
Received April 22, 2021, accepted May 4, 2021, date of publication May 6, 2021, date of current version May 17, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3078115

Optimal Power Flow Solution Using Levy
Spiral Flight Equilibrium Optimizer
With Incorporating CUPFC
ASHRAF MOSTAFA1, MOHAMED EBEED 2, SALAH KAMEL 1, AND ABDEL-MOAMEN M. A. 3
1Electrical Engineering Department, Faculty of Engineering, Aswan University, Aswan 81542, Egypt
2Electrical Engineering Department, Faculty of Engineering, Sohag University, Sohag 82524, Egypt
3Electrical Engineering Department, Faculty of Energy Engineering, Aswan University, Aswan 81528, Egypt

Corresponding authors: Salah Kamel (skamel@aswu.edu.eg) and Abdel-Moamen M. A. (abdelmoamen@energy.aswu.edu.eg)

ABSTRACT Centre Node Unified Power Flow Controller (CUPFC) is a developed member of Flexible
Alternating Current Transmission System (FACTS) connected at midpoint of transmission line. It has ability
to control the power flow in transmission line (TL) as well as the voltage of the midpoint of TL. Solving the
optimal power flow (OPF) problem is crucial task, and it became a difficult problem in case of integration
FACTS devices into the system. Therefore, in this paper an efficient optimizer, namely Levy Spiral Flight
Equilibrium Optimizer (LSFEO), is proposed for solving the OPF problem and determining the optimal
allocation of CUPFC. The proposed algorithm is based on developing the Equilibrium Optimizer (EO) to
enhance its searching capabilities. In this technique, two searching strategies are applied to enhance the
exploration and exploitation processes of the traditional EO. The first strategy is based on Levy Flight
Distribution to enable the optimizer to jump to new search areas for avoiding the stagnation of the traditional
EO while the second strategy is based on spiral motion of the particles around the sorted best solution to
boost the exploitation. The considered objective functions include fuel cost, fuel cost with valve point effect,
emission, voltage deviations and the power losses. The validity and applicability of the proposed algorithm is
demonstrated using the IEEE 30-bus system. The simulations verify the superiority of the proposed algorithm
over the other reported algorithms. In addition, optimal inclusion of the CUPFC can reduce the cost, VD,
losses, and emission considerably.

INDEX TERMS Power system, power flow, optimization, equilibrium optimizer, FACTS, CUPFC.

I. INTRODUCTION
The optimal power flow (OPF) is an important task for the
operators and decision makers in electrical power systems.
The OPF problem solution means assigning the optimal
operating point for reducing the fuel cost, power losses,
voltage deviations and emissions as well as enhancing the
system stability and loadability. The operating parameters
that can accomplish the required objective function are the
output powers of the generation units, the voltage of gen-
eration systems, the Var output of compensation units and
the transformer taps ratio. The OPF problem is a chal-
lenge task thus several efforts have been presented for solv-
ing this problem. Several traditional methods have been
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implemented for solving the OPF problem such as lin-
ear programming [1], [2], non-linear programming [3], [4],
quadratic programming [5], interior point method [6] and
Newton-based techniques [7], [8]. The shortages of these
methods include suffer from stagnation to local optima for
some cases, unstable for solving the nonlinear functions and
their unsettled convergence. Therefore, the meta heuristic
optimization algorithms have been presented for solving the
OPF problem efficiently. Several meta-heuristic algorithms
have employed for solving the OPF problem which can be
categorized according to their inspiration methods includ-
ing human based algorithms, physical-based algorithms, and
evolutionary based algorithms. Table 1 summarizes these
methods for OPF solution.

Equilibrium Optimizer (EO) is new algorithm inspired
from control volume mass balance models. EO has
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TABLE 1. Different methods for OPF solution.

been applied to solve several optimization problems [34].
EO applied for selecting the optimal feature subset for
classification problems [35]. EO has been employed for
solving the optimal power flow (OPF) problem in hybrid
AC/DC power grids [36]. The authors in [37] solved
the energy management in a micro-grid under uncer-
tainties of system using the EO. The optimal sizing
and sites of renewable distributed generators have been
assigned using the EO under uncertainties of several
parameters [38].

A. Rabehi et al. applied the EO to extract Schottky bar-
rier diodes parameters [39]. In [40], the optimal sizing and
sites of biomass distributed generation have been determined
using EO.

The unmanned aerial vehicle (UAV) path planning problem
has been solve using hybrid EO [41]. The EO has been
employed to determine the sizing and placement of the wind

turbine-based DG and the Superconducting Magnetic Energy
Storage [42].

A CUPFC is an effective controller that is inserted in
series at the midpoint of transmission line (TL) to con-
trol the voltage magnitude and the power flow through this
line [43], [44]. Few publications have been presented to
model and assess the effectiveness of this controller where the
CUPFC is utilized for improving the power transfer capability
of TL [43], [44]. In [45], an efficient transient model of the
CUPFC has been introduced to control the power flow in TL.
The authors in [46], [47] presented a robust model of the
CUPFC into Newton–Raphson power flow method based on
power injection model.

In this paper a modified version of EO is proposed for
solving the OPF problem and to assign the optimal placement
and parameter settings of the CUPFC. The contributions of
paper are depicted below.
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FIGURE 1. Structure of the CUPFC.

FIGURE 2. Representation of the series converters based on shunt injected current.

- Proposing an enhanced version of Equilibrium Opti-
mizer (EO) namely Levy Spiral Flight Equilibrium
Optimizer.

- In the LSFEO, two improvement are used to enhance the
performance of the standard EO based on the Levy Flight
Distribution and spiral orientation movement of populations.

- Application of the proposed algorithm to solve the OPF
problem for different objective functions.

- A simple modeling is used for representing the CUPFC
into OPF solution.

- Application of the proposed algorithm to determine the
optimal site and size of the CUPFC.

- Assessing the optimal allocation of the CUPFC on power
system performance.

- Comparison of the results of LSFEO with standard EO
and other optimization algorithms to verify the effectiveness
of the proposed algorithm.

The paper is organized as follows: Section 2 presents
the modeling and the principal operation of the CUPFC.
Section 3 describe the problem formulation. Section explains
the EO and LSFEO. Section 4 lists the obtained results and
the corresponding discussions of application the LSFEO for
OPF solution with CUPFC. The conclusion of this works is
depicted in Section 5.

II. MODELING OF CUPFC
A CUPFC is an advanced controller that is incorporated in
series at the midpoint of the transmission line. The CUPFC
has ability to adjust the active power flow in a TL (Psp),
the reactive powers flow at the sending and receiving
sides of a TL (Qsps ,Q

sp
r ) as well as the midpoint volt-

age magnitude
(
Vj
)
. The CUPFC consists of three voltage

source converters (VSCs) which connected to the system
by three coupling transformers (Tsh, Tr, Ts) as shown
in Figure 1 [43], [44].

The CUPFC can control the previous parameters by inject-
ing controllable AC voltage to the system. A developed
power injection model is used to represent the CUPFC into
power flow solution. The power injection model is driven
from the voltage source model where the converters of the
CUPFC are represented by voltage source (Vs, Vr , Vsh)
connected in series with their transformer impedances [47].
The series voltage sources are converted to current sources
according to (1) and (2) as shown in Figure 2.

Is =
Vs
jX s

(1)

Ir =
Vr
jX r

(2)
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In addition of that the shunt voltage source is presented as
generator injects a reactive power only to control the voltage
of themidpoint and of that three auxiliary buses are embedded
which represents the terminals of the CUPFC.

These currents are calculated as a function of the specified
values (Psp,Qsps ,Q

sp
r ,Vj) by application theKirchhoff current

law at buses (j, k, n) as follows:
KCL at bus k:

Is = Ikj − I
sp
s,k =

Vk − Vj
jX s

−

(
Ssps,k
Vk

)∗
(3)

where:

Ssps,k = Psp + jQsps,k (4)

Ise1 = −I
sp
s,k = −

(
Ssps,k
Vk

)∗
(5)

Qsps,k = Qsps + V
2
i
B
4
− I2ik

X
2
+ V 2

k
B
4

(6)

KCL at bus n:

Ir = I spr,n − Ijn =
(
Sspr,n
Vn

)∗
−
Vj − Vn
jX r

(7)

where:

Ise2 = I spr,n =
(
Sspr,n
Vn

)∗
(8)

Sspr,n = Psp + jQspr,n (9)

Qspr,n = Qspr − V
2
l
B
4
+ I2nl

X
2
− V 2

n
B
4

(10)

The shunt currents are converted to complex loads
as follows:

Sk = −Vk × (Is)∗ (11)

Sn = −Vn × (Ir )∗ (12)

Sj = Vj × (Is + Ir )∗ (13)

The series-injected voltages can be calculated using (14)
and (15) as follows:

Vs = −

(
Ssps,k
Vk

)∗
× jX s+V k − Vj (14)

Vr =
(
Sspr,n
Vn

)∗
× jX r−V j + Vn (15)

The injected active powers into the TL from the converters
(Pex1,Pex2) can be given using (16) and (17)

Pex1 = Re
(
Vs (Ise1)∗

)
(16)

Pex2 = Re
(
Vr (Ise2)∗

)
(17)

The shunt converter injects apparent power to the system
(Psh+ jQsh). The main function of Psh is to balance the power
through the converters. Thus, Psh is calculated using (18) as
follows:

Psh = −Pex1 − Pex2 (18)

The injected complex loads at the midpoint node are given
as follows:

Ploadj = Pj − Psh and Qloadj = Qj.

The injection Qsh by the shunt converter controls the mag-
nitude of the midpoint voltage at the required value. Thus,
the midpoint node is represented as a PV bus. The reactive
power (Qsh) can be founded using the balanced reactive
power at the midpoint as described in (19).

Qsh = VjVk
(
Gkj sin δkj − Bkj cos δij

)
+VjVn

(
Gnj sin δnj − Bnj cos δnj

)
+ Qloadj (19)

from Figure 1, the injected Vsh and injected Ish are calculated
as follows:

Vsh = Vj + jXsh

(
Psh + jQsh

Vj

)∗
(20)

Ish = Ise1 + Ise2 (21)

From the representation, the proposed model of the
CUPFC can be represented by injected complex loads
(Sk , Sn,Ploadj ) and generated reactive power (Qsh) at bus j as
depicted in Figure 3.

III. PROBLEM FORMULATION
OPF problem is a convex and nonlinear optimization prob-
lem. Generally, the OPF problem can be defined as follows:

Minmization F(P,H ) (22)

subject to gj (P,H) = 0 j = 1, 2, . . . ,m (23)

hi (P,H) ≤ 0 i = 1, 2, . . . , k (24)

where, F represents the objective function, P is a vector
represents the control variables, H is a vector of the state
variables, g refers to the equality constraints, h refers to the
inequality constraints. The P and H vectors are represented
as follows:

H =
[
PG2. . .PG,NG,VG1 . . .VG,NG,QC1 . . .QC,NC ,

T1 . . . TNT ,Psp,Q
sp
s ,Q

sp
r ,V j

]
(25)

P =
[
PG1,VL,1 . . .VL,NQ,QG1 . . .QG,NG,

STL1 . . . STL,NTL,Vs,Vr ,Vsh

]
(26)

where PG refers to the active power of generator, VG refers to
the voltage magnitude of generator, QC refers to the reactive
power of capacitors, QG refers to the reactive power of gen-
erator, VL refers to load bus voltage, STL refers to apparent
power in TL. NQ, NTL, NG, NC , NT refer to number of the
load buses, transmission line, generators, capacitor units and
transformers, respectively.

A. OBJECTIVE FUNCTIONS
The considered objective functions in this paper are listed as
follows:
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FIGURE 3. The proposed model of the CUPFC.

1) FUEL COST MINIMIZATION
The first considered function is the total production fuel cost,
which is described in (27).

J1 =
NG∑
i=1

(
ai + biPGi + ciP2Gi

)
(27)

where ai, bi and ci denote the cost coefficients.

2) FUEL COST FUNCTION MINIMIZATION WITH VPE
The fuel cost is varied due to change of the steam valves for
the steam admission in generators this effect known as the
valve point effect (VPE). The VPE are considered in the fuel
costs as follows:

J2 =
NG∑
i=1

(
ai + biPGi + ciP2Gi

)
+

∣∣∣di sin (ei(PminGi − PGi))
∣∣∣
(28)

where di and ei are the VPE cost coefficients.

3) EMISSION MINIMIZATION
The emission reduction is an important task to diminish the
produced of the harmful gases from the generation unit. The
emission can be formulated as follows:

J3 = Emission =
NG∑
i=1

ωiP2Gi + σiPGi + αi + ζie
(λiPGi) (29)

where ωi, σi, αi, λi and ζi denote the emission coefficients.

4) MINIMIZATION FUEL COST, VD AND POWER LOSSES
The fourth objective function is a multi-objective function
consists of the fuel cost, the VD and the power losses and
it is formulated as follows:

J4 =

(
NG∑
i=1

(
ai + biPGi + ciP2Gi

))
+ ω1 (VD )+ ω2 (Ploss)

+ω3

(∑NG

i=1
ωiP2Gi + σiPGi + αi + ζie

(λiPGi)
)

(30)

where,

Ploss =
NL∑
i=1

Gij(V 2
i + V

2
j − 2ViVjcosδij (31)

VD =
NQ∑
i=1

|(Vi − 1)| (32)

where ω1, ω2, and ω3 denotes to the penalty factors which are
selected to be 40,100 and 1000.

B. CONSTRAINTS
1) EQUALITY CONSTRAINTS

PGi − PDi = |Vi|
NB∑
j=1

∣∣Vj∣∣ (Gijcosδij + Bijsinδij) (33)

QGi − QDi = |Vi|
NB∑
j=1

∣∣Vj∣∣ (Gijcosδij + Bijsinδij) (34)

where;PDi is the active load,QDi is the reactive load,Gij is the
conductance and Bij are and susceptance of TL, respectively.

2) INEQUALITY CONSTRAINTS

PminGn ≤ PGn ≤ P
max
Gn n = 1, 2, . . . ,NG

Vmin
Gn ≤ VGn ≤ V

max
Gn n = 1, 2, . . . ,NG

QminGn ≤ QGn ≤ Q
max
Gn n = 1, 2, . . . ,NG

Tminn ≤ Tn ≤ Tmaxn n = 1, 2, . . . ,NT

QminCn ≤ QCn ≤ Q
max
Cn n = 1, 2, . . . ,NC

SLn ≤ SmaxLn n = 1, 2, . . . ,NTL
Vmin
Ln ≤ VLn ≤ V

max
Ln n = 1, 2, . . . ,NQ

Vmin
S ≤ Vs ≤ Vmax

S

Vmin
r ≤ Vr ≤ Vmax

r

Vmin
sh ≤ Vsh ≤ V

max
sh

(35)

where the min is superscript denotes the minimum boundary
of the variable while max is its maximum limit. The objective
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function with considering the dependent variable is formu-
lated as follows:

Jg (x, u)

= Ji (x, u)+ ωG
(
PG1 − PlimG1

)2
+ ωQ

NG∑
n=1

(
QGn − QlimGn

)2
+ωV

NQ∑
n=1

(
VLn − V lim

Ln

)2
+ ωS

NTL∑
n=1

(
SLn − SmaxLn

)2
+ωVs

(
Vs − V l

s im
)2
+ ωVr

(
Vr − V lim

r

)2
+ωVsh

(
Vsh − V l

shim
)2

(36)

where ωG, ωQ, ωV , ωS , ωVs, ωVr and ωVsh are the penalty
factors. {

If PG1 > PmaxG1 then PlimG1 = PmaxG1

elseIf PG1 < PminG1 then PlimG1 = PminG1
(37){

If QGn > QmaxGn then QlimGn = QmaxGn

elseIf QGn < QminGn then QlimGn = QminGn
(38){

If VLn > Vmax
Gn then V lim

Ln = Vmax
Gn

elseIf VLn < Vmin
Gn then V lim

Ln = Vmin
Gn

(39){
If Vs > Vmax

S then V l
s im = Vmax

S

elseIf Vs < Vmin
Gn then V lim

s = Vmin
Gn

(40){
If Vr > V l

r im then V lim
r = Vmax

r

elseIf Vr < V l
r im then V lim

r = Vmin
r

(41){
If Vsh > Vmax

sh then V lim
sh = Vmax

sh

elseIf Vsh < Vmin
sh then V lim

sh = Vmin
sh

(42)

IV. EQUILIBRIUM OPTIMIZER
The equilibrium optimizer (EO) is a new physical based
algorithm which is based on the control volume mass bal-
ance models to find the equilibrium and dynamic states.
In EO, the concentrations represent search agents of the
optimization technique. Generally, the volume mass balance
model is represented as follows:

V
dc
dt
= QX eq − QX + G (43)

where V and X refer to the control volume and the con-
centration, respectively. While Q is the volumetric flow rate.
C represents equilibrium state concentration. By integration
of (43), it can be formulated as follows:

X = Xeq +
(
X0 − Xeq

)
exp [−λ (t − t0)]

+
G
λV

(1− (exp [−λ (t − t0)])) (44)

where, λ =
(
Q
V

)
. t0 and C0 are the initial start time and the

initial concentration, respectively. It should be point out here
that Eq 44) consists of three parts. The first part denotes to the
equilibrium concentration or the equilibrium pool while the
second denotes to direct search mechanism which represents

the exploration phase of the EO. The third part is related to
the generation rate which represents the exploitation phase of
this technique. The following steps describe the procedure of
the EO:

Step 1: Initialization
In this step a set of concentrations are constructed ran-

domly as follows:

X initiali = Xmin + rand i(Xmax − Xmin) i = 1, 2, . . . . . . n

(45)

where, Cmax is maximum limit of the concentration, Cmin is
the minimum limit and rand i refers to a random value in
range [0, 1]. Then, calculate of the objective function of initial
concentration.

Step 2: Constructing the equilibrium pool vector
In this step, the concentrations are sorted based on their

objective functions. The best four concentration and their
average values are selected to be the equilibrium pool vector
( ECeq,pool) as follows:

Xeq(avg) =
Xeq1 + Xeq2 + Xeq3 + Xeq4

4
(46)

Xeq,pool =
{
Xeq1,Xeq2,Xeq3,Xeq4,Xeq(avg)

}
(47)

Step 3: Constructing an Exponential Term
In this step an exponential operator (F) is utilized to control

the exploration the exploitation abilities of the algorithm.
This value will be updated during the iterative process as
follows:

F = a1sign (r− 0.5)
[
e−λt − 1

]
(48)

where

t = (1−
T

TMax
)
(a2 T

TMax
)

(49)

where λ is a random vector within of [0, 1]. a1 and a2
denotes to constant factors which are implemented to control
the exponential value and they are selected to be 2 and 1,
respectively. TMax maximum iteration number while T is the
current iterations. It should be highlighted here that a1 is used
to control the exploration phase of the algorithm while a2
can control the exploitation phase of the EO. sign (r − 0.5)
modifies the exploration direction.

Step 4: Application of the generation rate
The generation rate is utilized for updating the concentra-

tion and to enhance the exploration phase which is formulated
as follows:

G = G0e−k(t−t0) (50)

where,

G0 = GCP(Xeq − λX ) (51)

GCP =

{
0.5r1 r2 ≥ GP
0 r2 < GP

(52)

where r1 and r2 denotes random numbers within range [0, 1].
GCP is a vector formed by the repetition of the same value.
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GP refers to the generation probability to control the par-
ticipation probability of concentration which updated by the
generation rate. If GP = 1, the generation rate can’t partic-
ipate in the optimization process. If GP = 0, the generation
rate can participate in the process. GP = 0.5 gives an excel-
lent balancing between exploitation and exploration phases.
Referring to the following steps the updated equation of the
EO is formulated as follows:

X = Xeq +
(
X − Xeq

)
.F +

G
λV

(1− F) (53)

Levy Spiral Flight Equilibrium Optimizer: As mentioned
before the conventional EO suffer from stagnation for some
cases. Thus, a modified version called Levy Spiral Flight
Equilibrium Optimizer is proposed for enhancing the search-
ing capability of the conventional EO. The proposed mod-
ification is based on two modification Levy flight method
and Spiral movement. For enhancing the exploration process
of the algorithm, the Levy flight method is implemented to
enable the new populations to jump to new areas and to escape
from local optima as follows:

Xi(k + 1) = Xi(k)+ α ⊕ Lévy (λ) (54)

where α denotes to the step size, ⊕ is the entrywise multi-
plication. Lévy (λ) is the levy distribution which describe the
random walk of the population and it is defined as follows:

Lévy (λ) ∼ u = t−λ, (1 < λ ≤ 3) (55)

Lévy (λ) can be specifically calculated using (13) as
follows [48]:

Lévy (λ) ∼
µ

|v|1/β
(56)

where µ and v are random number that can be captured from
normal distributions, i.e.,

µ ∼ N
(
0, σ 2

µ

)
, v ∼ N

(
0, σ 2

µ

)
(57)

σµ =

{
0(1+ β)sin(πβ/2)

0[(1+ β)/2]β2(β−1)/2

}1/β
, σv = 1 (58)

where 0 denotes the Gamma function while β is a random
number in range [0, 2]. In this paper this value is selected to
be 1.5 [49]. According to [50], updating concentration based
on Lèvy distribution can be expressed as:

Xi(k + 1) = Xi(k)+ α0 ·
µ

|v|1/β
(
Xi(k)− Xeq1

)
(59)

The second improvement that applied to the algorithm is
to improve the exploitation of this algorithm at final stage of
the iterative process using the spiral movement of the concen-
tration around the best solutions which can be formulated as
follows:

Xi(k + 1) =
∣∣Xeq1 − Xi(k)∣∣ ebt cos (2π t)+ XF i(k) (60)

where b is a constant used to control the logarithmic spiral
shape. XF i denotes the sorted concentration at the k-th itera-
tion. To balance between the exploration and the exploitation

and adaptive operator is utilized for this action as follows:

H (k) = Hmin +
(
Hmax − Hmin

TMax

)
× k (61)

where Hmax and Hmin denotes to the minimum and
maximum limit of the H operator. TMax denotes the max-
imum iteration number while k denotes to the current iter-
ation. According to (61) the value of H is changed from
its minimum to maximum limit. When the value of H is
small, the concentrations will be updated based on levy flight
method while when the value of H is closed to its maximum
value, the concentrations will be updated using spiral pass
movement. The Flow chart of the proposed algorithm for
solving the OPF is depicted in Figure 4.

V. SIMULATION RESULTS
In this section, the proposed LSFEO is applied for solving
the OPF problem in IEEE 30-bus test system with and with-
out incorporating CUPFC optimally to verify the validity
of the proposed algorithm for OPF solution as well as to
study the performance of system with optimal inclusion of
CUPFC. The single line diagram of this system is shown
in Figure 5. In this system number of the generators, lines,
transformers, and the VAR compensator units are 6, 41, 4
and 9, respectively. The system load demand is 283.4 MW+
j126.2 MVAR and the bus and line data of the system are
given in [51]. The voltage limits of generator and load buses
are [0.95- 1.1] and [0.95- 1.05], respectively. The shunt
VAR compensator rang is [0-5] MVAR and the line limits
are founded in [52]. The cost and emission coefficient are
depicted in Appendix A. For all studied cases, the empirical
parameters of the proposed algorithm are set to be Tmax =
100, Search agents No. = 25, a1 = 2, a2 = 1, GP = 0.5,
Hmax = 0.9 and Hmin = 0.3. The studied cases are provided
as follows:

A. CASE 1: FUEL COST REDUCTION
In this case the conventional EO and LSFEO are applied to
solve the OPF for cost minimization as defined in Eq. (27).
The optimal control variables for solving the OPF that
obtained by EO and LSFEO are listed in 2nd and 3rd columns,
respectively. The value of the fuel costs that obtained by
the EO and the LSFEO are 800.2445 $/h and 799.9519 $/h,
respectively. Thus, the LSFEO is more effective for OPF
solution compared with the EO. Table 2 show statistics com-
parison of the obtained fuel costs by different techniques
including SFLA [53], Hybrid SFLA–SA [53], ABC [54],
MDE [55], NPSO [56], BSA [15], TS [16], ITS [16], EP [57]
and SOS [13]. Judging from Table 2, the minimum fuel cost
is obtained by application the proposed algorithm compared
with the reported algorithms. Table 3 lists the OPF solution
with optimal integration of the CUPFC. In case of incor-
porating the CUPFC optimally, the fuel cost is reduced to
792.1963$/h and 791.2974 $/h by application the EO and the
LSFEO, respectively. On other word, the cost is reduced by
8.0482 $ and 8.6545 $, respectively. Table 4 lists the locations
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FIGURE 4. Flow chart of the LSFEO for OPF solution.

and the parameter settings of the CUPFC for this case. The
optimal location of the CUPFC for this case is at line between
buses 1 and 3 while the optimal size and parameter settings
are listed in 2nd and 3rd columns of Table 4. The convergence
curves of EO and the LSFEO are plotted in Figure 6. It is clear
that the LSFEO has stable and smooth convergence nature.

B. CASE 2: FUEL COST REDUCTION WITH VPE
The considered objective function for this case is the cost
reduction considering the VPE. The optimal setting of control
variables for this case that obtained by EO and LSFEO are
listed in 4th and 5th columns of Table1. The minimum fuel

costs with application the O and LSFEO are 825.6822 $/h
and 824.3207 $/h, respectively. Table 5 shows the statistical
comparison of the obtained fuel costs with VPE by different
techniques including EO, SFLA [53], Hybrid SFLA–SA [53],
ABC [15], BSA [15], PSO [53], SA [53], DE [53], and
SOS [13]. Judging from Table 5, the performance of the pro-
posed algorithm is better than the aforementioned algorithms
in terms of the best theworst and the average values. In case of
incorporating the CUPFC optimally, the fuel cost is reduced
to 811.5705 $/h and 810.3275 $/h by application the EO and
the LSFEO, respectively. On other word, the cost reduced by
9.2868 $ and 8.9394 $, respectively. The optimal location of
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TABLE 2. The optimal results for OPF solution by application EO and LSFEO.

FIGURE 5. Single line diagram of theIEEE-30 bus system.

the CUPFC for this case is at line between buses 1 and 3 while
the optimal size and parameter settings are listed in 4th and 5th

columns of Table 4. The convergence curves of the EO and
the LSFEO are shown in Figure 7. It is clear that the improved
LSFEO has stable and smooth convergence nature.

C. CASE 3: EMISSION REDUCTION
The emission reduction is the considered objective func-
tion as described in (). The best values for this case
that have been obtained by application of the EO and
LSFEO are listed in 6th and 7th columns of Table1,
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TABLE 3. Statistical results of different algorithms for case 1.

TABLE 4. Simulation results with optimal allocation of the CUPFC.

respectively. The minimum emission values that obtained
by EO and are 0.2049 ton/h and 0.2048 ton/h, respectively.
Table 6 shows the comparison of the obtained the best,
the worst and the mean emissions that obtained by different
algorithms. According to Table 6 the obtained results by
using the LSFEO are better than those obtained by appli-
cation SKHA [58], KHA [58], ARCBB [59], ABC [60],
MTLABO [61] and TLBO [61]. The convergence carves of
the EO and LSFEO are shown in Figure 8. It is obvious
the proposed algorithm has stable and smooth convergence
characteristic.

D. CASE 4: CASE 4: MULTI-OBJECTIVE FUNCTION
In this case is a multi-objective function is considered which
includes fuel cost, power loss, voltage deviations and as
depicted in (). In case of application the EO, the fuel cost,
the VD, the power loss and emissions are 891.4502 $/h,
0.1548 p.u, 4.2121 MW, and 0.2143 ton/h, respectively.
With application of the LSFEO, the obtained values of the
fuel cost, the VD, the power loss and the emissions are
889.9778 $/h, 0.1645 p.u., 4.1920 MW and 0.2145 ton/h.
Therefore, the obtained results by application of the LSFEO
are better that those obtained by application the EO in terms
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TABLE 5. Optimal setting and sizing of CUPFC for different studied cases (IEEE 30-bus system).

TABLE 6. Statistical results of different algorithms for case 2.

TABLE 7. Statistical results of different algorithms for case 3.

FIGURE 6. The convergence characteristics of EO and LSFEO for case.
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FIGURE 7. The convergence characteristics of EO and LSFEO for case 2.

FIGURE 8. The convergence characteristics of EO and LSFEO for case 3.

FIGURE 9. The convergence characteristics of EO and LSFEO for case 4.

of the fuel cost, the power loss, and the emissions. In case
of optimal inclusion the CUPFC by EO the fuel cost, VD,

and power loss are 880.9011 $/h, 0.2106 p.u, 3.5256MW and
0.2198 MW respectively. while In case of optimal inclusion
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the CUPFC by LSFEO the fuel cost, VD, and power loss
are 867.7781 $/h, 0.1654 p.u, 3.6615 MW and 0.2232 MW
respectively. The convergence curves of EO and the LSFEO
for this case are plotted in Figure 9. It is obvious that the
LSFEO has stable and smooth convergence nature.

VI. CONCLUSION
This paper has presented an efficient modified version of EO,
named Levy Spiral Flight Equilibrium Optimizer for solving
the optimal power flow problem and determining the optimal
site and size of the CUPFC in the power system. The proposed
algorithm is based on two improvements to enhance the
searching capabilities of the standard EO. The first suggested
improvement is based on the Lèvy motion of the particles
to jump to new areas for avoiding the optimizer stagnation
and improving the convergence. The second improvement is
based on enhancing the exploitation phase of the optimizer by
spiral orientation of particles around the best sorted solutions.
The proposed algorithm has been implemented on IEEE 30-
bus system and the obtained results have been compared with
other optimizers. The optimal site and size of the CUPFC
have been determined using the LSFEO. The obtained results
demonstrated the effectiveness and superiority of the pro-
posed algorithm for OPF problem solution compared with the
traditional EO and the state-of-the-art algorithms. In addition,
utilizing CUPFC can reduce generation costs, emission, volt-
age deviations and power losses.
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