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1. Introduction

For several decades, the layout of electric power
industry has been organized as Vertically Integrated
Utility (VIU) in which generation, transmission and
distribution of electrical power are monopolistic.
These state owned utilities frame the policies and
regulations as per the government and operate accord-
ing to that guidelines. Also these utilities necessitate
providing a reliable power to the consumer with
fair returns. This convention has led to an incom-
petency and passiveness in the power industry with
inadequate inspiration for technical innovation, fair
administration and customer centre. Adding to this
shortfall, the augmentation of the population has led
to the increased demand for electrical power. Con-
ducive to cater the required electrical power for the
consumers, it is inevitable to enhance the existing
power system or to establish a new system. As the
latter is a much costlier option, the concentration has
been focused towards enhancing the existing power
system.

Due to various reasons, such as high demand
growth, irrational tariff policies and to let the util-
ities function competitively and consumers to opt
suppliers of electrical power, the layout of market
structure slowly paved the way to a competitive
environment called the deregulated power system
or deregulated energy market. Deregulation offers
competition among the power generating companies
and provides choice to the consumers for choosing
a better utility [1]. “Deregulation in power industry
is a restructuring of the rules and economic incen-
tives that governments set up to control and drive
the electric power industry”. Unlike other commodi-
ties, electricity cannot be stored and hence has to
be transported through transmission’lines so as to
meet the unpredictable load. When electrical power is
transmitted through transmission lines, the lines are
stressed with certain technical constraints but have
to be operated maintaining the reliability and secu-
rity of the power system. Solution methods are being
proposed by various researchers for this chaotic tech-
nical crisis. An extensive survey and an organized
contribution of various researchers in providing res-
olution towards the congestion in transmission lines
in presented in [2]. The survey deliberates from tra-
ditional approach till most prominent method i.e.,
rescheduling of generating units. Overload reduction
due to transmission congestion is accomplished by
rescheduling of real power generation by Relative
Electrical Distance (RED) method [3] in which the

computational time required to solve the congestion
problem is found to be lesser. In optimal power flow
based congestion management, benders decomposi-
tion technique [4] is adopted. One of the index used
to identify congestion is Transmission Congestion
Distribution Factor (TCDF) [5] in which the most
sensitive generators and loads are identified using
TCDF values. Sensitivity of the transmission line is
another tool employed to measure congestion [6] in
which line loading factor is determined to identify
the overloaded lines and hence are penalized. Optimal
bidding strategy based congestion management [7] is
another technique in which the objective is to produce
profit for both the buyers and sellers of open access
power market. Available Transfer Capacity (ATC) is
alternative unique metric [8] used by researchers to
identify congestion in the line.

FACTS devices aid in optimal power flow in
AC power transmission. Among different types of
FACTS .devices, Thyristor Controlled Series Con-
troller (TCSC) offers variable impedance thereby
promotes better power transmission as well as
relieves congestion. The effect of TCSC in conges-
tion. management and spot prices during bilateral
transaction is presented in [9]. Further the study
of compensation level of TCSC at different load
conditions is also accomplished. FACTS devices per-
form better when it is positioned at optimal location.
Methods such as Priority list method [10], sensitiv-
ity based methods such as real power performance
index and reduction of total system VAR power losses
[11], Weighted mean method [12] are being used to
choose optimal location of FACTS device. Optimiza-
tion algorithms also find its extensive application in
locating the position of FACTS device as well as
setting the device parameters. Authors in [13, 14] pre-
sented GA based FACTS placement methodology in
a deregulated environment. The proposed approach
results in enhancing the stability of power system,
power transfer capability of the line, voltage profile
of the system with reduction in generation cost and
transmission losses. Though the proposed method is
efficient, the solution achieved by GA occasionally
struck in local maxima.

Optimization algorithms are being adopted by
researchers for congestion mitigation. Fuzzy Evolu-
tionary Programming and GA [15], Multi-objective
genetic algorithm [16], Moth flame algorithm [17],
cuckoo search algorithm [18], Firefly algorithm
[19], Particle Swarm Optimization (PSO) algorithm
[20], Adaptive Particle Swarm Optimization Algo-
rithm [21, 22], and dragonfly algorithm [23-25] are
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some of the evolutionary algorithms used by vari-
ous researchers to mitigate transmission congestion.
A wide survey on transmission congestion has been
presented [26].

As reported by Central Electricity Regulatory
Commission of India, due to transmission conges-
tion the amount of power that has been transacted
is decreased by 0.92% [27] during 2018-19. Con-
sequently, congestion charge of Rs.137.52 crore has
been imposed at both the power exchanges. Hence it
is inevitable to manage the transmission congestion
for economic operation of the power sector and thus
congestion management is a vital research problem
to be solved.

In most of the earlier congestion management
methods, the objective function to solve conges-
tion is articulated as a single objective function
with minimization of congestion cost or minimiza-
tion of rescheduled generation cost as the objectives.
Most of the congestion management methods used
in the previous work focus on a specific sort of
contingency such as line outage, bilateral transac-
tions etc. It is required to have a wide analysis
over the congestion or contingency cases. Although
many researchers have used FACTS devices, some
literatures fail to indicate the method to choose its
parameters. The parameter values are to be optimized
when working with real time environment. Similarly,
the control parameters of optimization algorithm are
chosen randomly which may affect convergence rate,
computational time and efficiency of the overall sys-
tem. Hence a solution methodology which rectifies
all these flaws for the successful operation of the
power system is required. In this paper, the prob-
lem of transmission congestion is solved using three
challenging optimization algorithms PSO, SOS and
hybrid QPSOBBKH.

2. Objectives of the optimization problem

Any optimization problem involves the formation
of objective function. In this paper the objective func-
tion includes minimization of three parameters i.e.,
(i) congestion cost minimization (ii) TCSC installa-
tion cost minimization and (iii) transmission losses
minimization.

2.1. Congestion cost minimization

The first objective is the congestion cost minimiza-
tion i.e. congestion occurring in the transmission line

is measured in terms of congestion cost. The utility
companies and the customers offer their generation
and demand bids respectively to ISO. The genera-
tion bids Cg;(Py;) is expressed as the generator cost
equation. Generally the generator cost equation is
represented in terms of quadratic equation as,

Cyi (Pyi) = agi Py + byi Pyi + cyi (1)

where, ag;, bg; and cg; are the generator cost coeffi-
cients.

Py is the generated power for bidding.

The deregulated environment provides opportunity
for the customers to choose their favourable utility
based on the generator bids. Hence, the load require-
ment at the load bus varies depending on the readiness
of the customer to accept and pay for the bid. Similar
to the generator bid, the demand bids at any load bus
1 can be formulated as,

Bi (Pgi) = agi P + bgi Pai + cai 2)

Where, ag;, bgi and cdi are the demand cost coeffi-
cients.

Pgi is the power demand for bidding.

Hence,

Ng

Np
fi =minq Y Cyi (Py) — > BaiPa)p (3
i=1

i=1
2.2. TCSC installation cost minimization

The second objective is to minimize the cost of
TCSC by choosing its appropriate reactance XTcsc-
TCSC is a series FACTS device which offers variable
reactance to the line where it is connected. In this
paper, TCSC is modelled as a variable reactance [9].

The installation cost of TCSC is mathematically
represented by,

. CrcscxStcscx1000
= 4
fo = min{ 8760 } @

where,
Crcsc is the cost of TCSC in $/kVAR represented
by,

Cresc = 0.0015 S70gc — 0.7130S7csc + 153.75
()

S is the operating range of TCSC represent

Imax 2 6
i (6)

S = Xrcscx
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2.3. Transmission losses minimization

During congestion, the power loss (Ploss) occur-
ring in the line is more. The third objective is to
minimize the transmission losses.

fa = min (BxXine )
2.4. System constraints

The objective functions given in Equations (3),
(4) and (7) should satisfy the following equality and
inequality constraints:

(i) Equality constraint: According to Newton
Raphson (NR) load flow analysis, the equation for
real power (Pg;) and reactive power (Qg;) at generator
bus and load bus is given by,

Ng
Py = Pai =) Vil | V] [Yij| cos (8 — 8, — 6;)
=1
€))
Ng

O = Qu = Vil V]| ¥y s (5 — 8, - 6,)
j=1

€))

(ii) Inequality Constraints:

The amount of power flow after rescheduling the
generators should lie within the maximum power flow
limit of any line connected between buses i, and bus
j (8;;™*). So the inequality constraint is given by,

2

Ng 2
(Pl-j—l—ZPTCDFiI‘XP,-) < (S,.';?“X) (10)

i=1

where, k ranges between 5 % to 10%. It is the profit
estimate of real power generation at i bus, and AP;
is the real power adjustments of generator at i bus.

(a) The real and reactive power generation of every
generating unit is limited by their maximum and min-
imum power limit which is represented by,

Pgi,min = Pgi = Pgi,max (11)

Qgi,min = Qgi = Qgi,max (12)

(b) The real and reactive power demand at every
load is limited by their maximum and minimum
power limit which is given by,

Pa’i,min =< Pdi =< Pdi,max (13)

Qdi,min = Qdi = Qdi,max (14)

(c) The voltage at any bus i (Vj) is limited by its
maximum and minimum voltage limit. This is given
by,

Vi,min < Vt < Vi,max (15)

(d) The reactance of TCSC which is located in al
line between any buses i and j (Xtcsc) should lie
within its maximum and minimum reactance limit.
The inequality constraint is given by,

X1csemin < Xresc < X1esc max (16)

Three /different congestion cases i.e., bilateral
transaction, multilateral transaction, line overloading
were imposed on the IEEE 14 bus system to make
the line congested and hence to validate the proposed
objective function.

3.. Heuristic algorithms
3.1. Particle swarm optimization (PSO)

PSO is a simple, fast and efficient stochastic opti-
mization method proposed by Kennedy in 1985. In
an N-dimensional space, each particle is deliberated
to be a resolution who’s conspicuous and subsidiary
degree are estimated by calculating its fitness rate.
The particles have the accountability to hold memory
of the paramount positions they have accomplished
throughout the progression of traverse in search space
and share this information to the other particle. In
the progression of each generation, couple of values
are restructured for each particle viz. the best posi-
tion (distinct best position) or fitness value it has
accomplished prior named as the position best or
pbest, Pi=(pil, pi2,... ... .pin) and the paramount
value accomplished by any other particle in the pop-
ulation called as global best or gbest, Gi=(gbl,
gb2,... ... ... gin). Each particle maintains, Loca-
tion in the search space,

Velocity, Distinct best position. Apart from this, the
swarm also maintain its global best position. Consid-
ering N dimensional space, the particles are generated
arbitrarily and it possess two parameters

Locus of the particle Xi=(Xil, Xi2,... ... Xin)

Velocity of the particle, Vi=(Vil, Vi2,... ... Vin)

Based on the information about its pbest and gbest
values the particles update their positions and veloc-
ities using the following Equations(17) and (18)
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respectively.
Vit + 1) = o*V; (t) + Cr*rand1*[ p; (t) — X; (1)]
+ Cr*rand2* [gb; (t) — X; (1)] (17)

Xit+DH=Xi@O+ Vitk+1) (18)

Where, i is the particle index,

o represents inertia weight. The inertia component
o, keeps the particle moving in the same direction
it was originally heading. Lower values of w speed
up convergence where as higher values strengthen
exploring the search space.

e rand 1 and rand 2 represents random values
(O<randl, rand2<,2),

e C1 and C2 called as acceleration constants
(0<Cl1, C2<,2).

C1, the cognitive component, acts as the particle’s
memory, causing it to return to its individual best
regions of the search space. The coefficient limits the
size of the step the particle take towards its individual
best pi. C2, the social component, causes the particle
to move to the best regions the swarm has found so far.
It limits the size of the step the particle takes toward
the global best gbi.

k represents the iteration number,

Vi(t), velocity of the particle at time t

Xi(t), locus or position of the particle at time t
Pi(t), individual best solution of the particle at
time t

e gbi(t), best solution of the swarm at time t.

The algorithm steps in relieving congestion is as
follows:

Step 1: Prepare the line data, bus data and all the
required relevant data of the bus system along with
the parameters of PSO.

Step 2: Impose congestion on the bus system and
run NR power flow for the given generation and load
pattern.

Step 3: Generate a random set of control variables
using PSO procedure for instance incremental and
decremental generation shift and TCSC parameters
satisfying the limits. The values obtained are enforced
in the system data.

Step 4: Run NR power flow.

Step 5: Determine if the constraints are being sat-
isfied exempting, add the penalties & find the fitness
function.

Step 6: Till the specified no. of iterations, find the
velocity of the particle, add the velocity of the ear-

lier iteration result to access a new set of population,
run NR power flow and calculate the fitness value as
stated in the previous step.

Step 7: Output the solution of the best genera-
tion pattern, TCSC parameters along with its suitable
location in the bus system and terminate the process.

3.2. Symbiotic organism search algorithm (SOS)

Based on the social living behaviour of hetero-
geneous organisms in ecology De-Bary in 1878
introduced the phrase “Symbiosis” which means “liv-
ing together”. It attributes to the affinity of couple of
species or organisms which are dissimilar but mutu-
ally dependent (symbiotic) on each other with an
intention of developing its robustness to survive in
the ecological community. SOS algorithm has three
phases namely (i) Mutualism phase- the two species
are mutually benefitted (ii) Commensalism phase
—one organism is benefitted while the other does
not have any impact and (iii) parasitism phase- one
organism is benefitted harming the other organism.
The organism which are interacting arbitrarily tra-
verse through these three phases until the termination
condition is reached.

The step by step procedure of SOS algorithm is as
follows,

1. Initialize the size of the ecosystem (n) by
considering the optimization parameters, max-
imum no. of iteration etc. ..

2. Generate uniform random numbers ranging
from lower ecosystem size to upper ecosystem
size and calculate the fitness value.

3. Select the candidate which has the minimum
fitness value as Xpest.

4. Mutualism phase:

Let Xa and Xb are the organisms which
involve in mutualism phase and the updated
or new organism Xaa, Xbb are computed by
Equations (18), (19) and (20).

Xaa = Xa +1an (0, 1) * (Xpest — MV*IBF,)
(19)

Xpb = Xp +ran (0, 1) * (Xpest — MV*IBFp)
(20)

X, +X
My = 2et R 1)
2
In which, ran (0,1) is a vector of random num-

bers, MV is the mutual vector. It represents the
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affiliation between organisms Xa and Xb, Xpest
is the utmost degree of flexibility. In case of
improved SOS, benefit factors are calculated
from the parameter values obtained from the
algorithm itself.

1BF, = - Xa)_ 0 F (Xpest) 20 (22)
‘T F(Xbest)’ best
IBFb = LXb); F(Xbesl) :1'é 0 (23)
F (Xpest)

5. Commensalism Phase:
Xa be the organism which is benefitted as
it traverse through commensalism phase. The
updated value Xaa is given by,

Xaa = Xg +ran (=1, D * Kpest — Xp) (24)

In which, (Xbest -Xb) signifies the favorable
benefit provided by Xb to assist Xa developing
its degree of existence in the ecology.
6. Parasitism phase:

The best illustration to comprehend the par-
asitism phase is the affiliation of anopheles
mosquito on human being. The pest cultivates
inside the human body while declining its host
with malarial infection. Correspondingly the
organism Xa turns into a parasite or pest and
attempts to substitute the arbitrarily choose
organism Xb by creating a deceptive parasite
in search space called as “parasite-vector”. It
is the vector involves in replacing Xb in the
ecology. On the course of fitness evaluation the
parasite vector or the organism whichever has
more fitness value, gains more invulnerability
and hold its position in the ecology while the
other vanishes. Every organism in the search
space undergo all the three phases and the best
individual survives until the parasitism phase
and remains as the fittest organism or the solu-
tion.

3.3. Proposed hybrid quantum behaved PSO
and biogeography based krill herd
(OPSOBBKH) optimization algorithm

Biogeography based Krill herd (BBKH) is one
of the novel search based heuristic optimization
algorithm recommended for continuous optimiza-
tion problems. Krill (KH) method and biogeography
based optimization (BBO) method was proposed by
Gai-Ge Wang and Simon in 1998 respectively. The

objective function endorsed in krill herd method is
based on the least distance of krill from its food and
the maximal herd density. A modification in PSO in
order to overcome one of the disadvantages of PSO
that it does not promise for a global convergence [28].
The Q-PSO dominate PSO with its wide search ability
and itis a highly potent algorithm for solving complex
problems. An attempt has been made to combine the
benefits of Q-PSO and BBKH as hybrid QPSOBBKH
to solve the congestion prevailing in the transmission
line during any transaction and overloading case. The
Q-PSOBBKH algorithm in solving congestion man-
agement is as follows and the flow chart is given in
Fig. 1.

Step 1: Input the line, bus data’s of the given sys-
tem

Step 2: Initialization phase: Initialize the genera-
tion count g =1, random population of krill (p), VT,
Dmax, Nmax, dmax and Pmod, number of krills,
np. Similarly initialize the PSO parameters such as
population size.

Step 3: Impose congestion in the considered bus
system and run NR load flow program for the speci-
fied generation and load pattern.

Step 4: Evaluation phase: Every individual in the
population are evaluated for its fitness.

Step 5: Partition phase: The total population (TP)
is randomly separated into two equal halves (TP/2).

Step 6: BBKH process: For TP/2 population, posi-
tions are updated for the individuals adopting the
three motions given by the equations

dz;i;n = Nmn + Fn +Dn (25)

Where, Nm is the movement of krill influenced by
other krills,

Fm is the foraging movement,

Dm is the diffusion movement.

NIY — Nijax0tm + 0,NOM (26)

Where, am is the direction in which it advances
Nmax is the maximum speed of the krill,

wn the inertia weight

Nmold the previous motion of the krill

Fm = Ve (B 4+ B3™) +0 ol (27)

Where, Vf represents the foraging speed,

of the inertia weight,

Fmold the previous foraging value.

Include crossover and mutation components to bet-
ter tune the position of the krill. Evaluate the fitness
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l Start l

Y

parameters

[ Initialize krill parameters, random krill population, PSO ]

v

[ Evaluate the fitness of each krill

!

Total Population (Tp)

BBKH + Tp/2

(Update the position of krill A
using (i) position of other
krill (ii) Foraging movement
and (iii) Diffusion
\_movement Yy,

N

[ Sort from best krill to worst
krill and Identify the best
i krill

Do for m=1
to TP/2

QPSO
Tp/2"
,
Update the position and
velocity of every individual
7
y
~
Identify the best individual
7

Best
Individual

No

[ Output the result ]

Fig. 1. Flow chart of QPSOBBKH algorithm.

of each krill and sort from best krill to worst krill.
Replace the best krill in the position of worst krill.
Sort the krill and identify the best krill in current
generation.

The steps to be followed are depicted as follows,

For m=1 to TP/2 (all krills in halved population)
do

adopt three motions for every krill

update positions of each krill

End.

Step 7: Q-PSO Process:

For the remaining TP/2 population, as per the Q-
PSO method, update the position of every individual
a given in equation.

Xn(+ 1) =pu)£a|CU) = X D]In ! (28)
u

pm (D) =@Py () + (1 — @) P (D) (29)

Where,

Pm is a local attractor and m is the particle which
is assumed to move in a hyper rectangle with Pm and
Pg as its diagonals.

o is the contraction-expansion co-efficient.

m is the particle (1,2,... ... ... ... ... M)

1is the iteration number (1,2,... ... ... .Imax)

u is a random number between 0 and 1.

C(1) is the best position and is given by equation
30 & 31

CH=Cr1),Call), v, ,Cy (D)
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Table 1
PSO parameters
Parameter Value
Inertia 0.3
Damping ratio 0.95
Particle size 20
Maximum iteration 20
C1 2
Cc2 2
Table 2
SOS parameters
Parameter Value
Ecosize, n 10
Max iteration 40

. .
Cc()= M;Pmla)’ﬁgpmm

1
............ " Z Pyn (D) (3D

The steps to be followed are as follows, For all
particles in population TP/2 do
Calculate Pm (1) and Pg(1)
Find the mean best position C(1)
Find p(1)
Update the position Xm(/+ 1)
End

Step 8: Combination Phase: After the populations
are generated in this manner, the two population are
combined.

Step 9: The fitness of all the individuals is found
out and the best individual is identified as the best
solution.

Step 10: If the stopping criterion has reached,
output the best individual and Q-PSO algorithm is
terminated. Otherwise go to step 4.

4. Results and discussion

The effectiveness of the objective function is val-
idated using the three algorithms as discussed in
previous sections and also by imposing three con-
gestion cases (i) bilateral transaction (ii) multilateral
transaction and (iii) overloading on standard IEEE 14
bus system. The algorithm parameters are provided
in Tables 1, 2 and 3.

Table 3
QPSOBBKH parameters
Parameter Value
number of krills, np 20
Maximum iteration, max iceration 150
foraging speed, V¢ 0.2
maximum diffusion speed, Dmax 0.005
maximum speed of the krill, Nyax 0.01
Inertia weight (foraging speed),w 0.3
Inertia weight, wy 0.3
emigration rate, jL 0.3
13

11

5 -
4
2
Ga 3
Peaking H
Generator

Fig. 2. Single line diagram of IEEE 14 bus system.

Table 4
TCSC parameters setting during bilateral transaction

TCSC Parameters Bilateral

PSO SOS QPSOBBKH
Optimal location Line. No.7  Line.No.7  Line. No.7
Compensation -0.5 p.u. -0.5 p.u. —0.45 p.u.
(KTCSC)
Mode of operation  Capacitive Capacitive Capacitive
Reactance -0.1102 pu. -0.1010 p.u. -0.1010 p.u.
(XTCSC)

4.1. IEEE 14 bus system

IEEE 14 bus system has three generators, fourteen
buses, twenty transmission lines and eleven loads
with a base load demand of 259 MW as shown in
Figure 2. The algorithm suggests line no.7 to be the
optimal location to place TCSC as well as the param-
eter setting is also optimized as given in Table 4. The
line data’s are provided in Table 5.
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Table 5

Line data-IEEE 14 bus system

Line From To Line impedance (p.u.) Half line charging MVA
number bus bus Resistance Reactance Susceptance (p.u.) rating
1 1 2 0.01938 0.05917 0.02640 120
2 1 5 0.05403 0.22304 0.02190 65
3 2 3 0.04699 0.19797 0.01870 36
4 2 4 0.05811 0.17632 0.02460 65
5 2 5 0.05695 0.17388 0.01700 50
6 3 4 0.06701 0.17103 0.01730 65
7 4 5 0.01335 0.04211 0.00640 45
8 4 7 0 0.20912 0 55
9 4 9 0 0.55618 0 32
10 5 6 0 0.25202 0 45
11 6 11 0.09498 0.1989 0 18
12 6 12 0.12291 0.25581 0 32
13 6 13 0.06615 0.13027 0 32
14 7 8 0 0.17615 0 32
15 7 9 0 0.11001 0 32
16 9 10 0.03181 0.0845 0 32
17 9 14 0.12711 0.27038 0 32
18 10 11 0.08205 0.19207 0 12
19 12 13 0.22092 0.19988 0 12
20 13 14 0.17093 0.34802 0 12
Table 6

Performance comparison of algorithms — Bilateral transaction

Line Line flows in MVA

No. Line Without PSO SOS Q-PSOBBKH
flows limit optimization algorithm algorithm algorithm

1 120 128 119.45 119.02 118.58

2 65 75.6 66 64.68 64.82

4 65 82.3 65.01 64.12 65

5 50 54 50.11 50 49.57

6 63 64 62.37 60.4 60.54

Table 7
Performance comparison of algorithms — multilateral transaction

Line Line flows in MVA

No. Line Without PSO SOS Q-PSOBBKH
flows limit optimization algorithm algorithm algorithm

2 65 70.28 64.5 64.67 64.88

3 36 38.02 36 35.78 34.21

4 65 66.3 64.08 63.25 64.37

5 50 53.55 50.01 47.40 49.40

6 63 72.10 62.88 61.08 62.91

Case (i) Case (ii)

A bilateral transaction of 50 MW between a gen-
erator bus and a load bus make some of the lines
congested. Here a similar transaction is carried
out between buses 2 and 6. The congested lines,
its line flow limits and the optimized values are
given in Table 6. During transaction, the following
lines are severely congested and the performance
of the algorithm in congestion management is also
furnished.

A multilateral transaction of 50 MW is carried out
between bus 2 and buses 4, 5 and hence congestion
is imposed on few lines. Few of the congested lines,
their line flow limits and the optimized line flows are
given in Table 7. The TCSC parameter setting and the
location are given in Table 8.

Case (iii)

In order to impose overloading and hence conges-
tion, the total demand is increased by 10%. Table 9
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Table 8
TCSC Parameters setting during multilateral transaction

TCSC Parameters Multilateral Transaction
PSO SOS QPSOBBKH
Optimal location Line. No. 6 Line. No. 6 Line. No. 7
Compensation (KTCSC) -0.5 p.u. -0.47 p.u. -0.413 p.u.
Mode of operation Capacitive Capacitive Capacitive
Reactance (Xtcsc) —0.11 p.u. —0.1052 p.u. -0.1052 p.u.
Table 9
Details of congested lines due to overloading
Line Line flows in MVA
No. Line flows Without PSO SOS Q-PSOBBKH
limit optimization algorithm algorithm BBKH algorithm
3 36 41.05 35.22 34.5 35.27
7 45 48.29 44.65 44 43.51
8 55 60.02 55.00 54.67 54.51
11 18 19.3 16.25 18 17.85
13 32 35.96 30.08 30.56 30.43
16 32 38.24 31.79 30.94 31.5
18 12 15.55 11 11.24 11.07
Tabl_e 10 _ _ If the congestion is not relieved with TCSC, the
TCSC Parameters setting during overloading algorithm recommends for generator rescheduling.
TCSC Parameters Overloading The entire bus system is divided into three zones
: : : PSO : S08 Q}? SOBEKY such that the cluster of buses and loads are grouped
8ptlmal lotc_at“’“ Li’(l)e'SNO' 7 L_‘(‘)‘ZSNO' 7 ng‘gSNO' | as a zone. Zones are formed based on the values of
ompensation S p.u 45 p.u. -0.55 p.u. . C .
(KTCIS) o) P P ¥ PTCDF. 1t is the factor which indicates the amount
Mode of operation ~ Capacitive ~ Capacitive Capacitive of real power change in a line due to the injection of
Reactance -0.1102p.u.  -0.10p.u.  -0.10pa. real power at any bus. The PTCDF value indicates
(Xtcse)

depicts some of the most severely congested lines
due to overloading. The parameter setting of TCSC
and its optimal location in the bus system is given in
Table 10. The optimal location to place " TCSC can
be obtained from the sensitivity index (aij) [29]. The
sensitivity index of few lines is shown in Table 11.
The line with most positive index value is chosen as
the best location to place TCSC.

the amount of real power that could be transmitted
through a transmission line. Based on the value of
PTCDF, the generators participating in rescheduling
of generation are identified and hence they take partin
rescheduling. Other than the objective function min-
imization, the proposed objective helps to maintain
the voltage profile of the entire system thereby main-
taining the voltage stability of the system with in its
prescribed limit. The convergence characteristics of
the three algorithm is given below in Fig. 3(a). The

Table 11
Sensitivity index of IEEE 14 bus system for chosen lines at various cases
Bilateral Multilateral Overloading

Line no. (From aij Line no. (From aij Line no. (From aij
bus, i-To bus, j) bus, i-To bus, j) i-To bus, j)

2 (1-5) —0.00653 3(2-3) —-0.00583 2 (1-5) -0.00755
7 (4-5) —-0.00156 5(2-5) —-0.00238 7 (4-5) -0.00024
9 (4-9) —0.00854 6 (3-4) —0.00096 11 (6-11) —-0.00093
12 (6-12) -0.05024 13 (6-13) -0.00158 13 (6-13) -0.00246
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Fig. 3. (a) Convergence characteristics PSO, SOS and QPSOBBK.
(b) Congestion index with proposed algorithm using number of
iteration.

finite time with fast convergence capability of pro-
posed algorithm shown in Fig. 3(b). The per unit
voltage values at every nodes of IEEE 14 bus system
is given in Figs. 4-6. It is evident that, irrespective
of the congestion cases, the voltage at every bus is
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within the prescribed limit thereby the voltage sta-
bility of the given bus system is maintained within
the prescribed limit. The comparison of the pro-
posed approach against the work done is furnished
in Tables 12 and 13. It is to be noted that magnitude
of voltage is maintained at 1 p.u. except at buses 1
and 8 with SOS algorithm. From the characteristics
it is evident that QPSOBBKH converges much faster
than PSO and SOS algorithm and hence proves its
efficacy [30-33].

5. Conclusion

The modernization of power sector from vertically
integrated utility to deregulated power market has
led to economic and technical challenges. Conges-
tion management is one of the most significant issue
to be resolved with utmost priority as it could invoke
further outages if unattended. In this paper, a rational
solution to solve this critical issue was presented. A
multi-objective problem is formulated in view of min-
imizing congestion cost, installation cost of TCSC
and transmission losses. Three heuristic algorithms
were used to solve the multi-objective problem and
their efficacy in solving the objective function was
furnished with various test cases imposed on IEEE
14 bus system. The results obtained from the test
cases illustrate that the performance of QPSOBBKH
is superior in relieving congestion which is measured
by reduction in congestion cost, installation cost of
TCSC and transmission losses. Moreover the voltage

m Bilateral
M Multilateral

M Overloading

8 9 10 11 12 13 14

Fig. 4. Voltage magnitude at each bus (PSO).



6206

105

-

Vohtge magnitude in p.u.
o
o 0
) w

0.85

1.02

u
[y

0.98
0.96
0.94
0.92

g
io

0.88
0.86
0.84

Voltage magnitude in p

S.J. George / Power

1T 2 3 4 5 6 7 8 9 10

system by series facts device

M Bilateral
m Multilateral
w Overloading

11 12 13 14

Bus number

Fig. 5. Voltage magnitude at each bus (SOS).
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Fig. 6. Voltage magnitude at each bus (QPSOBBKH).
Table 12
Comparison of Installation cost of TCSC

Sl. no. Comparison of TCSC Installation cost in $/hr.

approaches

1. APSPI [7] 0.0911

PSO [14] 0.088(bilateral)
0.0907 (multilateral)
0.0820(overloading)

2. SOS [20] 0.090(bilateral)
0.0875(multilateral)
0.0882(overloading)

Q-PSOBBKH 0.0910(bilateral)
Proposed work 0.0897 (multilateral)

0.0886(overloading)
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Table 13
Comparison of congestion cost with other approaches — IEEE 14 bus System
S.No. Approaches Congestion Cost ($/hr)
1. OPF [9] 2065
PSO [18] 2004 .5(bilateral)
1995.7(multilateral)
2043.36 (overloading)
2. SOS [20] 2001.82(bilateral)
1992.67(multilateral)
2040.18 (overloading)
Q-PSOBBKH 1904.5(bilateral)
(Proposed work) 1986.7 (multilateral)

2024.82 (overloading)

profile of the system is well maintained within the
prescribed limit.
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