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i. Introduction

ost important problem in power 
systemoperation and control is Economic 
Load(ED). This problem should be optimized 

tomaximize the lowest cost of fuel to meet the load. The 
main objective of OPF problem is to optimize the
chosen objectives such as classical quadratic fuel cost
function and non-convex fuel cost functions in the
presence of operating as well as practical constraints. In
general, OPF problem is described as a highly
constrained, large-scale, non-linear, non-convex
optimization problem.

In the last three decades eminent population 
based optimization techniques have been developed. 
They are: Grenade Explosion Method (GEM) [1], Ant 
Colony Optimization (ACO) [2], Shuffled Frog Leaping 
(SFL) [3], Artificial Immune Algorithms (AIA) [4], 
Harmony Search (HS) [5], Genetic Algorithm (GA) [6], 
Artificial Bee Colony (ABC) [7], Particle Swarm 
Optimization (PSO) [8], Bacteria Foraging            
Optimization (BFO) [9],  Gravitational  Search  Algorithm
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(GSA) [10], Biogeography-Based Optimization (BBO) 
[11] and Differential Evolution (DE) [12] these algorithms 
have been applied to solve OPF problems effectively for
specific type of problems.

All of these algorithms are population based
optimization methods, but they have some limitations in 
some aspects. To overcome this limitations research is 
continued, to improve the performance of the above 
methods. Improvement of the existing methods is 
reported in GA [13], PSO [14, 15], ACO [16, 17], ABC 
[18, 19]. Combining merits in the different optimization 
techniques known as hybridization of the optimization 
techniques. Some hybrid algorithms can found               
in [20, 21], etc.  

The performance comparison of optimization
techniques such as DE, PSO and GA for power loss
minimization using FACTS devices is presented [22].
Optimal location and best setting of TCSC is proposed. 
Best location is performed using sensitivity analysis [23]. 
In [24], the improvement of the power system security 
against contingencies with TCSC approach is proposed. 
In this GA and PSO algorithms are used to find the 
optimal location and parameter settings of TCSC under 
contingency. Mathematical modeling of varies series 
FACTS devices are presented in economic dispatch 
problems [25]. Here selection of optimal location of 
FACTS devices is based on the improvement of the 
economic dispatch.  

In [26], OPF problem formulation has been 
presented along with considering effects of FACTS
devices and power flow constraints. To solve OPF 
problem a two stage problem formulation has been 
proposed. This reference [27], Presents the 
performance comparison of PSO and GA optimization 
techniques for FACTS based controller design. In [28], 
the main aim is the optimal allocation of TCSC device in 
the power system so the power loss become  minimized 
and also increase power transfer capacity of the
transmission line that ultimately yields minimum
operating cost with different load conditions. In this, first 
the locations of the TCSC device is identified by 
calculating line flows. TCSC is placed in line where 
reactive power flows are very high. To solve OPF 
problem Hybrid GA incorporating TCSC is proposed. To 
select best control variables, to minimize the generation 
cost and maintain the power flow within the control 
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Abstract- At present, power system operation, control,
Management becomes very complex due to continuously
increasing demand. Flexible AC Transmission System
(FACTS) controllers are used to increase power transfer
capability of the transmission lines closer to their limits. This 
paper proposed a methodology to solve Optimal Power Flow 
(OPF) problem in the presence of Thyristor Controlled Series 
Capacitor (TCSC) while satisfying system operating and 
practical constraints. A novel cost objective function is 
formulated by combining investment cost of the TCSC with the 
conventional fuel cost function. The proposed methodology is 
tested on standard IEEE-14 bus test system with supporting 
results.



 

 
 

 
 

 
 

 
 

 
 
 

 

 
 

 
 

 
 

 
 

  

  

 
 
 
 

  
 

 

  
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 

 

   
 

 

  
 
 

  
 
 

 
 
 
 
 

  
 

 
 
 
 
 
 

    
  

 
 
 
 
 
 

 

 
 
 

 
  

 
 

 
 

 
 

 
 

 
 

 
 
 
 
 
 

    

  

    
  

  

range, hybrid GA is integrated with conventional                 
OPF [29].  

The generation cost is minimized subjected to
equality and inequality constrains. The optimal active
power flow control strategy with TCSC is proposed. In 
this method problem is solved in two steps. First step is 
power flow control and second step is normal OPF 
problem [30]. In [31], presents solution of OPF with 
different objective functions such as generation cost and 
total power loss minimization using GA. In base case 
OPF solution is obtained with generation cost 
minimization and optimal setting of the control
parameters are determined. In this OPF with TCSC is
carried out with generation cost and total power loss as 
objective functions.  

This paper mainly concentrates on certain 
power system issues such as quadratic fuel cost 
function and non-convex fuel cost functions are 
optimized while satisfying operating and practical 
constraints is analyzed in the presence of TCSC. A 
methodology to install TCSC in an optimal location is 
presented. The proposed OPF problem is solved using 
Imperialistic Competitive Algorithm (ICA) while satisfying 
equality, in-equality, ramp-rate constraints and 
prohibited operating zones in the presence of TCSC.

ii. Modeling of tcsc

TCSC is a variable impedance type series
compensator which is connected in series with the
transmission line to increase the power transfer
capability, improve transient stability, reduces
transmission losses. The basic configuration of TCSC
and its equivalent pi-representation for transmission line 
modeling is shown in Fig.1.

a) Basic model of TCSC

Fig 1 : TCSC model

This device is incorporated in a line between 
buses, ‘s’ and ‘r’ then, the new line reactance can be
expressed as

                              X sr new = X sr − XC                                           (1) 

Therefore new line admittance between 
buses‘s’ and ‘r’ can be derived as follows

                                                                                      
(2)

                                                                                       
(3)

The modified active and reactive power flows 
from bus-s to bus-r, and from bus-r to bus-s of a line
having series impedance and a series reactance are

The power loss in the line with TCSC can be 
written as

Due to TCSC, the change in line flow can be
represented as a line without TCSC plus with power
injected at the sending and receiving ends of the line
with device as shown in Fig.2. The active and reactive 
power injections at bus-s and bus-r can be written as

                                                                                      (4)

                                                                                      (5)

                                                                                      (6)

                                                                                      
(7)

Where

TCSC device is modeled with power injection 
model so far by using the TCSC control variable. It is
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b) Equivalent pi-representation of TCSC
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Fig 2 : Power injection model of TCSC

possible to calculate the complex power injected

and at bus-s and bus-r respectively.

TCSC
sS

TCSC
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i. Installation cost
In this paper, device life time is considered for 

15 years during the analysis. The Installation Cost (IC) of

                                                                                      
(8)

Where,

                

and and
are the cost and operating range of TCSC, Q1 and Q2

are the reactive power flows in the line without and with
TCSC; ‘n’ is the device life time in years (15 years).

ii. Optimal location
In order to select appropriate branch for 

placement of FACTS devices, contingency analysis and 
sensitivity index method is used. Sensitivity index is 
introduced for ranking the optimal location. 
Sensitiveness of each branch towards the change in 
power transfer capability, voltage profile with respect to 
change in line reactance, reactive power injection at 
various branches, buses are identified. The sensitivity
indexes at different branches have been evaluated to
select appropriate branch for device location by using
load flow program suitable to transmission networks.
These sensitivity indexes reflect how the load ability of 
branch change with respect to line reactance, how the 
voltage profile can be change with respect to reactive 
power injection at a particular bus. Sensitivity indices are 
evaluated for the base case and arrange in descending 
order. The branch which corresponds to highest 
sensitivity index is highest severe contingency.  

The power flows of highest severe contingency 
are considered as base case. From these flows, the
branch with least power flow can be considered as the 
best location for the TCSC device. Because the
transmission line has inductive reactance where as the 
TCSC is a series controlled device which can provide a 
capacitive reactance so that the total reactance of the 
branch which leads to the increase of load ability of the 
line where the device was located. The objective is, to 
increase the power transfer capability of the 
transmission line. The power transfer capability of the 
transmission line depends on the line reactance as well 
as bus voltages. Hence the load ability of the line can be
increased either by reducing line reactance or
increasing voltage profile. In order to reduce the
reactance of the transmission line TCSC can be used.
The voltage profile can be improved by injecting the
reactive power at a particular bus where the voltage is 
minimum. The optimal location of the device is that 
where it gives maximum benefit for optimal size of
FACTS devices placed at selected location. The
contingency analysis and severity index based ranking
procedures are explained as follows:

                                                                         
(9)

Where,   and are the MVA flow in line ‘l’ 
and MVA rating of the line ‘l’ respectively. ‘m’ is an
integer exponent taken as 1.

The line flows are obtained by using power flow
solution method. In Eqn. (9), the performance index is 
defined only based on over loaded lines.

III. pf Problem Formulation

A novel cost objective function is formulated by
combining TCSC investment cost (ICTCSC) along with
the conventional fuel cost function. Because of the
combining ICTCSC with fuel cost function, the system
and the FACTs controller control variables are
readjusted to optimize the combined fuel cost function. 
This objective function is optimized while satisfying 
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STCSC=|Q2|-|Q1| MVAr. CTCSC

a. Contingency analysis
Usually, outage of one of the transmission lines 

can be considered as the contingency condition. This
happens due to many reasons; it may be because of
maintenance of the transmission lines, environmental
conditions, etc. Because of this situation, the
transmission lines get overloaded. This contingency
analysis analyzes the system security and gives future
directions for the proper planning and designing.
Because of this analysis, the preventive and corrective 
measures under contingency conditions can be 
predicted. Usually, the contingency condition may be 
due to a transmission line or a generator failure or a 
transformer failure. Out of which, transmission line failure 
plays an important role to assess the power system 
security.

system operating, practical and the device limits. The 
modified fuel cost function with TCSC investment cost 
can be expressed as follows:

b. Performance Index and Ranking
It is not required to consider each and every line

outage to assess power system security. Because, for a 
particular line outage, there are few lines and buses do 
not have line flow and voltage variations beyond the 
limits. If there are any line overloads and bus voltage 
variations then the outage line is considered as critical 
line. The critical lines or credible contingencies are 
identified by contingency analysis and only these critical 
lines need to be taken to assess the power system 
security. A parameter which is known as performance 
index used for security analysis. It indicates how much a 
particular outage might affect the security of power 
system. In general the performance index (PI) or severity 
index (SI) is defined as

                                                                   (10)TCSC

GN

i
Gii ICPCFCMinimize  
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CTCSC=[0.0015S2-0.713S+153.75] $/KVAr, 



 
 

 
 

   
  

 

  

  

   
 

   

  

 
  

 
 

 
  

  

 
  

  
 

  

  

  
 
 
 
 

  
  

  
 

    
    

    

  
 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 
 

 
  

   
 

  

 
 

  

 
 

  
 
 

    
 

  

 

  
 

 
 
 
 
 

 
  

 
 

 
 
 

 
  

 
 
 

 

  

  

   

  

                 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 ‘NG’ is the total number of 
generating units.

a) Quadratic Fuel cost function
The conventional quadratic fuel cost function 

can be expressed as follows:

                                                                                     
(11)

                                                                                                                

Where, ai, bi, and ci are the fuel-cost coefficients 
of the ith unit.

b) Non-Convex Fuel cost function
The conventional quadratic fuel cost function 

with valve-point effects can be considered as non-
convex /non-smooth fuel cost function and this can be
expressed as follows:

                                                                                 
  (12)

Where  ei and fi are the fuel cost-coefficients of 
the ith unit reflecting valve-point loading effects.

The above problem is solved while satisfying 
equality, in-equality constraints explained in earlier 
chapters and the following device limits.

c) Constraints
The objective functions are subjected to the

following equality, inequality and practical constraints.

i. Equality constraints
These constraints are usually load flow 

equations described as

  

ii. In-equality constraints
Generator bus voltage limits

Active Power Generation limits

Transformers tap setting limits

Capacitor reactive power generation limits

Transmission line flow limit

Reactive Power Generation limits

Load bus voltage magnitude limits

TCSC limits

where ‘ nt ’ is the total number of taps, ‘nc ’ is
the total number of VAr sources, ‘Nload’ is the total
number load buses.

d) Practical constraints
The following practical constraints are 

considered to analyze the effect on the considered 
objectives.

i. Ramp-rate limits
The constraints of the ramp-rate limits, the 

operating limits of the generators are restricted to 
operate always between two adjacent periods forcibly. 
The ramp-rate constraints are

is ith unit power generation at previous hour. DRi and URi

are the respective down and up ramp-rate limits of                 

ith unit.

ii. Prohibited Operating Zone (POZ) limits
To improve the efficiency of the thermal power 

plant generators are avoid to operate in the prohibited
operating zones. This can be represented as

where ni is the number of POZ’s and k-index of 
POZ of unit-i. and are the respective lower and

Finally the above proposed problem is more
generalized to solve in-equality constraints can be given 
as

Where, R1, R2, R3 and R4 are the penalty 
quotients having large positive value. The limit values 
are defined as
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GiGiGiG NiPPP ∈∀≤≤ ;maxmin

tiii niTTT ,...,2,1;maxmin =≤≤

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.

min max 1,2,......i i i loadV V V i N≤ ≤ =

0.8 0.2line TCSC lineX X X− ≤ ≤

upper limit of       POZ of ith generator.kth



 

  
  

 
 

 
 

  
 

 
  

 
  

 
 

 
 

 
 

 
 

  
 
 

  
 
 

 
 

  
 
 
 

 
 

 
 

 

  
 

 
 

  

  

  
 

 
  

 
 

 
 

  

  
 
 
 
 

 
 

 
 

  

 
 

  
 

 
 

 

  
 

 
 

 
 

 
 

 
 

 
 

 
  

 
 

  
  

 
 

 
 

 
 
 
 
 
 

  

  

  
IV. Imperialistic Competitive 

               

Algorithm

Imperialistic competitive algorithm [33] is 
inspired by the imperialistic competition in geo-political
interactions between countries. Initially, countries for the
considered control variables are generated. Out of 
which, some of them are best countries (lowest cost) 
treated as “imperialist” and the remaining are treated as 
“colonies”. All colonies are moved towards their 
imperialists based on their powers. Here the power of 
each country is inversely proportional to its cost value. 
Finally, the “empires” are formulated by combining 
imperialists with the corresponding colonies.

After this, the assimilation policy is applied to 
move the empires towards their imperialist. Then power 
of each empire is calculated as the sum of the power of
the imperialist and percentage of mean of power of its 
colonies. Then, all these empires participate in
imperialistic competition and finally, the empire which 
has least power is eliminated from the system. The 
colonies will move towards their relevant imperialist and 
cause all the countries to converge to a state with single 
empire in the process.  

The important steps in this algorithm are briefly
discussed below:

a) Generating initial empires
Initially population is generated for all control

variables as countries (Ncountry). For N-dimensional
problem, the position of ith country is defined as follows: 

b) Moving colonies towards their imperialists
If a colony has best cost value than that of the

imperialist, then exchange these colony and imperialist 
to continue this process in new location.

c) Calculation total power of an empire
The total power of an empire is the sum of the 

power of the imperialist and powers of the colonies.

where as the weak empire decreases. This competition 
is modeled by choosing some of the weakest colonies 
of the weakest empires and competition among all 
empires to possess these colonies. Then, total power of 
each empire is calculated.

e)  Eliminating powerless empires
The powerless empires will collapse in the

imperialistic competition. Different criteria can be
defined for collapse mechanism. In this paper, an
empire is assumed collapsed when it loses all of its
colonies. Weak empires gradually decline in imperialistic 
competition and strong empires take the possession of 
their colonies. There are different conditions for 
declining an empire.

f) Stopping criteria
After some imperialistic competitions, all the 

empires except the most powerful one will collapse all of 
the countries under their possession become colonies 
of this empire. All the colonies have the same positions
and the same costs and there is no difference between 
the colonies and their imperialist. In such a case, the 
algorithm stops.

V. Results and Analysis

An IEEE 14 bus system has been considered as 
first example to find the efficacy of the proposed method
without and with TCSC. In 14 bus test system, bus 1 is
slack bus, while buses 2, 3, 6 and 8 are generator buses 
and other buses are load buses. The input parameters 
of the proposed ICA method are given in Table.1.

As a preliminary computation the contingency
analysis and ranking is performed on the test system for 
one branch outage at a time. The over loaded line flows 
and ranking during contingency analysis are tabulated in 
Tables 2 and 3 respectively. In this paper, Rank 1 
contingency is considered to investigate the 
effectiveness of the proposed method without and with 
TCSC device to eliminate the over loaded lines.
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d) Imperialistic competition
All these empires try to take the possession of

colonies of other empires and try to control them. In this 
process, the power of the powerful empire increases 












minmin

maxmax
lim

,

,

xxx

xxx
x  

xHere ‘ ’ is the value of Pg,slack, Vi, QGi.
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As the TCSC is a series controlled FACTS 
device a line in which least power will flow is required for 
the best location of TCSC. The required best location for 
the TCSC is determined from the rank 1 contingency by
using severity index. The SI values for the test system
are given in Table3. From this table it can be seen that 
the line outage 4-5 is the most severe which is
represented as rank 1 contingency. From rank 1
contingency result in order of priority of the line for the 
location of TCSC is 3-4 based on the power flows
intransmission lines under rank 1 contingency.

The control variables corresponds to each 
population are updated in bus and line data then 
perform load flow and finally calculate the cost     of 

       To  divide  the  colonies among
imperialists proportionally, the normalized cost of all
imperialists is calculated and based on this normalized 
powers are calculated. From this the number of colonies 
for nth empire is evaluated. As the imperialists force to 
move the colonies towards them by applying attraction 
policy.

each country. Initialize the total number of imperialists
and there by calculate the number of colonies

(Ci)

(Nimp)
(NCol=NCountry-Nimp).



  

 

 

 

 

 
 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 
 

  
 

 
 

 
 

 
 

 
 

 
 

 
 

 
  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1 : Input parameters for test example

Table 2 : Overloaded lines of IEEE-14 bus system               
during contingency analysis

Table 3 : Contingency ranking of IEEE-14                               
bus system

The results of optimized values for all control
variables for minimization of quadratic and nonconvex
fuel cost objective using proposed ICA method with 
considering effect of practical constraints for without 
and with TCSC are tabulated in Table.4. The
convergence characteristics of the proposed algorithm 
for all the cases are shown in Figs 3 and 4.  

From Table.4, it is observed that, with TCSC, 
the quadratic fuel cost is decreased by 0.6855 $/h and
the non-convex cost is decreased by 0.3291 $/h when
compared to without device. It is also observed that, the 
total real power generation is increased with TCSC and 
consequently the system power losses also increased.

From figures 3 and 4, it is observed that 
proposed method with TCSC starts the iterative process 
with good initial value and reaches final best value in 
less number of iterations when compared to without
device.

Table 4 : OPF results of IEEE-14 bus system for convex and non-convex costs
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Parameters Quantity 

Number of initial countries 1000 

Number of initial imperialists 8 

Number of decades 200 

Revolution rate 0.05 

Assimilation coefficient 0.2 

Zeta (ζ) 0.02 

Damp ratio 0.99 

Uniting threshold limit 0.02 

S. 
No 

Outage 
line 

Over 

loaded  

lines 

Line 

 Flow 

(MVA) 

Line  

limit 

(MVA) 

PI 

1 4-5 

1-2 179.4369 150 1.1962 

2-3 89.1447 85 1.0488 

2-4 89.2352 85 1.0498 

5-6 62.1180 45 1.3804 

6-11 17.4159 14 1.244 

6-13 23.7676 22 1.0803 

10-11 13.4437 12 1.1203 

2 7-9 

1-2 157.5373 150 1.0502 

5-6 60.7119 45 1.3492 

6-11 17.6322 14 1.2594 

6-13 24.1568 22 1.098 

10-11 13.0879 12 1.0907 

S. No Outage line Severity Index Rank 

1 4-5 8.1198 1 

2 7-9 5.8475 2 

  

S.No Parameter 
Quadratic cost ($/h) Non-convex cost ($/h) 

Without With TCSC Without With TCSC 

1 

R
e
a
l 
p
o
w

e
r 

 

g
e
n
e
ra

ti
o
n
  

  
  
  
  

  
(M

W
) 

PG1 168.7799 173.1421 213.2493 213.563 

PG2 50.3254 47.0367 23.2421 25.5652 

PG3 21.1789 20 20 20 

PG6 18.1432 16.3694 7.7983 5.3562 

PG8 8.6787 10.6415 5 5 

2 

G
e
n
e
ra

to
r 

  

vo
lt

a
g
e
s 

 

(p
.u

.)
 

VG1 1.0886 1.1 1.0883 1.1 

VG2 1.0565 0.9164 1.0599 0.9 

VG3 0.9419 1.0264 1.007 0.9912 

VG6 1.0505 0.9628 0.9836 0.9739 

VG8 1.015 1.0307 1.0507 0.9224 

3 

T
ra

n
sf

o
r

m
e
r 

 t
a
p
 

se
tt

in
g
  

(p
.u

.)
 TAP4-7 1.0508 1.0321 1.1 0.9631 

TAP4-9 0.9362 0.9962 0.9579 0.9692 

TAP5-6 1.0188 0.9226 1.0773 0.9598 

4 

Sh
u
n
t 

 

co
m

p
e
n
sa

to
r 

  
  

  
  
  

  
  

(M
V
A
r)

 

QC9 19.4419 25.5866 9.3157 17.9661 
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The ramp-rate and POZ limits followed by the

generators are tabulated in Table.5. From this table, it is 
observed that, while minimizing quadratic fuel cost 
objective the 2   generator is following up ramprate and 
operative above the POZ upper limit whereas while 
minimizing non-convex fuel cist objective  2    generator 
is following down ramp-rate and operating below the 
POZ lower limit.

nd

nd



 
 

 
 
 
 
 
 
 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 

 
 

 
 

 
 

  
 

 
 

 

  
 

 
 

  
 

  
 

 
 

  
 

  
 

 
 

  
 

  

 

  
 

 
 

  
 

 
  

 
 

  
 

  
 

Table 5 : Ramp rates and POZ limits followed by the generators of quadratic cost with TCSC
for IEEE-14 bus system

1-Below POZ lower limit                                           2-Above POZ upper limit
   3-Equal to POZ lower limit                                       4-Equal to POZ upper limit

           

UP-following up-ramp rate                                      Down-following down-ramp rate

Fig 3 : Convergence characteristics of quadratic

                

cost with TCSC for IEEE-14 bus system

Fig 4 : Convergence characteristics of non

-

convex

                

cost with TCSC for IEEE-14 bus system

objectives such as quadratic and non-convex fuel cost 

objectives and can be applied to solve any size of the
system.
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terms of transmission line loadings. Obtained numerical 
results for IEEE-14 bus test system confirms that, the
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