 0.962053 1.056992 
VG5 1.0110 1.027204 1.029997 
VG8 1.0198 1.07 1.039132 
VG11 1.0941 1.046654 1.066897 
VG13 1.0898 1.07 1.07 

3 

Tr
an

sf
or

m
e

r t
ap

 se
tti

ng
 

(p
.u

.) 

T6-9 1.0407 0.994433 0.979141 
T6-10 0.9218 0.970616 1.035465 
T4-12 1.0098 0.998395 0.986671 
T28-27 0.9402 0.971126 0.968429 

 
4 Sh

un
t 

co
m

pe
ns

at
or

s 
(M

V
A

r)
 QC10 - 12.37402 24.15645 

QC24 - 14.21078 11.2135 

5 Total generation (MW) 292.85 292.929 292.5588 
6 Quadratic cost ($/h) 802.2900 802.1378 801.2062 
7 Total power loss (MW) 9.45 9.528977 9.158796 

 

 
Fig.3. Convergence characteristics of quadratic cost with MBAT 

 
The OPF results with IPFC are given in Table.2. The 
corresponding convergence characteristics are shown 
in Fig.4. From this table, it is identified that, the slack 
is operating with highest generation and the 
remaining generators are operating at minimum 
generation. From this table, it is observed that, the 
total generation is decreased with IPFC and 
consequently, the total transmission losses are 
reduced. It is also observed that, the total net saving of 
1.3511 $/h is obtained with IPFC when compared to 
without device. From convergence characteristics, it is 
observed that, with IPFC, the iterative process with 
good initial value and reaches final best value in less 
number of iterations when compared to without 
device. 

 
Table.2. Comparison of OPF results without and with IPFC 

S. No Control parameters Without device With IPFC 

1 

R
ea

l p
ow

er
 

ge
ne

ra
tio

n 
(M

W
) 

PG1 176.5085 173.0494 
PG2 48.34298 47.98818 
PG5 20.92166 19.96041 
PG8 22.03395 15.30507 

PG11 12.75169 16.79654 
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PG13 12 18.27635 

2 

G
en

er
at

or
 

vo
lta

ge
s (

p.
u.

) VG1 1.07 1.093759 
VG2 1.056992 1.044619 
VG5 1.029997 1.054411 
VG8 1.039132 1.043441 
VG11 1.066897 1.03695 
VG13 1.07 1.026357 

3 
Tr

an
sf

or
m

e
r t

ap
 se

tti
ng

 
(p

.u
.) 

T6-9 0.979141 1.014888 
T6-10 1.035465 0.982726 
T4-12 0.986671 0.974573 
T28-27 0.968429 1.016133 

 
4 

Sh
un

t c
om

pe
ns

at
or

s 
(M

V
A

r)
 

QC10 24.15645 10.34356 

QC24 11.2135 12.13502 

5 

IP
FC

 P
ar

am
et

er
s Vse1, p.u. - 0.003399 

Vse2, p.u. - 0.035589 
θse1, deg - 157.1521 
θse2, deg - 298.8101 
Xse1, p.u. - 0.044312 
Xse2, p.u. - 0.057545 

6 Total generation (MW) 292.5588 291.3759 
7 Quadratic cost ($/h) 801.2062 799.8551 
8 Total power loss (MW) 9.158796 9.059426 

 

 
Fig.4. Convergence characteristics with IPFC 

 
The variation of bus voltage magnitudes and apparent 
power flows in transmission lines is shown in Figs. 5 
and 6. From these figures, it is observed that, voltage 
magnitude at system buses is enhanced with IPFC 
when compared to without device. Similarly, the 
apparent power flow in device connected line (i.e. 
line-10) has major variation and is operating nearer to 
its thermal limit.  

 
Fig.5. Variation of bus voltage magnitudes with IPFC 

 
Fig.6. Variation of line apparent powers with IPFC 

 
CONCLUSION 
 
In this paper, a detailed power injection model of IPFC 
has been presented with supporting mathematical 
derivations. With this model, the device can easily 
incorporate in power flow solution. A modified BAT 
algorithm has been presented to solve OPF problem in 
the presence of IPFC.  
 
The conventional fuel cost objective is optimized 
using the proposed algorithm without and with IPFC. 
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The effectiveness of the proposed methodology with 
IPFC enhances the convergence characteristics when 
compared to without device. The proposed 
methodology has been tested on standard IEEE-30 bus 
system with supporting numerical results. 
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