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ABSTRACT This study presents a comparative analysis of multiple nature-inspired algorithms for solving
the non-polynomial Optimal Power Flow (OPF) problem. Through numerical evaluations, we assess their
performance across diverse objective functions, addressing complexities such as multi-fuel sources, valve
point effects, and prohibited zones. The study involves the implementation of different nature-inspired
heuristics and variants of the differential evolution algorithm to analyze their efficacy in solving the OPF
problem within the context of large networks, specifically IEEE-30 and IEEE-57. The objectives of this
research are threefold: (i) to determine the most effective nature-inspired algorithms for each case under
consistent constraints, initial conditions, and using optimized parameters, (ii) to assess the success rate of
penalty-vanishing terms concerning the penalized function versus the actual objective function, and (iii) to
explore the impact of minor variations within a network on the behaviors, results, and profiles of penalty-
vanishing terms. Utilizing a low-high sorting ranking method, considering mean, maximum, and minimum
values for result computation and sorting, we identify the optimal algorithm among all those assessed for
various objective functions, alongside assessing the success rate of penalty-vanishing terms. Our findings
reveal that the differential evolution algorithm best version (DEAB) emerges as the most valuable solution.

INDEX TERMS Nature-inspired algorithms, optimal power flow, optimization, penalty-vanishing terms,
success rate.

I. INTRODUCTION

The Optimal Power Flow (OPF) problem is the most used
to analyze an electric network to obtain efficient operation
conditions with the lowest cost [1] or the minimum power
loss [2] with classical optimization approaches [3]. Since
the 90s, this problem has been analyzed with nature-inspired
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algorithms [4], and since then, the trend has been strength-
ened to obtain different ways of improving the performance
of electric networks. Most of the work in the literature is
mainly focused on reducing the monetary costs (in $/h), the
power losses (in MW), the pollutant emissions (in ton/h), the
voltage instability (in p.u.), combinations of these factors,
among other applications [5].

In this study, we explore several established nature-inspired
algorithms applied to address the Optimal Power Flow (OPF)
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problem, aiming to conduct a comparative analysis. Our
research contributes to the field in the following ways:
firstly, by identifying which of the tested nature-inspired
algorithms perform best for each case under consistent
constraints and initial conditions; secondly, by assessing
the success rate of the penalty-vanishing process within the
penalized function concerning the actual objective function;
and lastly, by delving into how even slight variations within
a given network can result in divergent penalty-vanishing
behaviors, outcomes, and profiles. Our evaluation includes
four variants of the Differential Evolution (DE) algorithm,
alongside other well-established nature-inspired algorithms:
Particle Swarm Optimization (PSO) [6], Teaching Learning
Optimization (TL) [7], Bio-geographical Based Optimization
(BBO) [8], and Atrtificial Bee Colony Optimization (ABC)
[9]. The comparative evaluation of these algorithms via
numerical experiments using optimized parameters is, to the
best of the authors knowledge, entirely novel, challenging to
execute, and significantly useful. Each algorithm is tailored to
address standard objective functions and optimal parameters
as documented in existing literature for OPF problem solving.
Employing the methodology outlined by Castafién et al. [10],
we rank the tested nature-inspired algorithms through a
low-high sorting ranking. Additionally, we calculate a suc-
cess rate ranking to identify the best-performing algorithm.
This provides a baseline to determine the behaviors of the
analyzed meta-heuristics before using them in more elabo-
rated scenarios where valve-point loading effects, prohibited
operating zones, and similar conditions are considered.
Each meta-heuristic is evaluated on the success rate of
penalty-vanishing functions and by the mean, minimum,
and maximum values obtained. It is well-known that the
classic/analytical optimization methods (Lagrange, Linear
Programming, etc.) are not able to hold problems with non-
convex/non-smooth nature or they have non-differentiable
points, especially where multi-fuel sources, prohibited
operating zones, and valve point effects are included [11].

This work is organized as follows: Section II presents the
state of the art related to OPF. Section III shows a description
and the mathematical statement of the OPF. Section IV
presents a detailed description of the objective functions
to be used and their versions with penalization factors.
Section V describes the DE algorithm and its variants tested
throughout this manuscript. Section IX describes the electric
networks tested as given scenarios. Section VI describes the
methodology to apply the used nature-inspired algorithms to
the scenarios described in Section IX. Section VII describes
the results obtained with the nature-inspired algorithms to
determine the ranking. Section VIII presents a discussion
of the results, and finally, Section IX summarizes the
conclusions and open problems.

Il. STATE OF THE ART
This section reviews some of the different applications and
research in OPF and meta-heuristics. The nomenclature of the
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TABLE 1. Nomenclature of the objective functions.

Abrevation Definition
MC Monetary fuel costs.
VP Voltage profile.
VSLI Voltage Stability or L;, 4., factor.
PWQC Piecewise Quadratic Cost.
PL Power loss.
POZ Prohibited zones.
V/P Valve-Point.
PE Pollutant emissions.
PEM Pollutant emissions Modified.
V/PIPWQC Valve point mixed with piecewise quadratic costs.
V/P[PWQC]|Tie Valve point mixed with piecewise
quadratic costs and tie factors.
V/P|POZ Valve point mixed with prohibited zones.

objective functions and definitions mentioned in this paper
are shown in Table 1. Please refer to Table 2 at the end of this
section for a summary of the review presented next.

In prior work, Osman et al. [12] used a classical genetic
algorithm (GA) on a 6-bus example [13] to determine the
MC of the network. Pérez-Guerrero et al. [14] introduced
a multi-objective version of DE that considers costs, V/P
effects and the PE, within the IEEE-30 network, employing
DE/best/2/bin as the variant. Yang et al. [15] explored
different DE versions for optimizing a combination of PL
and VSLI objective functions and introduced a DE variant
with fitness sharing, validated against Schwefel’s Function.
All these DE variants were tested on the IEEE-57 network.

Noman and Iba [16] conducted a comprehensive study to
analyze the impact of various parameters on standard DE
versions when applied to objective functions involving MC,
PWQC, and V/P. Notably, they introduced non-conventional
electric networks (SYS-1 to SYS-5) for their analysis,
encompassing small, medium, and large electric networks,
distinguishing their work from prior studies.

Abou et al. [17] used a classical DE approach, similar
to Abido [18]; to tackle a range of objective functions,
including MC, MC with VP, MC with VSLI, and PWQC.
Their testing was performed on the IEEE-30 network,
varying populations (e.g., 10, 50, and 100) and introducing
compensatory shunt elements at specific positions. They
also conducted a complementary study [19] focused on PL,
VP, and VSLI problems, evaluating each objective function
independently. Additionally, Bhattacharya et al. applied BBO
to the IEEE-30 network, addressing six objective functions,
such as MC, VP, VSLI, PWQC, MC with VP, and MC with
VSLI.

Amjady and Sharifzadeh [20] introduced a multi-objective
robust DE variant to address POZ in the presence of
V/P effects and multi-fuel options. They enhanced DE
by incorporating auxiliary adjusters, optimizing the muta-
tion/recombination process for rapid global convergence.
These adjusters utilized roulette wheel selection and alter-
native subtraction operations in place of classical DE
recombination. Their primary objective function integrated
V/P effects with POZ considerations, further modified by a
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VSLI function V/P|POZ(14VSLI). They tested this approach
on diverse electric networks, including a 26-bus network (26-
B), IEEE-30, New England network with 39 buses (NE-39),
and IEEE-118.

Sivasubramani and Swarup [21] modified DE, incorpo-
rating sequential quadratic programming (SQP) to mitigate
issues related to premature convergence and global popula-
tion addressing. Their objective functions focused on solving
PL, V/P effects, and MC for electric networks, including
IEEE-30 and IEEE-118 (large size). Niknam et al. [22]
combined PL, VSLI, MC, and PE into a single multi-objective
function, solved using a modified PSO, with Pareto Front
charts to determine the optimal solution within the IEEE-
30 network. In another work, Niknam et al. [11] proposed a
combination of the Shuffle Frog Leaping Algorithm (SFLA)
and Simulated Annealing (SA) to address four objective
functions, including MC, V/P, POZ, and V/P|POZ, for the
IEEE-30 electric network.

Adaryani and Karami [23] applied ABC to solve individual
objective functions, including PL and PE, along with
combinations like VP plus PWQC and PWQC plus VSLI.
Their tests encompassed electric networks following the
IEEE architecture, ranging from IEEE-9 (small size), IEEE-
30 (medium size), to IEEE-57 (large size), demonstrating
scalability. Vo et al. [24] enhanced the PSO method to
independently evaluate MC, V/P, and PWQC across the
IEEE electric network family. They showed the scalability of
their solution on networks of varying sizes, such as IEEE-
14, IEEE-30, IEEE-57, and IEEE-118. In another approach,
Bouchekara et al. [25] utilized TL optimization techniques to
address MC, PWQC, and V/P on the IEEE-30 and IEEE-118
networks. They also tackled the combined objectives of MC
plus VP and MC plus VSLI, following the approach presented
by Abou et al. [17].

Ghasemi et al. [26] combined Master-Teacher (MT) and
DE bio-inspired methods to assess power loss (PL) in three
electric networks: IEEE-14, IEEE-30 (medium size), and
IEEE-118 (large size). In another study, Ghasemi et al. [27]
improved various bio-inspired methods, creating new hybrid
methods applied to diverse objective functions after rigorous
feasibility testing. The most effective combination, known as
the hybridized sum-local search optimizer, was a blend of
DE and PSO. They evaluated these methods across scenarios:
2 areas and 4 generators (2A4G), 4 areas and 16 generators
(4A16G), and 2 areas and 40 generators (2A40G), using a
mixed objective function comprising V/P, PWQC, and tied
factors (Tie).

Shaheen et al. [29] conducted a comprehensive study
of large electric networks, focusing on DE, both single
and multi-objective approaches, applied to IEEE-30 and
IEEE-57 networks. Their analysis covered MC, VP, VSLI,
and PL individually, followed by multi-objective testing for
combinations like MC plus VP, MC plus VSLI, and MC plus
PL. Similarly, Abaci and Yamacli [31] followed a similar
approach as Shaheen et al. [29] utilizing a Differential Search
Algorithm. They applied their analysis to IEEE-9, IEEE-30,
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and IEEE-57 networks, evaluating single objective functions
for MC, PL, and PE, along with multi-objective objectives
MC plus VSLI and MC plus VP. In a different context,
Singh and Srivastava [30] used DE to address a combination
of PL plus VP in the 75-bus Indian electric network (75-B
Indian/net) and the IEEE-30 network.

Basu introduced an extended 3D version of multi-objective
DE [32], where DE was initially applied individually to
each objective function (PL, VP, VSLI). Subsequently,
these functions were combined to determine the optimal
outcomes across electric networks, including IEEE-30, IEEE-
57 (medium size), and IEEE-118 (large size). Additionally,
Warid et al. employed the JAYA (Sanskrit in origin, it means
“victory”) method to address MC, PL, and VSLI objectives
separately in electric networks such as IEEE-30 (medium
size) and IEEE-118 (large size), with the novelty lying in the
application method.

In [34], an enhanced adaptive DE algorithm (JADE) with a
self-adaptive penalty constraint handling technique (EJADE-
SP) is introduced. The IEEE 30-bus test system is used
to minimize various objectives, such as generation MC,
real PL, VP, PE, and MC+PE. Naderi et al. [35] propose
a fuzzy adaptive hybrid configuration (FAHSPSO-DE) to
optimize power systems, combining Self-Adaptive PSO and
DE algorithms. They apply a multi-objective approach to
IEEE 30-, 57-, and 118-bus test systems, aiming to minimize
total fuel MC while considering V/P, PL, and PE. In [36],
a combination of the superiority of feasible solutions (SF) for
constraint handling, the fast and elitist multi-objective genetic
algorithm (NSGA-II), and adaptive crossover non-dominated
sorting differential evolution (ACNSDE) are employed in a
multi-objective context. Testing is done on the IEEE-30 and
IEEE-57 bus systems, optimizing objectives like MC, PL, and
PE.

Kahraman et al. [37] introduced the Improved Multi-
Objective Manta-Ray Foraging Optimization (IMOMRFO)
algorithm, tailored for solving multi-objective optimization
problems. They applied this method to the IEEE 30-bus and
57-bus test systems, optimizing various objectives, including
MC, PE, VP, and PL. In [38], a hybridization of the Whale
Optimization Algorithm (WOA) and a modified Moth-Flame
Optimization algorithm (MFO), known as WMFO, was
utilized for both single and multi-objective OPF problems.
Testing covered various systems, such as IEEE 14-bus, IEEE
30-bus, IEEE 39-bus, IEEE 57-bus, and IEEE 118-bus,
targeting objectives like total fuel MC and VP. Furthermore,
[39], introduced the Modified Moth-Flame Optimization and
Gradient-Based Optimizer (GBO-MFO) as a multi-objective
optimization algorithm. Their approach, applied to the IEEE
30-bus system, focused on minimizing thermal unit fuel
costs and wind energy cost estimation while simultaneously
reducing MC and PL.

Remarkably, all these existing solutions available in the
open literature use the penalty-factor approach to help
solve the respective optimization problem by minimizing
the complexity of operations. This indicates that it is
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TABLE 2. Summary of the cited cases in this manuscript.

Ref. Method Approach Network Problem
[12] GA SI 6-B MC
[14] DE MO TIEEE-30 V/P+PE
[15] DE MO IEEE-57 PL+VSLI
[16] DE SI SYS-1, SYS-2, MC, PWQC, V/P
SYS-3, SYS-4, SYS-5
[17] DE SI, MO IEEE-30 MC, MC+VP
MC+VSLI, PWQC
[19] DE SI IEEE-30 PL, VP, VSLI,
[28] BBO SI, MO IEEE-30 MC, VP, VSLI, PWQC,
V/P, MC+VP, MC+VSLI
[20] DE MO 26-B, IEEE-30, V/P|POZ(1+VSLI)
NE-39, IEEE-118
[21] DE+SQP SI 1IEEE-30, IEEE-118 PL, V/P, MC
[22] PSO MO IEEE-30 PL+VSLI+MC+PE
[11] SFLA+SA SI IEEE-30 MC, V/P, POZ, V/P|POZ
[23] BCO SI, MO IEEE-9, IEEE-30, PWQC+VP, PWQC+VSLI,
IEEE-57 PL, PE
[24] IPSO SI IEEE-14, IEEE-30, MC, V/P, PWQC
IEEE-57, IEEE-118
[25] TL MO IEEE-30, IEEE-118 MC, MC+VP, MC+VSLI,
PWQC, V/P
[26] MT+DE SI IEEE-14, IEEE-30, PL
IEEE-118
[27] DE+PSO SI, MO 2A4G, 4A16G, V/P|PWQC|Tie, PEM
2A40G V/P|PWQC|Tie+PEM
[29] DE MO IEEE-30, IEEE-57 MC, VP, VSLI, PL,
MC+VP, MC+VSLI, MC+PL
[30] DE MO 75-B Indian/net, PL+VP
IEEE-30
[31] DSA SI, MO IEEE-9, IEEE-30, MC, PL, PE,
IEEE-57 MC+VSLI, MC+VP
[32] DE SI, MO IEEE-30, IEEE-57, PL, VP, VSLI,
IEEE-118 PL+VP+VSLI
[33] JAYA SI IEEE-30, IEEE-118 MC, PL, VSLI
[34] EJADE-SP SI IEEE-30 MC, PL, VP,
PE, MC+PE
[35] | FAHSPSO-DE MO IEEE-30, IEEE 57, MC + V/P +PL + PE
IEEE-118
[36] | SF+ NSGA-II MO IEEE-30, IEEE-57 MC, PL, PE
+ ACNSDE
[37] IMOMRFO MO IEEE-30, IEEE-57 MC, PE, VP, PL
[38] WMFO SI, MO IEEE- 14, IEEE-30, IEEE-39, MC + VP
IEEE-57, IEEE-118
[39] GBO-MFO MO IEEE-30 MC + PL
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easier to include the constraints like penalty factors as a
complementary issue to the original objective function rather
than checking each constraint every time a new candidate
solution is evaluated. Further insights on the use of penalty
factors are provided in this paper.

Table 2 summarizes the references cited to show the var-
ious applications, nature-inspired methods, and approaches
used in OPF-like problems. The taxonomy is as follows:

o The first column shows the reference number of the
work cited.

o The second column refers to the nature-inspired algo-
rithm used by the authors (definition of the abbreviations
are given before in this section).

o The third column presents the approach taken in terms of
the number of objective functions and their combination:

— Single (SI). One function is solved, generating one
output and the respective solution vector.

VOLUME 12, 2024

— Multi-Objective (MO). More than one function is
solved simultaneously, generating the respective
output for each function and the respective solution
vector. In Table 2, such a combination is represented
as A + B. For instance, MC + VSLI means
to optimize monetary fuel costs and the voltage
stability function at the same time.

o The fourth column presents the network considered.
o The last column refers to the objective function consid-
ered in the OPF problem

Ill. DESCRIPTION OF THE OPF

In this section, we provide the general mathematical for-
mulation of the OPF problem. Subsequent sections specify
additional considerations and constraints related to the
algorithms for solving it. To enhance clarity, we present the
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general formulation here and discuss each modified case in
its respective section. The OPF is defined as follows:

Minimize : f(x, u) €))]
S.t.:
gx,u)=0 2
h(x,u) <0 3)
x = [pG1 VL Qc Si] “4)
u=[P; Vg Qc Ty] )]

where A(x, u) are the operational constraints of the network,
g(x, u) is the function related to the equilibrium state of the
network (i.e. the Kirchhoff’s Laws, described below), x is the
vector of values to be computed i.e. dependant variables, u is
the vector of values to be assigned/modified by a heuristic
algorithm i.e. independent variables, G is the label of a
generator, C is the label of a capacitor, N is the label of the
tap, L is the label of a load bus and !/ is the label of a load
line [17], [18], [19].

The elements of x and u are [17], [18], and [19]:

« P isavector: Real power injected to the network, being

P =lpc2, ....pcncl
e pg1 is the power obtained in the node identified as the

slack bus.
o Vg isavector: Voltage magnitude to the network, being
Ve =lvai, - .., venGl-

e Q¢ is a vector: Reactive power injected with a shunt
device, being QC = [qu yeeey qCNc].

o Qg is a vector: Reactive power injected to the network,
being Q¢ = [ga1. - - -, gGnG].

o Ty is a vector: Tap of the transformer, being Ty =
[f1, ..., tnr ]

o V| is a vector: Voltage magnitude of the load buses,
being VL = [Vle ey VLNL]-

o S;isavector: Total power that a load line can hold, being
Si=1Isit, -, Sint]-

Each vector component constraint is treated as follows:

o Generator constraints (NG being the number of voltage

generators).
Vém < Vom < Vi ©)
PGm = PGm = DG (M

Gm < GGm = A ®)

where m € {1, .., NG}, min, max are the lower and upper
values for the corresponding variables, respectively.
o Transformer constraints (NT is the number of taps).

(M <, < ©)

where m € {1, .., NT}.
o Shunt constraints (NC the number of shunts).
g < gem < g (10)

where m € {1, .., NC}.
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o Security constraints.

VI <y < V9 (11)
Sin = Sllzax (12)

where m € {1, .., NL}, NL is the of load buses in the
network, n € {1, .., nl}, nl is the number of branches
of the electric network, s, = |p, + jgl|. That means s/,
must be lower than the power allowed on each network
branch.
Given the aforementioned conditions, the most important
issue is that the network must be in equilibrium, according to
Kirchhoff’s Laws, this means:

e For Pg
NB
0 =pGm —PDm — Vm Z Vn[gm,ncos(em —6,)
n=1

+ bm,nSin(em — 6n)] (13)

e For QG
NB
0=96m +qgcm — qpm — v Zvn[gm,nSin(Qm —6,)
n=1

- bm,ncos(‘gm — 0] (14)

Note that the summation of the energy consumed by
the network must be zero. Here, NB is the number of
buses, pGm, gGm are the injected powers (real and reactive),
PDm> qpm are the load powers (real and reactive), gm.n, bm.n
are the conductance and susceptance of the load presented
between the nodes m, n. In practice, we should consider that
few branches are connected to the node m. For this case, these
functions are considered as g(x, u).

The dimension D depends on the scenario to be analyzed
and is related to the size of the independent vector u.
The value of D can be found in Methodology Section VI,
item 2. Also, the constraints can be found in detail in the
Methodology Section.

IV. DESCRIPTION OF THE OBJECTIVE FUNCTION
The objective function is defined by:

f,u) = fs(u), (15)
and each f;(#) may be equal to the following functions
found in the literature
« Minimize the MC, represented as: [17], [18], [19].
NG

fiw) =" ai + bipci + cipai)*($/h)  (16)

i=1
o Minimize the total MC+VP, represented as: [17], [18],
[19].

NG

L) = (ai + bipci + ¢i(pci)?)

i=1

+H(x)($/h) (17)
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where

NL

Hlx)y=w>" [Vi— 1.0/$/h) (18)

i=1

and V; is the voltage magnitude. The difference with Eq.
16 is the inclusion of Eq. 18.
o Minimize the total cost function with V/P|POZ [11]:

NG

f) =" ai + bipgi + cilpai)®

i=1
o 1dy % sin e x G = pp | 8/k) (19)

e Minimize the total MC of a PWQC with multi-fuel
sources, represented as: [17], [18], [19].

NG

fow) = ai + bapci + ca(pc)*$/h)  (20)

i=1

where k indicates how the power cost is divided into
pieces and Py < P; < P"™.

A. PENALTY FACTORS

Using the penalty factors eases the implementation of each
nature-inspired optimization algorithm for this problem [18].
Without penalty factors in the fitness function, the validation
becomes an unmanageable task, and more inner cycles are
needed to solve the problem and satisfy the constraints.
Mathematically, penalty factors are added and expressed in
Eq. 21 as:

FP(x, u) = fi(u) + Ap(pG1 — plmy?

NL )
+... Ay Z(VLJ‘ — VZ”)2

=1

NG .
+.. 0 D (961 — 46

=1

nl
+. A D syl — spe)? Q1)
j=1

where f;(u) is the function to be evaluated and

max . max
i Yo =
m __ min . min
YU =X, X< (22)
Xj, otherwise.

It is necessary to clarify that the penalty summations
should not contain elements inside the limits, only those
outside (greater than or lower than). That means NL, NG, and
nl are displayed to show where those elements are taken to
compute the summations. Thus, the value of x/" should equal
X to obtain a zero contribution to the summation. In practice,
the corresponding additions do not consider these elements
inside the limits. On the other hand, the elements to be
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penalized are those outside the algorithm’s control. For the
term shown in Eq. 23 ([11], [24])

nl
2
As D (sl = s5i™) (23)
J=1
where s;’m“x is determined as the maximum supported power

in the given branch and |s!| is the maximum absolute power
obtained in the line j when computing the flow in both
directions for that line, where the maximum computed value
is taken.

B. ADDITIONAL CONSIDERATIONS

This problem should be considered continuous because the
evaluated functions are of this nature. Thus, the MC, VP,
and V/P effects and the PWQC formulation are computed as
continuous quantities.

V. DIFFERENTIAL EVOLUTION ALGORITHM

The DE algorithm was proposed by Storn and Price [40]. Its
typical core is based on a weighted equation of differences
expressed in Eq. 24 as:

mi — url +M(ur2 _ ur3) (24)

To form mi', three different individuals are selected from
the population: u"!, 1'%, "3, where they also are different
to the individual reference Pop;. The expression shown
in Eq. 24 is known as DE/Rand/1. DE is performed in
5 steps: initialization, mutation, recombination, validation,
and selection.

The initialization step creates a matrix denoted as popu-
lation Pop, where vectors called individuals are stored. Each
individual is of length D. Each individual is by itself a starting
solution candidate for the treated problem. Np denotes the
number of complete individuals/solutions.

The mutation operation helps control the solution can-
didates nearest to the global optimum by controlling the
difference among the individuals. The mutation process is
controlled by Eq. 24, where Wl u? us e {1,..., Np}. That
means u'!, 4% and u’? are three different random individuals
from the population and not related to the current target vector
ut. Additionally, M € (0, 1) is the mutation constant and
is treated as the scaling element of the equation. Thus, the
mutant individual 7' is obtained. The recommended value for
M 1is 0.8, which is used in this manuscript [41].

In the recombination step, the mutant individual mt and the
current target vector i’ create a new candidate vector ¢, The
way to do this is by generating two random numbers, rand €
[0, 1] and Rnd € {1, .., D}. Then, rand is compared to the
recombination constant Cr € (0, 1) and Rnd is compared
against the current component j to determine if the mutant
element m'/ is stored in ¢/

m™if rand < Cror Rnd = j
= Vie{l,...,D} (25)

u  otherwise .
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The recommended value for Cr is 0.9, which is used in this
manuscript [41].

The validation process is done for t!, where each com-
ponent ¢/ is validated against the established constraints of
the problem to be solved. If #' is outside its corresponding
boundaries, ¢/ is substituted by a new ¢ generated randomly
but inside the respective boundaries.

Finally, the selection operator compares the fitness of the
trial vector ¢/ and the fitness of the target vector u’. At the end
of the operation, a new individual is created, thus improving
the computation of the fitness for the next generations. Eq. 26
summarizes this operation as

Pop; = (26)

u'  otherwise ,

[ i PG ) < fP G U
where pop; is the new individual which results from the
selection operation, taking the best individual between ¢’
and ' according to their corresponding fitness output. That
means if the new ¢/ cannot improve the objective function,
it is rejected; otherwise, it is accepted and becomes the new
individual of the population.

To obtain better individuals, the operations of recombi-
nation and selection are used. To remain near the global
optimum, mutation and validation operations are applied
to generate new individuals who preserve features of their
corresponding ancestors. Depending on the conditions and
parameters, DE can create new, better individuals in the
population each time it iterates. This is done until a feasible
solution is obtained. The final population is expected to stay
near the global optimal solution to the problem. The more
iterations, the more accurate the solution. These iterations are
denoted as generations (G) because a new population Pop is
produced from the previous one.

Different ways of performing the recombination operation
for DE are available. For instance, in Eq. 27, the variant
DE/Best/1 is shown, where r1 is substituted with the best
element among Pop:

mi — ubest + M(url _ ur2) (27)

Lezama et al. [42] suggest using a random factor randb €
[0, 1] to enhance the convergence of DE to reduce the
stagnation and speed up the convergence. Then, Eq. 24
becomes Eq. 28 as:

mt = u"' + (randb)M W — u™). (28)
and the rand variant for DE/Best/1 is expressed in Eq. 29 as:
m = uP®" + (randb)M "> — u">). (29)

The pseudo-code of DE applied to OPF is shown in
Algorithm 1, where Fitness stores the function evaluations
with the penalty factors and Outputs stores the function
evaluation without these penalty factors.
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Algorithm 1 DE Applied to OPF

Input the control parameters for DE
Build initial population Pop
Evaluate fitness for each individual in Pop
Begin generations counter s = 1
fors =11t G do
fori =1 to Np do
Generate random individuals.
Do mutation m' according to Eq. 24 (or another variant);
Recombination to obtain t'. Eq. 25;
Validate 7'
Update ¢* if needed;
Solve ¢ with Newton-Raphson (MATPOWER [43], [44]);
Apply selection operator Eq. 26;
end for
end for
Poppes; obtained with the lowest fitness.
return Poppeg;, Fitness, Outputs

VIi. METHODOLOGY
Supplementary information of the IEEE-30 and IEEE-57
networks is in the Appendix section.

The steps for analyzing the problem are: 1. Verify that
each variable does not violate the upper and lower limits in
a significant way; 2. Verify that Kirchhoff’s Law tends to
zero by solving the system with Newton-Raphson’s Method.
In summary, the general constraints and initial conditions for
all the tested nature-inspired algorithms are listed as follows:

1) The population size is Np = 100.

2) The dimension D for the electric network IEEE-30 is
D = 24, for the electric network IEEE-57 is D = 33
(the size of the vector u).

3) Let Ap = 100, Ay = 100000, A\p = 100, Ag = 100
[29]. For the IEEE-30, G= 500; meanwhile for IEEE-
57, G = 2500. Forfzp(x, u), w = 100 [19].

4) For fzp (x, u) and the electric network IEEE-57 (f57(u)),
each lambda is multiplied by a factor of 1, 000, 000.
For f1(u), f;(u) and f3(u), each lambda is left as-is.

5) Each individual of the population begins as
Pop; =u',u' =[P Vic Qic Til,

x' = [pi,61 ViL Qi,c Si] and Popinisiat = Pop.

6) The validation process is done for each component
of w’, not for x' that depends on the Newton-
Raphson method. The components in x' obtained
with Newton-Raphson are left “as is”, even if the
constraints are surpassed because it is expected that the
penalty factors can reduce these surpassed quantities
when they are substituted in Eq. 21 until they vanish.

7) The penalty factors should help the fitness function to
converge by including the appropriate constraints in
Eq. 21. At the same time, these summations will vanish
if the constraints are fulfilled when executing each
generation. It is expected that the more generations, the
more summations will vanish.

8) All the tests presented in this manuscript were launched
100 times to obtain each scenario’s corresponding
means, maximum and minimum values.
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9) A successful trial is considered if and only if

fsp (x,u) — fs(w) = 0. Otherwise, the solution is
not feasible because the penalty factors are not being
mitigated/vanished.

In summary, the feasible solution is stored in u’ and the
elements to be reduced in Eq. 21 are stored in x'. When x/
is evaluated, it is expected that such evaluation fits with the
condition f(x, u) — f;(u) = 0, where such a result means
that all the elements stored in x’ fulfill the given constraints.
Each best feasible solution u’ for each bio-inspired method is
presented in Tables 5 and 7.

VIIl. RESULTS

A. SPECIFICATION OF THE CASES CONSIDERED

Using the notation in Table 2 and the equations described in
Section IV, the cases to be considered are the following:

o Case 1. Cost optimization or MC (Eq. 16) [17], [18],
[19].

o Case 2. Cost with voltage profile or MC+VP (Eq. 17)
[17], [18], [19].

o Case 3. Cost with the inclusion of prohibited zones and
valve point effects or V/P|POZ (Eq. 19) [11].

o Case 4. With multi-fuel sources and piecewise quadratic
costs or PWQC (Eq. 20) [17], [18], [19].

All of the above cases are considered for the net-
work IEEE-30, while for the IEEE-57 only the first
case is considered. For the aforementioned scenarios and
using DE, the four mutation operators were applied,
where

DE —  means to use Eq. 24.
DEAR — means to use Eq. 27.
DEAB — means to use Eq. 28.
DEABR »— means to use Eq. 29.

For each tested algorithm, the best case is labeled by
superscript z in the way f(u). Also, the best results are
highlighted with bold fonts for each algorithm. Moreover,
four additional nature-inspired algorithms are also tested:
PSO [6], TL [7], BBO [8], ABC [9]. We developed our
own implementations for DE and TL. The rest of the
nature-inspired algorithms are adaptations of the templates
downloaded from www.yarpiz.com [45].

B. RESULTS OBTAINED FOR IEEE-30 NETWORK
For IEEE-30 [19], [31], two scenarios are considered. They
are as follows:

o Scenario 1. Capacitors with value equal to zero (Cjg =
0; Co4 = 0). There are not coupling line capacitors.
In practice, these values are modified in MATPOWER
by rewriting them. These cases are denoted as f(u).

o Scenario 2. Capacitors with their nominal value (found
in MATPOWER as Cj9p = 19.0; Co4 = 4.3, but
converted to p.u as Cig = 0.190; Ca = 0.043,
respectively). In practice, these values are left as is in
MATPOWER. These cases are f; -(u).
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FIGURE 1. Set of curves for (a) DE and (b) DEAR applied to flp(x, u).

1) DE OPTIMIZATION

Fig. 1 shows the family of curves obtained for DE and DEAR
and their corresponding means and minima values. 95 outputs
were considered for DE, whereas the full set of outputs was
included to compute the mean and the minimum for DEAR.
This is done to discard those curves that do not converge, i.e.,
if they do not meet the condition flp (x, u) — fi(w) = 0. Only
the last 200 generations are displayed for the sake of easy
comparison, a practice extended to other analyzed nature-
inspired techniques. Initially, it’s evident that DE exhibits
slower convergence and higher curve values compared to
DEAR. In contrast, DEAR shows more focused curves as its
set approaches the likely optimal solution. The mean for the
set of 95 DE curves is ji = 799.4484. Meanwhile, the mean
for 100 DEAR curves is it = 799.1038. The minima values
are obtained for f{’ 2(x, u) for DE and Vi %(x, u) for DEAR.
The corresponding minima values are m = 799.3539 and
m = 799.1036.
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FIGURE 2. Set of curves for (a) DEAB and (b) DEABR applied to ff'(x, u).

On the other hand, Fig. 2 shows the behavior of DEAB
and DEABR. For these cases, the full set of tests (100) is
considered to compute their respective means and minimum
values. Compared to the cases presented in Fig. 1, DEAR and
DEAB exhibit similar ranges and speeds in reaching the likely
optimal solution. DEABR stands out as the fastest among
all DE variants, quickly approaching the most likely ogtimal
solution. The minima values are obtained for flp 2 (x, u)
for DEAB and f”*(x, u) for DEABR. The corresponding
minima values are m = 799.1040 and m = 799.1035.

The mean for the set of DEAB curves is 1 = 799.1049,
and the mean for the set of DEABR curves is it = 799.1035,
being the last one the best mean value among all the DE
variants presented. Despite its fast behavior to reach the most
likely optimal solution for flp (x, u).

2) ABC OPTIMIZATION

The ABC optimization algorithm was created by
Karaboga et al. [9] and one of its applications for the OPF
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ABC for Cost on OPF
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FIGURE 3. Set of curves for ABC applied to ff(x, u).

BBO for Cost on OPF
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FIGURE 4. Set of curves for BBO applied to ff(x, u).

problem is provided by Adaryani et al. [23]. By using the
Yarpiz Team platform [45], the main constant parameters
to be configured for the BBO were: @ = 1 (acceleration
coefficient), the number of onlooker bees which is equivalent
to the population, and L = round(0.6x D Np) (abandonment
limit parameter). Fig. 3 shows the set of curves obtained with
ABC, with the corresponding mean and minimum curves.
The curve with the minimum value is obtained in the trial
fP"2(x, u) with /i = 799.1128. The mean of the ABC curve
set is ft = 799.1167 and is greater than DEABR with a
difference of 0.0132.

3) BBO

Simon proposed the BBO nature-inspired optimization [§]
and one of its applications to OPF is provided by
Bhattacharya et al. [28]. By using the Yarpiz Team
platform [45], the main constant parameters to be con-
figured for the BBO were: KeepRate=0.2, alpha=0.9,
pMutation=0.1, sigma=0.2(varmax-varmin), where varmax
and varmin depend on the given constraints. The parameters
mu (emigration rate) and lambda (immigration rate) are
determined by the population size (see Section VI for more
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FIGURE 5. Set of curves for TL applied to flp(x, u).

PSO for Cost on OPF
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FIGURE 6. Set of curves for PSO applied to ff (x, u).

details). Fig. 4 shows the set of curves obtained with BBO,
with the corresponding mean and minimum curves. The curve
with the minimum value is obtained in the trial f| ’66(x, u)
with m = 799.1035424118620. The mean of the curve set
of BBO is of 1 = 799.1035789326458 and it is greater than
the mean of DEABR [ = 799.1035332271490, where the
difference is of 4.5705496746 x 1073

4) TL OPTIMIZATION

Rao proposed the TL optimization in [7], which is based
on how an agent labeled as Teacher leads to improve the
performance of those labeled students. The best performance
is achieved by polishing the skills and ways of learning for
each student. In any nature-inspired algorithm, the main idea
is to improve the average that characterizes the performance
of the students and then lead them to achieve an elitist
performance. Thus, each student has the potential to reach
the optimal solution when the number of lessons are taken.
To do so, the best students are considered as leaders to
help the other students improve their notes. For this case,
the elitist number is left as E = 10. An example of this
nature-inspired algorithm applied to the OPF is shown in [25].
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FIGURE 7. (a) Mean and (b) minimum values for the nature-inspired
techniques tested in this manuscript for the function flp (x, u) on the
IEEE-30 electric network.

Fig. 5 shows the set of curves obtained with PSO, with the
corresponding mean and minimum curves. The curve with
the minimum value is obtained in the trial *'*(x, u) with
m = 799.1035332271402. For this case, extra digits are
considered to compare and determine the best case between
TL and DEABR. Being 1 = 799.1035332285726 the mean
for TL, it is seen that TL is worse than DEABR. Nevertheless,
the difference is quite small, being only 1.423587 x 10~°.

5) PSO

The PSO algorithm was developed by Shi et al. [6]. Its
application to OPF has existed since its appearance, for
instance, the work developed by Abido et al. [18]. It has
continued through time, as shown by the application of this
algorithm by Vo et al. [24]. By using the Yarpiz Team plat-
form [45], the parameters to be configured for the PSO were:
w=1 (inertia weight), wdamp=0.99 (inertia weight damping
ratio), c;=1.5 (personal learning coefficient), c=2.0 (global
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TABLE 3. Running time data in seconds for ff (x, u) objective function.

Algorithm N Mean SE Mean | StDev Min Q1 Median Q3 Max
DE 98 | 31859 | 00642 | 0.636 | 3172 | 318.1 | 3185 | 318.98 | 320.08
DEAR | 100 | 320.65 | 0.103 1.03 | 318.80 | 319.88 | 32041 | 321.3 | 323.18
DEAB 97 | 32057 | 0.097 | 055 | 318.24 | 319.80 | 3205 | 3212 | 322.95
DEABR | 98 | 321.76 | 0.0997 | 0.972 | 319.99 | 320.98 | 321.75 | 322.42 | 324.32
TL 98 | 7513 0.632 6.16 | 737.16 | 746.73 | 751.86 | 754.98 | 766.49
PSO 98 | 32746 | 00719 | 0.697 | 326,02 | 326.95 | 32748 | 327.88 | 329.06
ABC 99 | 64042 | 0.165 T.64 | 636.66 | 639.34 | 64044 | 641.58 | 644.74
BBO 95 | 330.71 | 0.0501 | 0.488 | 329.51 | 3304 | 330.60 | 3311 | 331.84
TABLE 4. Mean (i), minimum (1) and maximum (V) of the nature-inspired algorithms for the IEEE-30 electric network.
fs St. DE DEAR DEAB DEABR TL PSO ABC BBO
fi [ 799.4484 | 799.1038 | 799.1049 | 799.1035 | 799.1035 | 799.1035 | 799.1167 | 799.1035
M | 799.5426 | 799.1042 | 799.1084 | 799.1035 | 799.1035 | 799.1035 | 799.1217 | 799.1037
m | 799.3539 | 799.1036 | 799.1040 | 799.1035 | 799.1035 | 799.1035 | 799.1128 | 799.1035
fie [ 799.2559 | 799.0404 | 799.0404 | Infeasible | Infeasible | 799.0399 | 799.0474 | 799.0402
M | 799.3455 | 799.0409 | 799.0413 | Infeasible | Infeasible | 799.0399 | 799.0510 | 799.0404
m | 799.1646 | 799.0400 | 799.0401 | Infeasible | Infeasible | 799.0399 | 799.0446 | 799.0401
fa f 818.5067 | 813.6586 | 813.5555 | 813.6240 | 813.6270 | 813.6131 | 814.8806 | 814.1350
M | 819.8159 | 813.8758 | 813.7326 | 813.9759 | 814.6157 | 813.9418 | 815.2407 | 814.6989
m | 816.8964 | 813.5187 | 813.4668 | 813.4377 813.4196 | 813.4543 | 814.4077 | 813.6267
fo,e [ 816.9666 | 812.9754 | 812.8469 | 812.8833 812.8754 | 812.8905 | 813.8005 | 813.2833
M | 817.7827 | 813.1231 | 812.9567 | 813.3083 813.2869 | 813.4173 | 814.1481 | 813.8735
m | 815.7076 | 812.8444 | 812.7775 | 812.7395 812.7508 | 812.7474 | 813.3848 | 812.8882
f3 [ 835.0040 | 833.3268 | 833.3299 | 833.4229 | 833.2775 | 833.5420 | 834.2012 | 833.4139
M | 8354226 | 833.3752 | 833.4079 | 835.5585 833.4193 | 835.3219 | 834.8128 | 833.5534
m | 834.2886 | 833.3003 | 833.2883 | 833.2495 833.2509 | 833.2818 | 833.8892 | 833.3158
f3,¢ [ 834.6004 | 833.2325 | 833.2200 | 833.1864 | 833.1981 | 833.3800 | 833.9605 | 833.2846
M | 835.1149 | 833.2811 | 833.2578 | 833.2716 | 833.2529 | 835.2934 | 834.4935 | 833.3781
m | 834.1416 | 833.2093 | 833.2030 | 833.1799 | 833.1813 | 833.1865 | 833.5926 | 833.2162
fq [ 646.7074 | 645.3877 | 645.2005 | 646.0128 | 6453011 | 645.2035 | 647.5332 | 645.7662
M | 6472245 | 645.5719 | 6452776 | 722.8389 | 646.9675 | 645.7112 | 648.0598 | 647.3181
m | 646.0217 | 645.2750 | 645.1592 | 645.1225 | 645.1255 | 645.1232 | 646.9272 | 645.2636
fa,c I 646.5115 | 645.2425 | 645.0992 | 645.1097 | 6452987 | 645.2123 | 647.3312 | 645.3583
M | 6472378 | 6453324 | 645.1419 | 645.1097 | 647.3994 | 645.6056 | 647.8764 | 645.8523
m | 6459579 | 645.1362 | 645.0814 | 645.1097 | 645.0712 | 645.0885 | 646.7464 | 645.1572
12 Fig. 6 shows the set of curves obtained with PSO, with the
corresponding mean and minimum curves. The curve with the
118 minimum value is obtained in the trial f} 58 (x, u) with m =
799.1035332271034. Being o0 = 799.1035332271067 for
i PSO when compared to the mean of DEAB, PSO seems the
. best option among all the nature-inspired techniques here
g studied for £/ (x, u), where the difference is of 4.2292 x 10~
£ 108 in favor of PSO.
1
6) FIRST APPROACH OF THE TESTED TECHNIQUES
Fig. 7 shows a summary of the curves representing the
0.95 o« . . . .
mean and the minimum for each nature-inspired technique
. 5 o P P P 20 tested in this manuscript for the IEEE-30 els:ctrlc .network.
Bus number These curves were extracted from the previous figures to

FIGURE 8. Voltage profile for f;8(x) obtained with PSO.

learning coefficient), velmax=0.1*(varmax-varmin) (maxi-
mum velocity) and velmin=—velmax (minimum velocity),
where varmax and varmin depend on the given constraints.
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compare them straightforwardly. It is seen that DE and ABC
present the greatest values among the tested nature-inspired
techniques. On the other hand, the rest of the nature-inspired
techniques present a similar behavior regarding how each
method reaches the likely optimal solution. It is to be noticed
that all the curves were computed with flp (x,u) and the
computed mean for each one is considered for the cases
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FIGURE 9. (a) Fitness curve and (b) voltage profile for fg"g 10 obtained
with DEAB. '

that fulfill flp (x,u) — fi(w) = 0. The best nature-inspired
technique is chosen in the next subsection based on the lowest
available mean for each analyzed case. As a first approach,
the minimum curve from the set of curves showing the lowest
available mean is considered the best solution.

We also conducted a thorough statistical analysis of the
running times for each algorithm and objective function, and
our findings revealed no significant evidence of sample biases
or measurement errors. All simulations were executed on a
dedicated MacBook Pro 2.3Ghz, 8-Core, Intel Core 19, 16GB
of RAM computer, and running times were meticulously
recorded. Due to manuscript length constraints, we are
unable to provide detailed tables for each objective function.
However, we have presented running time data obtained
for objective function flp (x,u) as an illustrative example.
In Table 3, you can find the specifics for the 100 running time
data points obtained, with time recorded in seconds. The table
indicates that the number of outliers is not substantial, and
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the maximum mean difference between data with and without
outliers is 0.48 seconds. Subsequently, we provide descriptive
statistics for each algorithm applied to the flp (x, u) objective
function, highlighting that the maximum standard error for
the mean is at most 0.462 seconds.

C. EXTENDED RESULTS FOR THE TREATED SCENARIOS
Table 4 shows the mean (w), the maximum (M ) and the
minimum (/1) values for DE and its variants. The lowest
mean is considered the main parameter for choosing the best
algorithm. At first sight, DEABR is not feasible for fi .(u)
because the function with penalty factors does not converge
to the tested function, i.e., fﬁc(x, u) — f1,c(w) = 0 is not
fulfilled. This condition is critical to determine whether a
nature-inspired technique is reliable for obtaining feasible
sub-optimal solutions. Table 4 also shows the rest of the
nature-inspired functions by evaluating their respective [,
M and 7. TL is also unfeasible for f1.c(u), contrasting to
the feasibility of TL when applied to fi(u). For fi (1) and
f1(w), PSO has the best mean. For f2(u), f2,c(u), fy(u) and
fq,c(w), the best mean results were obtained with DEAB,
meanwhile, the best mean for f3(u) is obtained with TL.
Finally, by considering the mean, DEABR is the best option
for solving f3 .(u).

By considering the results shown in Table 4 in terms of
[, Table 5 shows the best cases for each tested function,
i.e., these cases with the minimum fitness taken from the
algorithm that has the best mean. Then, PSO has the best
performance for f158(u) and ffz(u), while TL is the best for
f335(u). DEAB generates the best results for fzgo(u), fq74(u),

$3(u) and f%(u). DEABR is the best for f3 (u). At the
same time, the values for each case in terms of fz(u) are also
included for all the presented cases. When f>(u) is computed,
it is seen that the voltage profile fo(u) is reduced when
compared to fi(u) and f>(u).

Fig. 8 shows the voltage profile for the evaluation of flss(u)
with PSO, which is the best case in this scenario (test 58 of
100 tests). The constraints are fulfilled because the minima
values are above 0.95 and the maxima values are below or
equal to 1.1. For these voltages that are firstly optimized, their
corresponding results are shown in Table 5, second column.
It is seen that all the voltage values are larger than 1.05,
which means a large voltage profile, i.e., a big value for
f258(u) = 1.8348. Whenf]p(u) becomesfzp(u),fz(u) is reduced
by having a value of fz(u) = 0.0974 (see the second column
of Table 5). On the other hand, the corresponding cost curve
is also shown. It is highlighted that there are two curves,
flp (x, u) (fitness curve) and fi (1) (cost curve), where both are
equivalent if flp (x, u)—f1(u) = 0. For this case, the cost curve
(f1(u), from 1 to 500) is displayed in the corresponding chart.

D. IEEE-57 RESULTS

Information of IEEE-57 network is in the Appendix section.
For this network, the shunt capacitances are placed in buses
18, 25, and 53, with the values 10, 5.9, 6.3, respectively.
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TABLE 5. Best solution cases, IEEE-30 electric network. Scenarios 1 and 2.

Feawre | fP®PSO [ fJDEAB | f3° TL [ f{"DEAB [ f72 PSO [ f5% DEAB | f§ DEABR [ fJ7 DEAB
P 1771551 | 1763708 | 1944126 | 139.9993 | 177.1482 | 176.3409 1943779 139.9993
Py 48.7207 48.9627 44.9998 54.9986 48.7194 48.8680 44.9999 54.9986
Ps 21.3116 21.5188 20.6390 24.0822 21.3094 21.8538 20.5363 24.0746
Py 20.9471 22.0800 11.2865 34.9931 20.9333 21.7065 11.4082 34.9643
Pry 11.9071 12.2073 10.0064 18.5589 11.9131 12.3928 10.0000 18.4557
Py3 12.0000 12.1266 12.0000 17.1635 12.0000 12.0941 12.0000 17.2847
Va 1.1000 1.0414 1.0999 1.0999 1.0999 1.0406 1.0999 1.0999
Vs 1.0878 1.0243 1.0791 1.0900 1.0878 1.0241 1.0792 1.0891
Va 1.0616 1.0127 1.0536 1.0630 1.0617 1.0128 1.0541 1.0650
Vg 1.0695 1.0027 1.0667 1.0754 1.0696 1.0026 1.0670 1.0753
Vi 1.1000 1.0714 1.0999 1.0994 1.0889 1.0166 1.0999 1.0964
Vis 1.0999 0.9879 1.0999 1.0996 1.0999 0.9869 1.0999 1.0999
T 1.0473 1.0957 1.0999 1.0319 1.0455 1.0330 0.9973 0.9873
T12 0.9000 0.9008 0.9052 0.9176 0.9310 0.9966 1.0899 1.0328
Tis 0.9880 0.9382 1.0307 0.9798 0.9693 0.9408 1.0044 0.9726
Ts6 0.9674 0.9683 0.9844 0.9683 0.9603 0.9791 0.9763 0.9639
Q1o 4.9999 4.8346 4.9941 4.9593 0.0000 3.1248 4.9902 2.6345
Q12 4.9999 0.0686 4.9990 4.8563 4.9999 0.1592 4.9998 4.7910
Q15 4.9999 4.9967 4.9977 4.3547 4.9999 4.9931 4.9978 4.6524
Q17 4.9999 0.0529 4.9999 4.9590 5.0000 0.0095 4.9994 4.7255
Q20 4.9999 4.9885 4.9933 4.4239 4.3892 4.9994 4.5754 4.6338
Q21 4.9999 4.9655 4.9999 4.8172 4.9999 4.9999 4.9998 4.7206
Q23 3.9006 4.9783 4.0641 3.6117 2.0094 3.9138 2.2551 1.8959
Q24 4.9999 4.9772 4.9993 4.7623 3.6261 4.9936 3.8101 3.4374
Q29 2.9298 2.5883 2.7856 3.0995 2.4614 3.4867 2.6090 2.2977

fs(u) ] 799.1035 | 8134668 | 8332509 | 645.1592 | 799.0398 | 8127775 833.1799 645.0814
fa(u) 1.8348 0.0974 1.4673 1.8891 2.0289 0.0903 1.7258 2.0530

TABLE 6. Mean (i), minimum (1) and maximum (V) of the
nature-inspired algorithms for the IEEE-57 electric network, fs7 1 (u).

St. DE DEAR DEAB DEABR

[ | 41686.6808 | 41622.1580 | 41621.1158 | 41625.1285
M | 417112627 | 41632.1537 | 41621.5057 | 41653.3305
m | 41662.2086 | 41621.1700 | 41620.9833 | 41621.4271

TL PSO ABC BBO

[ | 41649.0739 | 41661.7478 | 41697.9131 | 41666.2302
M | 416685801 | 41674.6299 | 41725.8364 | 41673.4025
m | 41638.2804 | 41645.9677 | 41678.5843 | 41644.0029

TABLE 7. Best solution case for the IEEE-57 electric network.

Feature [ fi7,(u) DEAB | Featre | f27 (u) DEAB
Py 1425979 Tho 0.9008
Py 89.9905 Tho 1.0757
P3 44.8806 T3 1.0075
P 72.0373 T35 0.9888
Ps 461.4800 T3 0.9968
Py 94.8710 Ts7 1.0216
Pio 358.8124 Ta1 0.9877
i 1.0958 Tue 0.9570
Vo 1.0992 T4 0.9107
V3 1.0882 Tss 0.9737
Vs 1.0967 Tso 0.9609
Vs 1.0999 Tes 0.9690
Vo 1.0841 T 0.9345
Via 1.0804 Try 0.9685

Qs 1.7578 Trs 0.9954

Q25 4.9980 Tre 0.9704

Q53 4.9983 Tso 0.9861
fo7.1(w) 41620.9833

fo(u) 3.6586

These shunt capacitances were left unmodified to obtain the
results presented. Table 5 shows the summary of the tested
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TABLE 8. Success rate of each nature-inspired algorithm with 100 tests.

Cases DE | DEAR | DEAB | DEABR
fi(w) 95 100 100 100
fie(u) | 96 55 46 0
fa(u) | 100 | 100 100 93
fa,e(u) | 100 | 100 100 95
f3(w) 95 100 100 100
f3.c(u) | 91 100 100 95
fa(w) 88 99 100 100
fac(u) | 81 98 90 1
fs7,1(uw) | 100 98 98 59
Cases TL PSO ABC BBO
fi(w) | 100 | 100 100 100
f1,e(uw) 0 2 96 20
fa(u) 97 99 100 100
fa,c(u) | 100 96 100 100
f3(w) | 100 | 100 98 100
f3,c(u) | 100 98 99 100
fa(w) 98 100 91 100
fac(u) | 34 5 81 97
fora(uw) | 79 63 100 98

nature-inspired techniques for the electric network IEEE-
57, where the evaluation of the cost is denoted as fs57,1(u).
By considering the mean, the best technique is DEAB, with
Q= 41621.1158, M = 41621.5057 and i = 41620.9833.
Table 6 shows the corresponding values for the best
case, obtained with DEAB for 7 (). It is highlighted that

p,49
f57,l

to the evaluated objective function. The cost is f149(u) =
41620.9833. With the voltages computed for this network,
the voltage profile fg(u) is computed as 3.6586.

Fig. 9 shows the output for the evaluation of f5479,1(“)
with DEAB (test 49 of 100 tests). It is verified that the

(x,u) — f5479,1(“) = 0 i.e. the penalized function is equal

VOLUME 12, 2024



G. Castafion et al.: Comparative Analysis of Nature-Inspired Algorithms for OPF Problem

IEEE Access

TABLE 9. Score ranking for (/i), minimum () and maximum (IIA/l) for all the tested objective functions and nature-inspired algorithms.

Ts St. | DE | DEAR | DEAB | DEABR | TL | PSO | ABC | BBO
1 Q 3 5 6 2 3 1 7 4
M 3 5 6 2 3 1 7 4
m| 8 5 6 2 3 1 7 4
fic | A 6 3 4 3 3 1 5 2
M| 6 3 4 8 8 1 5 2
m| 6 2 4 8 8 1 5 3
T2 0 3 3 I 3 4 2 7 6
M| 8 2 1 4 5 3 7 6
mo| 8 5 4 2 1 3 7 6
f2e | R 3 5 I 3 2 1 7 6
M| 8 2 1 4 3 5 7 6
m | 8 5 4 1 3 2 7 6
f3 o 3 2 3 5 1 6 7 4
M| 7 1 2 8 3 6 5 4
m| 8 5 4 1 2 3 7 6
fac | A 3 4 3 1 2 6 7 5
M| 7 4 2 3 1 8 6 5
m| 8 5 4 1 2 3 7 6
Ta 0 7 4 I 6 3 2 3 5
M| 5 2 1 8 4 3 7 6
mo| 7 6 4 1 3 2 8 5
Toc | A 7 4 1 2 5 3 8 6
M 6 3 2 1 7 4 8 5
mo| 7 5 2 4 1 3 8 6
fsra | & | 7 2 1 3 4 5 8 6
M| 7 2 1 3 4 6 8 5
mo| 7 2 1 3 4 6 8 5
Score 196 98 74 97 97 | o1 188 | 134

corresponding voltage profile is inside the given constraints
and is consistent with those shown in Table 7. It is expected
that the voltage profile can have a big value (fz(u) = 3.6586).
Additionally, the corresponding cost curve f5479,1(“) is also
shown. Compared to the curve shown for the electric network
IEEE-30, there is a Jumf behavior for the initial generations,
which means that f57 1 (x u) — f57 () # 0 for those
generations. At the end of execution of DEAB, f5’§419(x, u)
(fitness curve) and f57 1(@) (cost curve) are equivalent
(5% e w) — f2 () = 0). The curve (from 1 to 2500) is
displayed in the corresponding chart for this case. The reason
to execute each nature-inspired algorithm 2500 generations
for this network is to discard the jumping behavior. As the
number of conditions to fulfill increases, so does the number
of generations needed to obtain an accurate behavior to check
if the algorithm to be evaluated is reaching the likely optimal
solution.

VIIl. DISCUSSION AND COMPARISONS

Reproducing all the aforementioned algorithms is done to
determine their advantages and disadvantages. Also, to study
how small differences lead to very different outputs and
behaviors in the results. Table 8 shows the success rate of each
nature-inspired algorithm on each scenario, where 100 tests
were performed to determine if each nature-inspired method
can obtain £’ (x, u) — fy(u) = O i.e. if the penalty factors
vanish. If so, the instance is considered valid; Otherwise,
itis discarded. As established throughout this manuscript, the
initial conditions are the same for all tested nature-inspired
algorithms, where only proper specific initial configurations
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(recombination and network parameters) were configured
differently.

For fi(u), DE had 5 failed tests, and the rest of the
nature-inspired algorithms have a fully successful perfor-
mance. Nevertheless, when the capacitors Cijg and Cyg
(f1,c(w)) are left in their nominal values, there are significant
degradation performances for DEAR, DEAB, DEABR, TL,
PSO and BBO, where the rate of success is below 70%.
DEABR and TL have the worst performances, with zero
successful tests when considered all together. PSO also has
a very low success rate (2 among 100).

For f>(u), all nature-inspired algorithms have a success
rate higher than 90%, meanwhile when the capacitors Cjg
and Cy4 (f2,(u)) are left in their nominal values, DEABR
and PSO present no full successful performance (95% and
96%, respectively). For the scenario with the use of the
multi-fuel sources (quadratic case, f; (1)), DEA has the lowest
success rate; meanwhile, DEAB, DEABR, PSO and BBO
have full success rates. In contrast, by leaving the capacitors
without modification i.e. with original values (fy (1)),
DEABR and PSO have highly degraded performances with
1 and 5 successful tests, respectively. Meanwhile, the best
algorithm for this case is DEAR, with 98 of 100 successful
trials. Finally, for the largest case, fs7,1(¥) DEABR and PSO
have the worst performances with 59% and 63%, respectively.
The full success rate is obtained with DEA and ABC.

The results presented in Table 8 indicate that a small
change inside the same network (for this case, IEEE-30
when comparing Scenario 1 and Scenario 2, both described
in Subsection VII-B) will lead to contrasting performances.
For instance, the algorithms TL, PSO, and DEABR have a
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good performance for Scenario 1, where they have 100/100
successful tests each one; meanwhile, for Scenario 2, their
performance was degraded (2 of 100 for all of them).
The aforementioned approaches were made because, in the
literature, similar networks with small differences are often
compared, or solutions considered feasible are established as
the best ones without completely fulfilling all the constraints
at all (i.e., an inaccurate penalty factor computing). In [33],
the authors cite several unfeasible solutions reported as
feasible. For these reasons, we do not present a comparison
of our results to those of other works.

On the other hand, Table 9 shows how to rank each
nature-inspired algorithm by applying the methodology
followed by Castaiién et al. [10]. The lowest rank (1) is
assigned to that nature-inspired algorithm with the lowest
fitness in terms of the mean (ft), the maximum (M ) and
the minimum (), and so on (from 1 to 8) to the rest of
the nature-inspired algorithms. The final score is obtained in
the last row by doing a summation of the obtained scores
for each algorithm applied on each objective function for
each feature (/l,M and m), where it is seen that DEAB
has the lowest score (74). Nonetheless, by considering the
success rate shown in Table 8, DEAB does not have good
behavior when it is applied to fi .(u), but still acceptable
(46 of 100 trials). DE and ABC have the largest scores to
be considered successful algorithms. Thus, DEAB has an
acceptable compromise between a good success rate and
good lower fitness values. A clarification note must be made,
for f1(x, u), the largest value 8 was assigned to DEABR and
TL because the penalty terms do not vanish i.e. their solutions
are unfeasible as shown in Table 4.

IX. CONCLUSION AND FUTURE IMPROVEMENTS

In this work, we applied well-known nature-inspired algo-
rithms to solve the OPF, i.e., DE and some of its variants,
TL, PSO, ABC, and BBO, where the electric networks IEEE-
30 and IEEE-57 were analyzed with their corresponding
constraints and initial conditions. Only the initial config-
urations were different on each nature-inspired algorithm
where appropriate. This way, we obtain several solutions
regarding cost, voltage deviation, and valve point effect with
prohibited zones and multi-fuel sources (quadratic case).
Having these results available, an analysis of the success rate
of penalty-vanishing terms and a ranking process was done to
determine the best nature-inspired algorithm.

A small change in the network for those constant initial
conditions for the electric network IEEE-30 will lead
to contrasting behavior of each nature-inspired algorithm,
as discussed in the previous section, where the match
between the real fitness function and its penalized version is
entirely affected, and reflected in the success rate of penalty-
vanishing terms. On the other hand, it was necessary to
establish a ranking process to determine which of the tested
nature-inspired algorithms presents the best compromise
in terms of its mean, maximum, and minimum fitness
values with different objective functions. Combining the
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aforementioned criteria (ranking process and success rate of
convergence), DEAB has the most acceptable compromise
between the lowest successful behavior (74) and good lower
fitness values among all the tested nature-inspired algorithms
for all the tested objective functions.

As the next goal, different variants of the network IEEE-
30 will be tested with other nature-inspired algorithms,
including emissions and other features combined with power
sources coming from renewable energies (wind, etc.). New
hybrid metaheuristic algorithms named cross entropy (CE),
covariance matrix adaption evolutionary strategy (CMAES)
[46] and DE variants such as success history based adap-
tive differential evolution (SHADE) [47], JADE [34], and
Hybrid-adaptive DE (HyDE) [48], [49] can be tested for
this problem. The approach presented will be extended to
include issues related to placement of controllers in a network
as shown in [50], [51], [52], and [53], intelligent control
of network variables as shown in [54], [55], and [56],
minimization losses/costs with graph-oriented analysis [57],
[58], classification of network variables depending on
security behavior [59] and novel techniques to solve PF
efficiently rather than the classical techniques [60], [61], [62].

APPENDIX

This Appendix provides information of networks IEEE-
30 and IEEE-57 used in this analysis. It is important to
mention that the parameters of both electric networks were
loaded and configured with MATPOWER 6.0 according
to [43] and [44].!

A. IEEE-30

This network is formed by NB = 30 buses and n/ = 41 lines.
There is one slack bus, five PV buses (with power injection),
and the rest are PQ buses (load buses). This work implements
the version analyzed by Abou et al. [17]. The schematic is
shown in Fig. 10. The parameters are as follows:

o The impedance and the bus admittance can be found
in [17], where these parameters are configured in
MATPOWER [43], [44]. The power limits on each line
are divided as shown in Table 10 and are taken from [24].
The operation limits of transformers (Ty) are 0.9 <
tm < 1.1, being the initial conditions on the given buses
as taken from [17]: line 11, 1.078,0; line 12, 1.069,0;
line 15, 1.032,0 and line 36, 1.068,0. The corresponding
angles are in degrees, and such angles remain with zero
value throughout the bio-inspired algorithms.

o The coefficient costs are shown in Table 11.

The reader should be aware that the last three columns
in Table 11 are related to Eq. 19, where the last column
shows the range of prohibited zones, i.e., those values
that the power of the respective source must not have.
For the multi-fuel case, sources G| and G, with the
values given in Table 12, where the first two lines are
for G| and the last two lines are for G,.

! Available for download in http://www.pserc.cornell.edu/matpower/
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TABLE 10. Power limit parameters for IEEE-30 network, taken from Vo et al. [24].

lj 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14 | 15 | 16 | 17 | 18 | 19 | 20 | 21
spp@® | 130 | 130 | 65 | 130 | 130 | 65 | 90 | 70 | 130 | 32 | 65 | 32 | 65 | 65 | 65 | 65 | 32 | 32 | 32 | 16 | 16
l; 22 23 | 24 | 25 26 | 27 | 28 | 29 | 30 | 31 | 32 | 33 | 34 | 35 | 36 | 37 | 38 | 39 | 40 | 41 -
S[;.”“” 16 16 | 32 | 32 32 | 32|32 | 32 16 16 | 16 | 16 | 16 | 16 | 65 | 16 | 16 | 16 | 32 | 32 -

TABLE 11. Coefficient costs for IEEE-30 network, taken from
Abou et al. [17] and Niknam et al. [11].

G a b c d e Prohibited zones
1 0.00 | 2.00 | 0.00375 18 0.037 | [55-66], [80-120]
2 0.00 | 1.75 | 0.01750 16 0.038 [21-24], [45-55]
5 0.00 | 1.00 | 0.06250 14 0.04 [30-36]
8 0.00 | 3.25 | 0.00834 12 0.045 [25-30]
11 | 0.00 | 3.00 | 0.02500 13 0.042 [25-28]
13 | 0.00 | 3.00 | 0.02500 | 13.5 | 0.041 [24-30]
- 29
27 g 128
- 30 S 25
N
23 .24
| — |
l,ls l,ls ¢,19
17
¥ v20
.21
14 16 H

ﬁp
N
N

FIGURE 10. IEEE-30 network found in [17].

TABLE 12. Coefficient costs and power parameters for IEEE-30 network
applied to the quadratic case, taken from Abou et al. [17].

Plow Ph,v',gh, a b c
50 140 55 0.70 | 0.0050
140 200 40 0.30 | 0.0100
20 55 82.5 | 1.05 | 0.0075
55 80 80 0.60 | 0.0200

o The initial voltages are 1.05, 1.04, 1.01, 1.01, 1.05,
1.05 for the buses 1, 2, 5, 8, 11, 13, being the first one
the slack bus. The voltage limits for the generators (V)
are 0.95 < v;,; < 1.10. The values for the voltage limits
on each load line are the same.

Additionally, the real power limit values P for the
buses 1, 2, 5, 8, 11, 13 are 50, 20, 15, 10, 10, 12 as the
minimum and 200, 80, 50, 35, 30, 40 as the maximum,
respectively. Meanwhile, the reactive power limit values

VOLUME 12, 2024

TABLE 13. Power parameter limits and initial voltages for IEEE-30
network, taken from Abou et al. [17].

BuS V Péna(l/‘ anl‘ P’IG’II’LTL Qg’bn
1 1.05 200 200 50 -20
2 1.04 80 100 20 -20
5 1.01 50 80 15 -15
8 1.01 35 60 10 -15
11 1.05 30 50 10 -10
13 | 1.05 40 60 12 -15
TABLE 14. Load power parameters for IEEE-30 network, taken from

Abou et al. [17].

Bus P Q Bus P Q
1 0.000 | 0.000 16 | 0.035 | 0.018
2 0.217 | 0.127 17 | 0.090 | 0.058
3 0.024 | 0.012 18 | 0.032 | 0.009
4 0.076 | 0.016 19 | 0.095 | 0.034
5 0.942 | 0.190 | 20 | 0.022 | 0.007
6 0.000 | 0.000 | 21 0.175 | 0.112
7 0.228 | 0.109 | 22 | 0.000 | 0.000
8 0.300 | 0.300 23 0.032 | 0.016
9 0.000 | 0.000 | 24 | 0.087 | 0.067
10 | 0.058 | 0.020 | 25 0.000 | 0.000
11 0.000 | 0.000 | 26 | 0.035 | 0.023
12 | 0.112 | 0.075 27 | 0.000 | 0.000
13 0.000 | 0.000 | 28 | 0.000 | 0.000
14 | 0.062 | 0.016 29 | 0.024 | 0.009
15 0.082 | 0.025 30 | 0.106 | 0.019

Qg forthe buses 1, 2, 5, 8, 11, 13 are -20, -20, -15, -15,
-10, -15 as the minimum and 200, 100, 80, 60, 50, 60 as
the maximum, respectively. These values are included in
Table 13. The rest of power loads on each bus are given
in Table 14.

o The reactive powers stored in Q. for the shunts are
delimited by 0.0 < g;;, < 5.0 (not in p.u.). These shunts
are set for places 10, 12, 15, 17, 20, 21, 23, 24, 29.

B. IEEE-57

This network is formed by NB 57 buses and nl
80 lines. There is one slack bus, six PV buses, and the
rest are PQ buses. In this work, the version analyzed is
implemented in [24] and based on the configuration found
in MATPOWER [43], [44]. For the sake of simplicity,
the schematic of this network is omitted. Nevertheless, the
parameters of this electric network are provided as follows:

o The impedance and the bus admittance can be obtained
from MATPOWER [43], [44]. The operation limits of
transformers (Ty) are 0.9 < £, < 1.1. The power limit
on each line was retrieved from [24] as shown in Table 15

o The coefficient costs are shown in Table 16.

« The initial voltages are 1.04, 1.01, 0.985, 0.980, 1.005,
0.980, and 1.015 for the buses 1, 2, 3, 6, 8, 9, 12, being
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TABLE 15. Power limits for IEEE-57 network, taken from Vo et al. [24].

l; 1 2 3 4 5 6 7 8 9 10 | 11 12 | 13 14 15 16-80
S’l”]?a”“' 150 | 85 | 100 | 100 | 50 | 40 | 100 | 200 | 50 | 50 | 50 | 50 | 50 | 100 | 200 100
TABLE 16. Coefficient costs for IEEE-57 network, taken from Vo et al. [24]. 100, 550, 100, and 410 as the maximum and O as the
G a 5 < minimum for all the places, respectively. Meanwhile, the
T [ 0.00 | 20 | 0.077579519 reactive power limit values Q¢ for the same places are
2 1 0.00 | 40 0.01 -140, -17, -10, -8, -140, -3 and -150 as the minimum
A ol Il B and 200, 50, 60, 25, 200, 9 and 155 as the maximum,
8 | 0.00 | 20 | 0.0222222222 respectively. These values are shown in Table 17. The
9 | 0.00 | 40 0.01 power loads on each bus are given in Table 18.
12 [ 000 | 20 | 0.0322580645 « The reactive powers stored in Q. are delimited by 0.0 <
gm < 5.0 (not in p.u.). These shunts are set for buses 18,
TABLE 17. Power limit parameters and initial voltages for IEEE-57 25, and 53.
network, taken from Vo et al. [24].
Bus Y, Prar [ Qmer [ pain [ QEin ACKNOWLEDGMENT
1 1.040 | 575.88 200 0 -140 Fernando Lezama would like to thank the work facilities
_% (1):851;(5) {28 28 8 }(7) and equipment provided by GECAD Research Center
6 | 0.980 100 25 0 8 (UIDB/00760/2020), DOI:10.54499/UIDB/00760/2020 to
8 1.005 550 200 0 -140 the Project Team.
9 0.980 100 9 0 -3
12 1.015 410 155 0 -150

TABLE 18. Load power parameters for IEEE-57 network, taken from
Vo et al. [24].

P Q Bus P Q
0.55 0.17 30 0.036 | 0.018
0.03 0.88 31 0.058 | 0.029
0.41 0.21 32 0.016 | 0.008
0.00 0.00 33 0.038 | 0.019
0.13 0.04 34 0.00 0.00
0.75 0.02 35 0.06 0.03
0.00 0.00 36 0.00 0.00
1.50 0.22 37 0.00 0.00
1.21 0.26 38 0.14 0.07
10 0.05 0.02 39 0.00 0.00
11 0.00 0.00 40 0.00 0.00
12 3.77 0.24 41 0.063 0.03
13 0.18 0.023 42 0.071 | 0.044
14 0.105 | 0.053 43 0.02 0.01
15 0.22 0.05 44 0.12 0.018
16 0.43 0.03 45 0.00 0.00
17 0.42 0.08 46 0.00 0.00
18 0.272 | 0.098 47 0.297 | 0.116
19 0.033 | 0.006 48 0.00 0.00
20 0.023 0.01 49 0.18 0.085
21 0.00 0.00 50 0.21 0.105
22 0.00 0.00 51 0.18 0.053
23 0.063 | 0.021 52 0.049 | 0.022
24 0.00 0.00 53 0.20 0.10
25 0.063 | 0.032 54 0.041 | 0.014
26 0.00 0.00 55 0.068 | 0.034
27 0.093 | 0.005 56 0.076 | 0.022
28 0.046 | 0.023 57 0.067 0.02
29 0.17 0.026 - - -

oo u U b W P
w

the first one the slack bus. The voltage limits for the
generators (V) are 0.90 < v, < 1.10. The values for
the voltage limits on each load line are the same.

Additionally, the real power limit values P for the
buses 1, 2, 3, 6, 8, 9, and 12 are 575.88, 100, 140,
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