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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.

Method Algorithm Objective function Ref.
HA Teaching Learning-Based Optimization Ploss& Voltage Deviations& Fuel Cost & Stability Index& | [9]
Piecewise Cost
Modified Imperialist Competitive Algorithm Ploss & Voltage Deviations & Fuel Cost [10]
Improved Harmony Search Algorithm Fuel Cost with Valve Effect [11]
Improved Teaching-Learning Based Optimization | Ploss& Voltage Deviations& Fuel Cost & Fuel Cost with VPE& | [12]
Emission & Piecewise Cost
Symbiotic Organisms Search Algorithm Fuel Cost & Fuel Cost with VPE& Fuel Cost with Prohibited | [13]
Zones
EA Enhanced Self-Adaptive Differential Evolution Ploss& Fuel Cost & Emission& Stability Index [14]
Backtracking search algorithm Fuel Cost & Fuel Cost with VPE& Fuel Cost with Prohibited | [15]
Zones
Improved Evolutionary Programming Fuel Cost & Piecewise Cost & Fuel Cost with VPE [16]
Evolutionary Programming Fuel Cost & Piecewise Cost & Fuel Cost with VPE & Voltage | [17]
Deviations
Modified Evolutionary Algorithm-Based | Fuel Cost Emission & Stability Index & Voltage Deviations & | [18]
Decomposition Ploss
Improved Adaptive Differential Evolution Fuel Cost & Voltage Deviations & Ploss & Emission [19]
Genetic Algorithm (GA) Generating Scaling | Fuel Cost [20]
Factor (GSF)
PA Improved Colliding Bodies Optimization Ploss & Stability Index & Fuel Cost & Fuel Cost with VPE& | [21]
Algorithm Emission & Piecewise Cost & Voltage Deviations
Opposition Based Gravitational Search Algorithm | Ploss & Fuel Cost & Fuel Cost with VPE& Emission & | [22]
Stability Index& Piecewise Cost & Voltage Deviations
Black-Hole-Based Optimization Approach Ploss & Voltage Deviations & Fuel Cost & Stability Index [23]
Modified Sine-Cosine Algorithm (Msca) Fuel Cost & Ploss & Voltage Deviations [24]
Improved Chaotic  Electromagnetic ~ Field | Fuel Cost & Stability Index & Voltage Deviations [25]
Optimization (ICEFO) Algorithm
Simulated Annealing Fuel Cost [26]
SA Crisscross Search Based Grey Wolf Optimizer Ploss & Voltage Deviations& Fuel Cost & Fuel Cost with VPE | [27]
Modified Pigeon-Inspired Optimization Fuel Cost & Fuel Cost with VPE& Ploss & Emission [28]
Algorithm
A Joint Self-Adaptive Particle Swarm Fuel Cost & Fuel Cost With VPE& Emission & Piecewise Cost | [25]
Optimization (SPSO) And Differential Evolution
Algorithms
Harris Hawks Optimization Fuel Cost & Ploss & Emission [29]
Developed Grey Wolf Optimizer Fuel Cost & Fuel Cost with VPE& Emission [30]
Modified Grasshopper Optimization Fuel Cost & Fuel Cost with VPE& Emission & Stability Index& | [31]
Ploss & Voltage Deviations
Improved Moth-Flame Optimization Algorithm Fuel Cost & Fuel Cost With VPE& Emission & Stability | [32]
Index& Ploss & Voltage Deviations
Improved artificial bee colony optimization Fuel Cost & Fuel Cost With VPE& Ploss [33]
algorithm

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

A CUPEFC 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
CUPEFC has been introduced to control the power flow in TL.
The authors in [46], [47] presented a robust model of the
CUPEFC 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.

VOLUME 9, 2021



A. Mostafa et al.: Optimal Power Flow Solution Using Levy Spiral Flight Equilibrium Optimizer With Incorporating CUPFC

IEEE Access

i )
PP 4 ]Q;'P P¥ +jQ:p
+ Vs - Vi + Vr -
b.uJ w
M Is Tsh* Vsh Tr M
Send side Shunt %7
converter converter
DC Link
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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.
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Il. MODELING OF CUPFC

A CUPEFEC 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 (P*P),
the reactive powers flow at the sending and receiving
sides of a TL (@Y, Q") 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 (7sh, 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 (Vi, Vi, Vi)
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.

=2 (1
P X
L= 2)
TX,
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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 the midpoint 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 (P, O, 0", V;) by application the Kirchhoff current
law at buses (j, k, n) as follows:

KCL at bus k:
y *
Vi—Vi (S5
=1L = = 3
K kj s,k sz ( Vi 3
where:
S = PP+ “
AW
o sp s,k

L1 = _Is‘k = - ( Vi ) ()

B X B

s 2 2 2
Qﬁ=Q?+WZ—%§+WZ (©)
KCL at bus n:

PN vi—V,
L=I" L= —2) -1 7
r r,n n < Vn ) jXr ( )

where:
Ssp *
IseZ = I,f{)n = (%) (8)
n

Y, = PV +jQY, ©)

B X B
or, =0F - szz + 1315 - Vnzz (10)

The shunt currents are converted to complex loads
as follows:

Sk = —Vi x (Ip)* (1
Sp ==V, x (Ir)* (12)
Sj = V; x (I +1)* (13)

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

AN
Vi = —( ”‘) X jX Vi = Vj (14)
Vi
AN
V, = ( V; ) X jX,~Vi+V, (15)

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

Pex1 = Re (Vv (Isel)*) (16)
Pexa = Re (Vr (ISeZ)*) (17)

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

Psp = —Pex1 — Pex2 (18)
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The injected complex loads at the midpoint node are given
as follows:

P]{oad — Pj _ Psh and Qj{oad — Qj

The injection Qyp, 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 (Qy;) can be founded using the balanced reactive
power at the midpoint as described in (19).

Osn = V;Vi (Gyg sin 8 — By cos &)
+ ViV (Gyj sin 8,5 — Byj cos 8y5) + le»oad (19)

from Figure 1, the injected V;, and injected I, are calculated
as follows:

(P +jOsn\ "
Vsh = VJ +.]Xsh (Yh—]Qm>
Vj

Ly = Ise1 + Lse2 (21)

(20)

From the representation, the proposed model of the
CUPFC can be represented by injected complex loads
Sk, Sa, P/l.”“d) and generated reactive power (Qy,) at bus j as
depicted 1n Figure 3.

Ill. 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)
subjectto g; (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, & refers to the
inequality constraints. The P and H vectors are represented
as follows:

H— Pg...PG NG, Vil ~--VG,]\§G, Qsa ...0c NCs 25)
Ti...Tnr. PP, Q8. QF . V;
p— [PGl, Via...Ving, Qct ... QG,NG,]

26
Stet - .- StentL, Vs, Vi, Vi (26)

where Pg refers to the active power of generator, Vi refers to
the voltage magnitude of generator, Q¢ refers to the reactive
power of capacitors, Q¢ refers to the reactive power of gen-
erator, V refers to load bus voltage, Stz 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).

NG
Ji = Z (ai + biPgi + CiPZGi> 27
i=1

where a;, b; and c¢; 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:

NG
=Y (ai+ biPai + ciPE;) + |d; sin (P = Pa))

=

(28)

where d; and e; 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:

NG
J3 = Emission =) " iPg; + 0iPgi + a; + ;e (29)

i=1
where wj, oi, «;, A; and ¢; 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:

NG
Js = (Z (al- + biPGi + c,-P%;l.)> + w1 (VD) + w» (Ploss)

i=1

NG -
+ w3 (Zl_zl wiPzGi + 0iPgi + a; + gl_e()\iPG,)> (30)
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Y Y\
jX72 —
T~ T~ Lij
Yc/d Yc/4

load n
P

where,
N,
Ploss = Y " Gy(V} + V} — 2V Vjcoss;; 31)

i=1
No
VD =) |(Vi— D) (32)

i=1

where w1, w2, and w3 denotes to the penalty factors which are
selected to be 40,100 and 1000.

B. CONSTRAINTS
1) EQUALITY CONSTRAINTS

NB

Pgi — Ppi = Vil Y_ |Vj| (Gijcossyj + Bysinsy)  (33)
j=1
NB

Qci — Qpi = Vil Y _ |Vj| (Gijcossyj + Bysindyy) (34)
j=1

where; Pp; is the active load, Qp; is the reactive load, Gj; is the
conductance and Bj; are and susceptance of TL, respectively.

2) INEQUALITY CONSTRAINTS

PG, < Pan < PG,
V' < Von < Ve,
Ol < Qg < QB
Tmn < T, < M~
Ofin < O, < QP
Sin < S

Vi < Vi < Vi
Vgﬂl}’l S VS S V;nax
Vrmin < Vr < Vrmax

min max
sh = VSh = sh

n=12,....NG
n=12,... NG
n=12,...,NG
n=12.. NT
n=12,...,NC (35)
n=12,... NIL
n=12,...,NQ

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)
N2 NG 2
= Ji (e, + 0 (Por = PE) + 0o Y (Qan — 0f21)
n=1
NQ o NTL )
+wy Z (VLn - 1{’,;") + ws Z (Szn — ST)
n=1 n=1

1 \? lim\ %
+ wyy (VS -V lm) + wyy (Vr -V, )

1)?
+ wvysh (Vsh - V_gh”’”) (36)

where wg, wg, wy, ws, wys, wy, and wyy, are the penalty
factors.

If PG1 > PGy then P = piiax

elself PGy < PQ'  then Pt = P2 (37)
If QGn > QG then Qlim = Qe

elself Qgn < Qi then O = gin Y
If Vin > V™ then V}im = ymax

elself Vi < VI then VI = ymin (39)
If Vg > V& then Vlim = V™

elself Vs < V2N thep yIim — ypin (40)
If V, > Vlim then V'im — ymax

elself V, < Vlim  then V!im = ymin D
If Vo > Vg™ then V!im — ymax

elself Vg, < V™in  thep viim — ymin (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:

dc
dar
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 + (Xo — Xeq) exp [—A (t — 10)]

G
toy (I —(exp[=A(r—10)]) (44

14 0X,y —0X +G (43)

where, A = (%) to and Cy 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
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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[ritial — X, + rand (X yax — Xmin)

(45)

where, C4¢ 1s maximum limit of the concentration, Cj,;;;, is
the minimum limit and rand; 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
(Ceq,poot) as follows:

Xeql + Xqu + Xeq3 + Xeq4

Xeq(avg) = 4 (46)

Xeq‘pool = {Xeql , Xqus Xeq3 s Xeq4v 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 = aysign (r —0.5) [e ™ — 1] (48)
where
T (@ Tll;ar)
t=(1-—) ) 49)
TMax

where A is a random vector within of [0, 1]. a; and ap
denotes to constant factors which are implemented to control
the exponential value and they are selected to be 2 and 1,
respectively. Tyqr maximum iteration number while T is the
current iterations. It should be highlighted here that a; is used
to control the exploration phase of the algorithm while a,
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 = Goe k=) (50)
where,
Go = GCP(X,q — 3X) (51)
0.5 > GP
Gep=1) 7" 2= (52)
0 r < GP

where r| and r; 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:

G
X:Xeq—i-(X—Xeq).F—i—W(l—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) = X;(k) + o ® Lévy (1) (54)

where o denotes to the step size, & is the entrywise multi-
plication. Lévy (1) is the levy distribution which describe the
random walk of the population and it is defined as follows:

Lévy W) ~u=1"" (1<r<3) (55)

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

Lévy (&) ~ (56)

_*
[v|1/B
where © and v are random number that can be captured from
normal distributions, i.e.,

u~N(0,62), v~n(00?) (57)

o — (1 + B)sin(wB/2)
T + gy/21p2 D2
where I' denotes the Gamma function while 8 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 Levy distribution can be expressed as:

/6
} . ooy=1 (58)

u
Xitk + 1) = Xi(k) + o - 7B (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:

Xitk + 1) = |Xeq1 — Xi(k)| " cos (2mt) + XF (k) (60)

where b is a constant used to control the logarithmic spiral
shape. XF; denotes the sorted concentration at the k-th itera-
tion. To balance between the exploration and the exploitation
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and adaptive operator is utilized for this action as follows:
Hypax — Hmin)
— | xk

Toe (61)

H(k) = Hpin + (
where H,,, and H,,;, denotes to the minimum and
maximum limit of the H operator. Ty, 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
CUPEFC. 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 T =
100, Search agents No. = 25, al =2,a2 =1, GP = 0.5,
Hyue = 0.9 and H,,j, = 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 214 and 39 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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Set the algorithm parameters

v

Read System data, the load profile,
solar irradiance and the wind
speed

v

Initialize the populations

v

{ Set T=0

[Run load flow and obtain the objective
function

Assign the best four concentration
and their averaged value

v

Construct the equilibrium pool
vector

v

Update the value of ¢

v

Generate random value (rl,r2)
Generate random Vectors (r)

v

T=T+1

»
>

v
Update the location of the
population according to (59)

=== fitness of each population and <

Update the position of the
concentrations according to (53)

¥

Run the load flow calculate the fitness
function by running the load flow of
the updated concentrations

¥

Accept updated values if its objective
function is less than the previous value

v

Is H<r3?

Yes No

\ 4

Update the location of the
population according to (60)

Run Load flow, calculate the

identify the best population

Inclusion the new best solution

!

Is T>TMAX ?

Select a candidate from the
equilibrium pool randomly

v

{ Construct F, GCP, Go, G

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 2" and 3" 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 4™ and 5™ columns of Tablel. The minimum fuel
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‘ Yes

Inclusion the new best solution

}

End

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 the worst 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.

Case 1 . Case 3 Case 4

Variables Fuel Cost Case 2 Fuel Cost with VPE Emission multi objective

EO LSFEO EO LSFEO EO LSFEO EO LSFEO
P1(MW) 177.338 177.418 219.795 219.802 63.887 64.137 83.507 86.254
P2(MW) 48.706 48.314 23.951 28.201 67.894 67.478 63.861 58.960
P5(MW) 21.859 21.275 19.301 15.234 49.998 50.000 41.622 41.867
P8(MW) 21.174 22.566 10.000 10.012 35.000 35.000 35.000 35.000
P11(MW) 11.053 10.570 10.014 10.001 30.000 30.000 29.839 29.994
P13(MW) 12.225 12.123 12.024 12.002 40.000 40.000 33.717 35.445
V1 (p.u.) 1.085 1.078 1.086 1.084 1.053 1.041 1.029 1.036
V2(p.u.) 1.066 1.060 1.060 1.059 1.046 1.034 1.019 1.025
V5(p.u.) 1.028 1.029 1.032 1.025 1.034 1.012 0.993 1.003
V8(p.u.) 1.038 1.034 1.033 1.036 1.028 1.022 0.999 1.008
Vii(p.u.) 1.046 1.047 1.054 1.098 1.032 1.020 1.004 0.990
V13 (p.u.) 1.013 1.060 1.034 1.051 1.044 1.076 1.051 1.044
Ti11 0.961 1.007 0.995 0.975 1.088 0.998 1.058 1.011
T12 1.052 1.001 1.078 1.057 0.992 0.983 0.997 0.995
T15 0.922 0.956 1.014 0.906 1.003 0911 0.902 0.900
T36 1.013 0.972 0.999 0.977 1.004 0.956 0.949 0.961
QC10(MVAR) 3.383 4.565 0.169 4.352 0.023 4.995 1.631 2.745
QC12(MVAR) 3.066 4.987 1.049 0.486 4382 1.810 3.256 0.000

29 -Tr 27 3 28 -
E

FIGURE 5. Single line diagram of thelEEE-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 4™ and 5%
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.
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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 Tablel,
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TABLE 3. Statistical results of different algorithms for case 1.

Algorithms Average Worst Best Time (sec)
LSFEO 800.4139 801.7387 799.9519 24.22
EO 802.1423 804.2482 800.2445 13.48
Shuffle Frog Leaping Algorithm (SFLA) [53] NA NA 801.97 19.22
Shuffle Frog Leaping Algorithm and Simulated Annealing (Hybrid SFLA-SA) [53] NA NA 801.79 18.93
Artificial Bee Colony (ABC) [54] 800.8715 801.8674 800.66 NA
Modified Differential Evolution (MDE) [55] 802.382 802.404 802.376 23.25
(NPSO) [56] 800.9024 801.37 800.6815 20.45
(BSA) [15] 804 806.37 801.63 NA
Tabu Search (TS) [16] 802.632 802.746 802.502 5173.62
Improved Tabu Search (ITS) [16] 805.812 806.856 804.556 5309.7
Evolutionary Programming (EP) [57] 803.51 805.61 802.62 51.4
Symbiotic Organisms Search Algorithm (SOS) [13] 801.7251 801.8821 801.5733 60.12
TABLE 4. Simulation results with optimal allocation of the CUPFC.
Case 1: Case 2: Case 3: Case 4:

Variables Fuel Cost Fuel Cost with VPE Emission multi objective

EO LSFEO EO LSFEO EO LSFEO EO LSFEO
P1(MW) 178.578 177.839 218.987 219.203 64.048 63.821 92.724 95.164
P2(MW) 48.096 50.509 21.336 22.405 67.676 67.412 56.465 59.974
P5(MW) 21.260 21.566 18.038 17.669 50.000 50.000 44.158 40.173
P8(MW) 17.400 17.255 11.101 10.022 35.000 35.000 35.000 35.000
P11(MW) 12.826 10.741 10.000 10.000 30.000 30.000 30.000 29.949
P13(MW) 12.011 12.025 12.245 12.292 40.000 40.000 28.579 26.801
V1 (p.u.) 1.076 1.065 1.063 1.063 1.003 1.031 1.010 1.003
V2(p.u.) 1.061 1.047 1.044 1.041 0.997 1.025 1.004 1.000
V5(p.u.) 1.023 1.008 1.010 1.009 0.986 0.997 0.989 0.980
V8(p.u.) 1.042 1.026 1.018 1.028 0.999 1.015 1.002 0.993
V1l(p.u.) 1.093 1.100 1.030 1.064 0.965 1.100 1.095 0.988
V13 (p.u.) 0.965 1.080 1.083 1.054 1.043 1.100 1.007 1.038
T11 0.924 1.028 1.039 0.978 0.948 1.033 0917 0.996
T12 1.054 1.025 1.006 1.079 1.021 0.990 0.953 0.978
T15 0.946 0.972 0912 0.930 0.900 0.940 1.085 0.901
T36 0.994 0.947 0.975 1.012 0.920 0.945 0.935 0.960
QCI0(MVAR) 0.973 4.559 0.423 1.551 0.329 4.955 3.146 2.446
QCI12(MVAR) 3.382 4.990 4.156 2.792 3.996 0.000 0.000 0.000
QCI5(MVAR) 4.965 3.069 2.862 1.674 1.582 4.909 4.568 3.772
QC17(MVAR) 4.592 3.804 0.849 4.164 3.857 2.406 3.277 0.000
QC20(MVAR) 0.781 1.691 3.523 4.721 2.677 0.283 2.145 4.177
QC21(MVAR) 0.689 3.887 2.780 4.508 4.986 3.638 0.811 4.493
QC23(MVAR) 1.684 0.001 4.987 0.201 3.149 0.322 1.478 2.764
QC24(MVAR) 3.108 2.043 4.863 1.793 0.176 0.003 2.840 4.990
QC29(MVAR) 0.657 0.037 3.801 4.991 4.565 4.222 0.373 4.764
Fuel cost($/h) 792.1963 791.2974 815.3611 813.8610 944.7325 943.0823 880.9011 867.7781
Emission(ton/h) 0.3704 0.3693 0.5313 0.5324 0.2049 0.2047 0.2198 0.2232
DDV (p.u.) 0.3590 0.7332 0.5630 0.4371 0.2829 0.6882 0.2106 0.1654
L-max(p.u.) 0.1327 0.1246 0.1241 0.1273 0.1269 0.1258 0.1336 0.1303
Ploss (MW) 6.7707 6.5352 8.3075 8.1913 3.3246 2.8333 3.5256 3.6615

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.
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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).

Case 1 Case 2 Case 3 Case 4
EO LSFEO EO LSFEO EO LSFEO EO LSFEO
Location (1-3) (1-3) (1-3) (1-3) (2-6) (2-6) (2-5) (2-5)
VP (p.w) 1.0283 0.9806 1.063 1.006 1.054 0.98 1.0509 0.978
PP (MW) 111.54 106.66 117.29 115.61 54.89 63.23 94.356 92.219
QP (MVAR) -7.35 -1.72 -23.02 -10.01 28.99 -16.08 35.833 16.317
QP (MVAR) 9.44 -20.18 -5.70 -17.95 32.78 -14.86 54.253 -16.246
V.(p.10) 0.1999 0.2000 0.2000 0.2000 0.0934 0.1332 0.1731 0.1730
s\P- [-79.79° [-73.0° [-80.36° [-74.78° [-100.41° [-92.21° [-90.73° [-79.93°
P, (MW) 2.8000 6.0868 - 0.1505 4.3749 1.9535 -2.3334 0.6327 5.5283
V.(p.w) 0.2000 0.1920 0.1983 0.1915 0.1301 0.1366 0.1737 0.1713
rip- [78.87° [89.54° [95.92° [ 85.21° [43.83° [ 106.711° [87.14° [87.72°
P, (MW) -2.4528 -4.0348 1.5216 -4.5784 -2.0115 0.1754 -0.2665 -4.7083
Vo, (p.w0) 0.9675 0.9000 1.0656 0.9302 0.9380 1.0263 1.0426 0.9000
sh \P- [-0.41° £-0.50° £-0.95° [-1.15° [-0.14° £0.42° £0.25° £0.35°
P, (MW) -0.3472 -2.0521 -1.3712 0.2035 0.0581 2.1579 -0.3662 -0.8200
TABLE 6. Statistical results of different algorithms for case 2.
Algorithms Average Worst Best Time (sec)
LSFEO 825.3482 | 827.0425 824.3185 21.77
EO 827.9267 | 836.3878 825.6814 12.26
Shuffle Frog Leaping Algorithm (SFLA) [53] NA NA 825.9906126 22.83
Shuffle Frog Leaping Algorithm and Simulated Annealing (Hybrid SFLA-SA) [53] NA NA 825.6921669 21.48
(ABQ) [15] NA NA 825.6 NA
Backtracking Search Algorithm (BSA) [15] 827.69 830.15 825.23 NA
Particle Swarm Optimization (PSO) [53] NA NA 826.5897702 24.75
Simulated Annealing (SA) [53] NA NA 827.8262923 119.48
Differential Evolution (DE)[53] NA NA 826.54 NA
Symbiotic Organisms Search Algorithm (SOS) [13] 825.4039 825.5275 825.2985 120.421
TABLE 7. Statistical results of different algorithms for case 3.
Algorithm Average Worst Best Time (s) REF.
Stud Krill Herd Algorithm (SKH) 0.2049 0.2051 0.2048 16.54 [58]
Krill Herd Algorithm 0.2050 0.2054 0.2049 18.02 [58]
Adaptive Real Coded Biogeography-Based Optimization (ARCBBO) 0.2054 0.2064 0.2048 NA [59]
Artificial Bee Colony (ABC) NA NA 0.204826 NA [60]
Teaching—Learning Based Optimization (TLBO) NA NA 0.205 NA [61]
Modified Teaching—Learning Based Optimization (MTLBO) NA NA 0.20493 NA [61]
Grasshopper Optimizer Algorithm (GOA) 0.20709 0.2128 0.20492 46.17 [62]
Adaptive Grasshopper Optimizer Algorithm (AGOA) 0.204854 0.20487 0.20484 66.51 [62]
‘ .
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FIGURE 6. The convergence characteristics of EO and LSFEO for case.
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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,
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and power loss are 880.9011 $/h, 0.2106 p.u, 3.5256 MW 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 Lévy 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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