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Abstract This work presents bat search (BS) algorithm to solve optimal power
flow problem. BS algorithm is a population-based random search technique that
mimics bats’ behavior. The main motive of solving an optimal power flow
(OPF) problem is to obtain the optimal setting of control variables in a power
system that minimizes or maximizes one or more objective functions. The power
system equality and inequality constraints such as generator constraints, transformer
constraints, shunt VAR constraints, line flows, and bus voltage constraints are
effectively handled in OPF problem by implementing penalty factor approach. The
proposed bat search algorithm is applied to find optimal setting of the power system
control variables like generators real power outputs except slack bus, generator bus
voltages, transformer tap settings and other sources of reactive power such as shunt
capacitor or some shunt FACTS controller. The objective functions to carry out
OPF are fuel cost minimization, improvement voltage profile, and enhancement of
voltage stability under normal condition as well as during line outage contingency.
Effectiveness of the proposed bat search algorithm has been demonstrated by
applying BS algorithm to solve OPF problem in the standard IEEE 30-bus system
with the above-mentioned objectives. The results obtained using BS algorithm are
compared with the results obtained using other evolutionary computing techniques
reported in the literature. The comparison of results clearly shows that the proposed
bat search algorithm provides better and feasible solution when solving the OPF
problem.
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1 Introduction

The main aim of solving an OPF problem is to find optimal setting of control
variables that optimizes a certain objective function such as minimization of gen-
erators fuel cost, improvement of voltage profile, and enhancement of voltage
stability under normal and contingency condition, etc., subject to satisfying various
operating constraints and power balance equation. OPF problem formulation yields
a highly nonlinear, multimodal, non-convex, non-differential objective function
having continuous and discrete control variables, and it has been introduced by
Carpentier in the early 1960s [1].

Nowadays, voltage instability problem is being faced, because generation and
transmission capability expansion is unable to meet the load demand. At the same
time, lack of reactive power sources in power system leads to bulk power losses in
transmission lines. So, it is very important to consider voltage profile improvement
and voltage stability improvement as the objectives of OPF problem.

To solve optimal power flow problem, several conventional optimization tech-
niques like mixed integer programming, linear programming, nonlinear program-
ming, interior point method, quadratic programming, and Newton-based methods
were used. Because of the nonlinear, non-differential, multimodal, non-smooth, and
non-convex nature of the problem, the traditional optimization techniques are not
appropriate for solving optimal power flow problem [2, 3]. On the other hand,
evolutionary computing (EC)-based techniques [4] do not have any such restric-
tions of objective functions and are able to solve any type of the optimization
problem. These population-based random search optimization techniques are
heuristic in nature which, though not assuring global optimality, are able to offer
good near-optimal solutions within acceptable computation time.

In recent years, various EC-based techniques have been implemented to solve
OPF problem. Some of these techniques are Dragonfly algorithm (DA) [5], genetic
algorithm (GA) [6], linear adaptive genetic algorithm (LAGA) [6], particle swarm
optimization [7], quasi-oppositional biogeography-based optimization (QOBBO)
[81, chaotic krill herd algorithm (CKHA) [9], refined genetic algorithm (RGA) [10],
glowworm swarm optimization (GSO) [11], league championship algorithm
(LCA) [12], improved differential evolution-based approach (IDE) [13], modified
differential evolution algorithm (MDE) [14], and many others.

The BS algorithm developed by Xin She Yang in 2010, is a heuristic algorithm,
and has been inspired by echolocation characteristics of bats. Most of the bats
species use a type of sonar called echolocation that guides them in their flying as
well as in hunting even in complete darkness [15]. Bat search algorithm has been
applied in this paper for solving OPF problem with the objectives of minimizing
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fuel cost and improving voltage profile and voltage stability. Effectiveness of the
BS algorithm is tested on IEEE 30-bus system.

2 Problem Formulation

The optimal power flow problem considered in this paper is for minimizing fuel
cost and improving voltage profile and voltage stability subject to various equality
and inequality constraints [16] as discussed below.

2.1 Objective Function

In this paper, four different objective functions are considered for solving OPF
problem. The objective functions are as follows:

(a) Minimization of Generators’ Fuel cost

The first objective function, namely generators’ fuel cost minimization, can be
expressed as:

NGN

Filvu) = > _fi(Pe)($/h) (1)

The fuel cost equation can be written as:
f:(Py) = Ai+ BiPy + C:P; ($/h) (2)

where A;, B;, and C; are the quadratic fuel cost coefficients of the ith generator.
(b) Voltage profile improvement

The second objective function deals with minimization of voltage deviations at
all the load (PQ) bus voltage from 1.0 p.u.

In Case 1, considering only fuel cost may provide feasible solution but poor
voltage profile. So, in this case (Case 2) simultaneous minimization of fuel cost and
improvement of voltage profile has been considered using twofold objective
function as:

NGN
Fa(x,u) = Zfi(-)$/h+°<vn S vi—1 3)

ieENL

where oyp is a weight factor, and it is to be selected by the user.
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(c) Enhancement of Voltage Stability

It is very important to maintain load bus voltage within acceptable operating
limit under normal condition, as well as under increased or decreased loading
condition or changed system configuration condition. Voltage stability can be
assessed by determining voltage stability indicator, L-index at every load bus of a
power system. The value of L-index varies from O at no load condition to 1 at
voltage collapse condition of a power system. The bus or node with the highest
value of L-index will be the most vulnerable bus in a power system. Voltage
stability of a power system can be enhanced by moving far from the voltage
collapse point through minimization of the overall power system L-Index [16]. The
objective function in this case (Case 4) can be written as follows:

NGN

F3(x,u) = Zfi(-)$/h+°‘LLmax (4)

where oy as ayp is a scaling factor and is decided by the user.
(d) Voltage stability improvement during contingency

In this case (Case 4), single line outage contingency is considered in a power
system. Thus, in this case, the objective function is enhancement of voltage stability
under the condition of single line outage.

2.2 Constraints

The optimal power flow problem has two types of constraints, namely equality and
inequality constraints, as given below.

(a) Equality Constraints

These constraints are the power balance equations and can be divided into real
power and reactive power static load flow equations as:

NB

0= Pgi — Pdi — V, V][GU COS(eij) +Bij sm(@u)] (5)
=1
NB

0= Qg — Qai — Vi »_ Vj[Gysin(0;) — By cos(0y)] (6)
=

where 0; = 0; — 0;, the voltage magnitudes of bus i and bus j are V; and Vj,
respectively, NB is the number of buses,Pg; and Q,; are the active and reactive
power generation, respectively, at bus i, Pg; and Qq; are the active and reactive load
demand at bus i, and G; and By are the elements of the admittance matrix
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(Y,-j = -G+ jB,-j) representing the conductance and susceptance between bus
i and bus j, respectively.

(b) Inequality Constraints

These constraints can be categorized into four types, namely generation con-
straints, shunt VAR compensation constraints, transformer constraints, and security
constraints.

e Generator Constraints:

Vel SV, Vg™, k=1...NGN @)
P[grz,mgpgk Spg{aX7 k=1...NGN (8>
On" <0y SO, k=1...NGN ©)

e Transformer Constraints:
T <T <Tf™ k=1...NTR (10)

e Shunt VAR compensator constraints:

0" < Qc, <O k=1...NC (11)

e Security Constraints:
Vi<V, <V k=1...NLB (12)
S, <SS k=1...nt (13)

Aggregating above equations, optimal power flow problem can be written in
general form as:

Minimize F(x, u) (14)
Subject to;
Equality constraint g(x,u) =0 (15)
and

Inequality constraint i(x, u) <0 (16)
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and

(V)

Variable bounds 1" <w, <ul”), k=1,2, ..., n (17)

where x is set of dependent variables, u is set of control variables, and u,(f)7 u,((w are
lower and upper bounds, respectively, of kth decision variable
Here, x can be expressed as

Xl = [Pe, Vi ... Vaig, Qel, - OenG, St -« - Snul] (18)

while u can be expressed as

u' =[Py, ... Pyuns Ve, -+ Vayn: Qcy - - Qenes Tt -+ - Tty (19)

where NLB is the number of load buses; ntl is the number of transmission lines;
NGN, NC, and NTR are the numbers of generators, numbers of VAR compensation
units, and numbers of regulating transformers, respectively.

2.3 Incorporation of Constraints

To obtain feasible solution, the inequalities are included into the objective function
and the extended objective function can be formulated as:

NGN NLB ntl
Faug =F+C .]’l(x,‘) +C, Z ]’l(QG,) +Cs Z ]’l(VLi) + Cy Z I’l(Sl,.) (20)

i=1 i=1 i=1

where C1,C,, C3, and Cy4 are the penalty factors corresponding to limit violations
and selected by the user.

Bat search algorithm has been applied for this optimal power flow problem,
which is a combinatorial optimization problem having nonlinear and multi-
extremism property. In this paper, the OPF problem has been solved by optimizing
real power output and voltages of the generators, tap settings of regulating trans-
formers, and settings of shunt VAR compensations, and these optimization vari-
ables are considered as continuous values.

3 Bat Search Algorithm

Bat search algorithm is a nature-inspired optimization technique, developed by Xin
She Yang in the year 2010. This algorithm is based on the echolocation capability
of bats responsible for their unique foraging behavior. Most of the bats are using
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sonar echoes to recognize, detect, or sense different types of obstacles. The species
including bats using sonar echoes ability emit some sound pulses of frequencies in
the range of 10-200 kHz. These pulses when hitting the objects or the prey around
a bat produce echoes. The bats listen to the echo and then analyze and evaluate the
distance of prey from them. Yang developed basic BS algorithm considering fol-
lowing approximation and ideal rules [17]:

e Echolocation is used by all the bats to sense the distance, and the difference
between food/prey and background barriers is also known to bats.

e The bats have a random flying velocity v; at position X; with a frequency f™n,
changing wavelength or frequency, and loudness L to find prey.

e Bats have capability to regulate automatically the frequency (or wavelength) of
their emitted pulses and to regulate the pulse emission rate R € [0, 1], according
to the proximity of the object.

e Even though the loudness of the emitted pulses can vary in various ways, it is
assumed to lie within a large positive value L to some minimum value A™",

The basic steps used in bat search algorithm can be summarized as follows [18]:

3.1 Initialization of Bats

The initial population of bats N is randomly generated with dimension d by taking
into account upper and lower boundaries. The jth component x;; of position vector
X, can be written as:

xkj _ X;nin 4 (p(}(;nax _ )(j!nin) (21)
where k=1,2 ... N,j=1,2 ... d, and iji“ and X]m“" are the lower and upper

boundaries for dimension j, respectively. ¢ is a randomly generated number, and it
lies within range of 0-—1.

3.2 Movement of Bats

The frequency, velocity, and position of the bat are updated according to Eqs. (22)—(24).
ﬁ( — fmin + ﬁ (fmax _ fmin) (22)

Ve =V 4 (X — X)fe (23)
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X, =X""+v, (24)

where f™* and f™" are the maximum and minimum values of frequency, f; rep-
resents the frequency of the kth bat; § is a number that is randomly generated
between 0O to 1; vector X, is present global best location or solution obtained on
comparison of all the N number of solutions; and v, and X} are the velocity and
position of the kth bat at 7th time step.

BS algorithm uses the benefit of the local search for maintaining the solutions’
diversity of the population. The local search follows the random walk strategy to
generate a new solution.

Xnew = Xod + EA[ (25)

where € is a random number uniformly distributed ranging from —1 to 1 and A’ is
average loudness value of all bats at tth time step.

3.3 Loudness and Pulse Emission Rate

The loudness L and pulse emission rate r can be updated according to Egs. (26) and
(27), respectively.

Lt =al (26)
=R e (27)

where 7 and o are constants, and r,? is the initial pulse emission rate value of the kth
bat.

4 Implementation of BS Algorithm for OPF

The solution algorithm for solving OPF using BS algorithm can be summarized in
following steps:

(i) Set the bat population size (N), loudness (L), pulse emission rate r°, the
maximum number of iteration (iter,,,,), and the number of decision vari-
ables (d). Initialize the load flow data.

(i) Initialize bat position X of N individuals randomly in the feasible area and
their velocities vy.

(iii) For each virtual bat, run load flow (e.g., NRLF) program, to find the fitness
for each individual as per the objective functions of various cases mentioned
above.
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(iv) Adjust the frequency, and update velocities and position using Egs. (22)—
(24) to produce new solutions.

(v) If rand is greater than r;, select the best solution among various solutions
and generate new solution using local search. Otherwise, create a new
solution randomly.

(vi) If rand is less than L; and f{X;) is less than f{X+), accept the created new
solution. Increase the value of r;, and decrease the loudness L;.

(vii) Perform the ranking of bats (solutions), and find the present best solution.
(viii) If iter < itery,y, increase iter by 1, i.e., iter = iter+ 1 and go to step (iv),
Otherwise, go to step (iii).
ix) Best solution obtained. Stop.

Flowchart of BS algorithm has been shown in Fig. 1.

5 Result and Discussion

In order to assess the superiority of the proposed bat search algorithm, it has been
implemented for solving OPF problem in IEEE 30-bus system [19]. This system
has following characteristics: six generators at bus nos. 1, 2, 5, 8, 11, and 13; four
transformers with off-nominal tap settings in line nos. 6-9, 6-10, 4-12, and 27-28;
and shunt VAR compensation at buses 10, 12, 15, 17, 20, 21, 23, 24, and 29.

The standard IEEE 30-bus system bus data, line data, generator data, and their
control variable maximum and minimum limits are taken from [19]. As many as, 30
trials were taken using BS algorithm for solving the optimal power flow problem,
and the best results are given here.

5.1 Case 1: Total Fuel Cost Minimization

In this case, total fuel cost minimization was considered as objective function as
defined in Eq. (1). Here, cost characteristics of all the generators were assumed to
be quadratic in nature. The total fuel cost obtained using BS algorithm is compared
with those of other methods reported in Table 1, while the optimal setting of
decision or control variable yielded by the proposed algorithm is given in Table 2.
This demonstrates the potential of the proposed approach to solve OPF problem.
Figure 2 shows the convergence characteristic of BS algorithm for minimization of
total fuel cost. It has been observed that the methods reported in [20-22] provided
lesser minimum fuel cost than the proposed algorithm. However, as reported in [23,
24], the best solutions obtained in [20-22] are infeasible solutions. Due to limited
space, only few result are compared in Table 1 and the result marked with < is
actually infeasible.
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Initialize frequency, velocity, bat population
and pulse emission rate, loudness

v

Calculate fitness value of bats using NRLF
program and store the best solution

%

Move the population in the
space by Eq. (22) to (24)

v

Select the solution among the best Yes
solution and generate new solution <=
using local search
No M
~ Calculate fitness value of newly

generated solution

\

€S
Accept the solution, update
[ loudness and pulse rate < _
No \

Rank the bats solutions to obtain
the best solution X-

v

Is termination
criteria satisfied?

Yes

[ Show the fitness value of best solution ]

Fig. 1 Flowchart of bat search algorithm

5.2 Case 2: Voltage Profile Improvement

The objective function chosen in Case 2 was the minimization of total fuel cost and
improvement of voltage profile simultaneously as defined in Eq. (3). The value of
minimum total fuel cost and voltage deviation obtained by the BS algorithm were
807.3128 $/h and 0.0789, respectively. The optimal setting of control variables is
given in third column of Table 2. It is clear that the voltage profile is significantly
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Table 1 Comparison of Case  Nethod Fuel cost

1 result
BSA 800.5087
MSA [25] 800.5099
MPSO [25] 800.5164
MDE [25] 800.8399
MFO [25] 800.6863
FPA [25] 802.7983
ARCBBO [26] 800.5159
RCBBO [26] 800.8703
BBO [26] 801.0562
GWO [27] 801.41
DE [27] 801.23
HSFLA-SA [28] 801.79
MSFLA [29] 802.287
SFLA [29] 802.5092
GPU-PSO [23] 800.53
ABC [24] 800.66
PSO [20] 800.41"
DE [21] 799.1116"
BH [22] 799.92"

“Infeasible solution

improved as compared to that of Case 1, as the total voltage deviation is reduced
from 0.8871 in Case 1 to 0.0789 in Case 2. The voltage at various buses of IEEE
30-bus system in Case 1 and Case 2 is compared in Fig. 3. The results attained
using bat search algorithm have been compared with reported results using other
algorithms in Table 3. However, the best solutions reported in [20, 21] are indeed
infeasible solutions.

5.3 Case 3: Voltage Stability Enhancement

The objective function for minimization of the total fuel cost and enhancement of
voltage stability simultaneously as defined in Eq. (4) was selected in Case 3. The
value of minimum total fuel cost and L-index as obtained by the BS algorithm were
825.2849 $/h and 0.1237, respectively. The optimal setting of control variables is
given fourth column of Table 2. The result attained using BS algorithm is compared
with the reported results obtained using other algorithms in Table 4. As depicted in
Table 4, BS algorithm has provided better results as compared to other
meta-heuristic optimization algorithms. In this case also, it has been observed that
result marked with “*’ in Table 4 is the infeasible solution indeed [24].
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Table 2 Optimum value of control variable for different cases

S. Gupta et al.

Control variable Case 1 Case 2 Case 3 Case 4
Pg, 0.4879 0.44996 0.54837 0.57500
Pgs 0.2146 0.24237 0.31404 0.32490
Pgs 0.2110 0.19675 0.23718 0.24840
Pg1y 0.1198 0.15665 0.20289 0.20060
Pgi3 0.1110 0.18293 0.26395 0.27160
Vi 1.0838 1.02797 1.05157 1.05340
Vaa 1.0643 1.01575 1.04665 1.04600
Vas 1.0323 1.02002 1.04264 1.03070
Vs 1.0374 1.00380 1.05333 1.04420
Vit 1.0473 0.99693 1.05091 1.06510
VGis 1.0506 1.00151 1.04487 1.04370
Tso 1.0019 1.00520 1.02555 1.01610
Ts_10 0.9900 0.97555 1.03177 1.03510
Ts12 0.9862 0.97858 1.03296 1.00680
Trg.27 0.9823 0.97664 0.98819 1.00400
Ocio 0.0279 0.02881 0.05000 0.04980
Oci2 0.0275 0.01543 0.04977 0.04310
Ocis 0.0251 0.02839 0.04395 0.04560
Oci17 0.0353 0.01531 0.04987 0.04860
Oc20 0.0248 0.04603 0.05000 0.05000
Ocai 0.0474 0.04631 0.05000 0.05000
Oc23 0.0111 0.01714 0.03718 0.04920
Oc24 0.0414 0.05000 0.05000 0.05000
() 0.0154 0.01773 0.01622 0.03110
Fuel cost($\h) 800.5087 807.3128 825.2849 833.1631
V.D (p.u) 0.8871 0.0789 1.0390 0.8850
L-index 0.1289 0.1378 0.1237 0.1348

5.4 Case 4: Improvement of Voltage Stability During
Contingency

In practical power system operation, there might be various types of contingencies
occurring such as transmission line outage and generator unit outage. It is necessary
to have enough stability margins in normal operating condition of a power system
as well as under contingency conditions. So, objective function of Case 4 is min-
imization of the total fuel cost and enhancement of voltage stability of the power
system simultaneously under (N — 1) contingency, which is simulated as outage of
the line connected between bus no. 2 and bus no. 6. The optimum setting of
decision variables is given in Table 2, and comparison of the results obtained using
the proposed BS algorithm and reported results using other algorithms are given in
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Table 3 Comparison of Case

2 results

Method Fuel cost Voltage deviation
BSA 807.3128 0.0789

MSA [25] 803.3125 0.10842

MPSO [25] 803.9787 0.1202

MDE [25] 803.2122 0.12646

MFO [25] 803.7911 0.10563

FPA [25] 803.6638 0.13659

DE [21] 805.2619 0.1357*

PSO [20] 806.3800 0.0891*

“Infeasible solution
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Table 4 Comparison of Case

S. Gupta et al.

Method Fuel cost L-index

3 result
BSA 825.2872 0.1237
MSA [25] 801.2248 0.13713
MPSO [25] 801.6966 0.13748
MDE [25] 802.0991 0.13744
MFO [25] 801.668 0.13759
FPA [25] 801.1487 0.13758
BBO [30] 805.7252 0.1104
ABC [24] 801.6650 0.1379
PSO [20] 801.1600 0.1246*
DE [21] 807.5272 0.1219*
GSA [31] 806.6013 0.1162%
“Infeasible solution

Table 5 Comparison of Case  \ethod Fuel cost L-index

4 result BS 833.1631 0.1348
MSA [25] 804.4838 0.13917
MPSO [25] 807.6519 0.14051
MBDE [25] 806.6668 0.13982
MFO [25] 804.556 0.13935
FPA [25] 805.5446 0.14149
ABC [24] 809.0112 0.1474
DE [21] 810.2661 0.1347*
GSA [31] 801.1834 0.0930*

“Infeasible solution

Table 5. From Table 5, it is clear that the bat search algorithm has provided better
optimization results as compared to other reported algorithms. Further, it has been
reported in [24] that the best solutions provided by DE algorithm [21] and GS
algorithm [31] are infeasible.

6 Conclusion

In this paper, a recently developed Bat Search algorithm has been applied to solve
optimal power flow problem with the objectives as minimization of total fuel cost,
improvement of voltage profile, and enhancement of voltage stability under normal
condition as well as during contingency.

The proposed bat search algorithm has been applied to solve OPF problem in the
standard IEEE 30-bus system. The results obtained using BS algorithm were
compared with the reported results obtained using other meta-heuristic algorithms.
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On comparison, this has been clearly observed that the BS algorithm provides better
results than those reported in literature. This confirms the superiority and effec-
tiveness of BS algorithm over other EC-based techniques to solve different cases of
OPF problem with feasible results.
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