
1

Vol.:(0123456789)

Scientific Reports |         (2024) 14:6187  | https://doi.org/10.1038/s41598-024-56590-5

www.nature.com/scientificreports

A novel solution to optimal power 
flow problems using composite 
differential evolution integrating 
effective constrained handling 
techniques
Aamir Ali 1, Ali Hassan 1, M. U. Keerio 1, Noor H. Mugheri 1, Ghulam Abbas 2, 
Mohammed Hatatah 3, Ezzeddine Touti 4* & Amr Yousef 5,6

Optimal power flow is a complex and highly non-linear problem in which steady-state parameters 
are needed to find a network’s efficient and economical operation. In addition, the difficulty of the 
Optimal power flow problem becomes enlarged when new constraints are added, and it is also a 
challenging task for the power system operator to solve the constrained Optimal power flow problems 
efficiently. Therefore, this paper presents a constrained composite differential evolution optimization 
algorithm to search for the optimum solution to Optimal power flow problems. In the last few 
decades, numerous evolutionary algorithm implementations have emerged due to their superiority 
in solving Optimal power flow problems while considering various objectives such as cost, emission, 
power loss, etc. evolutionary algorithms effectively explore the solution space unconstrainedly, often 
employing the static penalty function approach to address the constraints and find solutions for 
constrained Optimal power flow problems. It is a drawback that combining evolutionary algorithms 
and the penalty function approach requires several penalty parameters to search the feasible space 
and discard the infeasible solutions. The proposed a constrained composite differential evolution 
algorithm combines two effective constraint handling techniques, such as feasibility rule and ɛ 
constraint methods, to search in the feasible space. The proposed approaches are recognized on IEEE 
30, 57, and 118-bus standard test systems considering 16 study events of single and multi-objective 
optimization functions. Ultimately, simulation results are examined and compared with the many 
recently published techniques of Optimal power flow solutions owing to show the usefulness and 
performance of the proposed a constrained composite differential evolution algorithm.

Keywords Power loss and emission, Optimal power flow, Constraint handling techniques, Feasibility rule, ε 
Constrained method, Constrained composite differential evolution

The optimal power flow (OPF) integrates the computation of power flow and economic dispatch subject to the 
system’s physical and electrical  constraints1. In the research field of electrical power systems, OPF is an exten-
sively sophisticated topic due to various interesting challenges, and it possesses both the planning and operating 
stages. In OPF, perfect values of control variables and system quantities are calculated to find the most efficient 
system operation and planning subject to various constraints. Many classical mathematical techniques have suc-
ceeded in finding the solution to the OPF problem, including the Newton method, linear, non-linear, quadratic 
programming, and interior point method. These techniques are limited to handling algebraic functions only. 
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They cannot consider the convexity, require initial point, more significant control parameters, and continuity 
assumptions, and are gradient-based search algorithms trapped into local  optima2.

In the past few years, numerous metaheuristic algorithms have been introduced to find better results for OPF 
problems, and most of these methods successively overcome the limitations of classical techniques that not only 
stagnate into local optima but are also unable to explore the global optima. These algorithms include a differential 
search algorithm (DSA)3 proposed by Abaci and Yamacli, who considered various single and multi-objective 
functions to optimize standard IEEE systems,  in4 adaptive group search optimization (AGSO) proposed by Dary-
ani et al. to solve OPF problem considering multi-objective function model, backtracking search optimization 
algorithm (BSA)  in5 wherein valve-point loading and multi-fuel cost are considered for the output of thermal 
power generators. Furthermore, differential evolution (DE) with the integration of various constraint  techniques6, 
multi-objective differential evaluation algorithm (MO-DEA)7, moth swarm algorithm (MSA)8, improved col-
liding bodies optimization (ICBO)9, chaotic artificial bee colony (CABC)10, Gbest ABC (GABC)11, adaptive real 
coded biography based optimization algorithm (ARCBBO) was suggested  in12, adaptive partitioning flower pol-
lination algorithm (APFPA)13 was used to resolve OPF problems considering various single and multi-objective 
objective functions. Pandiarajan and  Babulal14 proposed the integration of a fuzzy and harmony search algorithm 
(HSA) called (FHSA) to figure out the OPF problem; by doing this, two HSA parameters (i-e. bandwidth and 
pitch adjustment) were controlled by the fuzzy logic system. Furthermore, a combination of lévy mutation and 
teaching learning-based optimization (LTLBO) technique proposed  in15, krill herd algorithm (KHA)  in16 and 
stud KHA (SKHA)  in17, glowworm swarm  optimization18, hybrid modified imperialist competitive algorithm 
(MICA) and teaching–learning algorithm (TLA) (MICA-TLA)19 there has also popular optimization techniques 
for searching the OPF problem solution. However, Objectives in OPF problems are variable, where no single 
algorithm is the best to address every objective function of OPF problems. Therefore, there is room for the new 
algorithm to solve most of the OPF problems efficiently.

This paper proposed optimizing single and Multi-objective approaches to solving OPF problems. Existing 
work in the literature clearly shows that the basic or improved version of optimization algorithms was used to 
solve the OPF problems. Each method has its strong points and limitations, and it is confirmed in the No Free 
Lunch (NLF)  theorem20, which indicates that no single optimization algorithm can solve in the best way for 
all types of real word problems. Recently, an outstanding global optimizer-constrained composite differential 
evolution (C2oDE)21 algorithm has had various advantages, i.e., Simple in structure, implemented easily in any 
programming language, with few control parameters, combining the strength of different trial vector generation 
strategies.

Furthermore, to handle the constraints of OPF problems, mainly in the entire literature, researchers either 
adopt the static penalty function or directly discard the infeasible population. The former method is more 
responsive to selecting the penalty coefficient; even if a small penalty coefficient may cause examination of the 
infeasible space, a significant coefficient of penalty function may not explore the entire search space. However, 
in the OPF problem, recent advanced constraint handling techniques (CHTs) still need to be used. Therefore, 
in this paper, feasibility rule (FR), ɛ-constraint method (ECM), and a combination of these CHTs are utilized 
to solve the OPF problem by employing a composite DE search algorithm. Moreover, the performance of each 
CHTs and their varieties, such as C2oDE-FR, C2oDE-ECM, C2oDE-FR-ECM, and C2oDE-ECM-FR, have been 
statistically analyzed and compared. Besides, proposed CHTs are implemented successfully to solve the OPF 
problem on a small scale IEEE 30, 57 and a large-scale power network of 118-bus test systems. Most objective 
functions from the literature review, such as cost of active power generation, emission rate of greenhouse gases, 
power loss, voltage deviation, and voltage stability index, are considered to test the performance of the proposed 
C2oDE algorithm along with the integration of CHTs. Correspondingly, sixteen events of single and Multi-
objective functions are formulated to test the efficacy of various CHTs. The simulation results of all events are 
thoroughly examined and compared with the latest research findings.

The contributions of the study are outlined as follows:

• Two representative constraint techniques, such as feasibility rule (FR) and epsilon constraint method (ECM), 
and their combinations are employed with the current state-of-the-art unconstrained CoDE search algorithm 
to solve the OPF problem.

• Sixteen events of highly complex non-linear objective functions are formulated to solve single and multi-
objective OPF problems and show the superiority and performance of the proposed algorithm.

• Simulation results of all the algorithms C2oDE-FR, C2oDE-ECM, C2oDE-FR-ECM, and C2oDE-ECM-FR 
are statistically compared.

• Small to large-scale power system networks such as IEEE 30, 57, and 118-bus networks are adopted to test 
the proposed Algorithm.

The remaining division of this article is planned as Sect. 2 contains mathematical modeling of OPF and 
constraint handling techniques, and Sect. 3 describes the objective function and study events. The proposed 
optimization algorithm is defined in Sect. 4, simulation results and comparisons are discussed in Sect. 5, and 
concluding remarks are produced in Sect. 6.

Mathematical modelling of OPF problem
Generally, OPF is a complex and non-linear problem, and its main objective is to optimize single and multi-
objective functions subject to satisfy the set of equality and inequality constraints. Mathematically, the OPF 
problem is described as follows:

Minimize f
(−→x ,−→u

)

,−→x ∧
−→u ∈ S, L ≤

(−→x ,−→u
)

≤ U
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whereas f
(−→x ,−→u

)

 is the fitness function, gj
(−→x ,−→u

)

 and hj(−→x ,−→u ) are the inequality and equality constraints, 
vector −→x  are dependent or state variables, −→u  is independent or control variables. S is the search space, L and U 
are the lower and upper bound, r espectively of vectors −→x  and −→u .

State and control variables
The state variables describe the power system’s state, and the power flow in the network is controlled by control 
variables shown in Fig. 1. Where, NG, NL, NC, and NT are the number of generators, load, shunt VAR compen-
sator, and transformer buses respectively and nl shows the number of branches.

Constraints and constraint handling techniques
Constraints
The solution to the OPF problem must achieve both equality (active and reactive power balance) and inequality 
(operating limits of power system components) constraints. Figure 2 shows the equality and inequality constraints 
examined in the present study.

where, PDi and QDi are the active and reactive demand at bus i, Gij and Bij are shunt conductance and susceptance 
between bus i and j respectively.δij is the voltage angle difference between bus i and j and shows NB the number 
of buses.

Subjectto : gj
(−→x ,−→u

)

≤ 0, j = 1, . . . , l

(1)hj(
−→x ,−→u ) = 0, j = l + 1, . . . ,m

(2)PGi − PDi − Vi

NB
∑

j=1

Vj

[

Gijcos
(

δij
)

+ Bijsin
(

δij
)]

= 0 ∀i ∈ NB

(3)QGi − QDi − Vi

NB
∑

j=1

Vj

[

Gijsin
(

δij
)

− Bijcos
(

δij
)]

= 0 ∀i ∈ NB

(4)Vmin
Gi

≤ VGi ≤ Vmax
Gi

∀i ∈ NG

Objective function ( ⃗ ⃗⃗ )

State variables: x Control variables: u

( … … … )1( … … … )

Figure 1.  State and control variables.
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Figure 2.  Equality and inequality constraints.
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At the time of the optimization process, the proposed algorithm chooses the values of each variable between 
the min and max limit.

Proposed constraint handling techniques
Usually, all the real word problems are constraint type defined in Eq. (1), in which the equality constraints 
hj(

−→x ,−→u ) given in Eqs. (2) and (3) are automatically satisfied when the solution of power flow is converged. 
However, special attention is needed to inequality constraints gj

(−→x ,−→u
)

 given in Eqs. (4) to (10). Generally, the 
jth inequality constraint violation Gj(

−→x ) is given as:

However, the overall degree of constraint violation G(−→x ) can be calculated by the sum of all the inequality 
constraint violations and given as:

Constrained optimization problems mean to search in the feasible region, and EAs are population-based 
stochastic search methods in which an infeasible solution is complicated to discard. Therefore, proper CHTs 
are used together with EAs to enhance the overall performance of an algorithm. This work proposes two CHTs: 
feasibility rule (FR) and ε constrained method (ECM). FR is given  in22 and suggests three rules to compare any 
two solutions described as follows:

1. Both solutions are feasible; select the one with a better objective function value.
2. Both solutions are infeasible; choose the one with a lower value of constraint violation.
3. One is feasible, and the other is infeasible; always select a feasible one.

The second proposed CHT is ECM has given  in23,24, in which two solutions −→x i and −→x j are compared as 
follows:

In (13), the parameter ε decays as increasing the iteration number and is given as

where the parameter ε0 is the primary threshold, initially it is equal to max(G
(−→x

)

) , T is the maximum generation, 
t is the current generation, constant parameter λ = 6 recommended  in25 and p controls the degree of convergence 
of objective function.

Objective functions and study events
To highlight the superiority and effectiveness of the proposed C2oDE algorithm by considering the various CHTs, 
16 events comprised of single and multi-objective functions are evaluated and implemented on IEEE 30, 57, 
and 118-bus standard IEEE networks. Bus 1 is considered the slack/reference bus in the event of 30 and 57-bus 
systems; however, in the 118-bus system, the 69th bus is the slack/reference bus. The role of the reference bus is 

(5)Pmin
Gi

≤ PGi ≤ Pmax
Gi

∀i ∈ NG

(6)Qmin
Gi

≤ QGi ≤ Qmax
Gi

∀i ∈ NG

(7)Tmin
j ≤ Tj ≤ Tmax
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(9)Vmin
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lq
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to achieve equality constraints given in Eqs. (2) and (3) during the load flow study. In subsequent sub-sections, 
the mathematical formulation of different events for the 30, 57, and 118-bus tests is described.

IEEE 30-bus system
The base MVA, bus, branch, and generator data of the IEEE 30-bus test network is taken  from26, and a summary 
of the significant components of this system is arranged in Table 1. There are 10 events are formulated for the 
IEEE 30-bus network, in which the first six events comprised of minimizing single objective and the remaining 
four events are based on weighted sum multi-objective optimization.

Event 1: minimization of basic fuel cost
Almost in all the literature, minimization of fuel cost was considered, and the relationship between the generator 
output power (MW) and the fuel cost ($/h) is given by a quadratic curve described as:

where, PGi is the generated output power of ith bus and ai , bi , ci The constant cost coefficients of that generator 
are given  in5,27 and classified as in Table 2.

Event 2. minimization of fuel cost multi‑fuels
Thermal power generation may have multi-fuel resources, including coal, oil, and natural gas. Therefore, the 
relationship between fuel cost vs output power for such plants is given in the piecewise quadratic function shown 
in Fig. 3.

Mathematically, the cost function of a multi-fuel ith generator is given as follows:

where, PGi is the generator output power within the specified range of 
[

Pmin
Gik

, Pmax
Gik

]

 and k is the fuel type. The 
total fuel cost of the objective function can be calculated using Eq. (18).

In this event, the multi-fuel cost is proposed for the two generators and range of output power (MW) with 
their coefficients given  in5 and shown in Table 3, whereas, the cost for the other four generators is identical as 
in the event 1.

(16)f (x, u) =
∑NG

i=1
ai + biPGi + ciP

2
Gi

(17)fi(x, u) = aik + bikPGj + cikP
2
Gi
for fuelk

(18)f (x, u) =

(

∑NG

i=1
fi(x, u)

)

Table 1.  Summary of IEEE 30-bus test system under study.

Items Quantity Details

Buses (slack Bus) 30 (1) 27

Generator buses 06 1, 2, 5, 8, 11, 13

Independent variable buses 24 –

Shunt VAR compensator buses 9 10, 12, 15, 17, 20, 21, 23, 24, 29

Total active and reactive demand – 283.4 MW, 126.2 MVAr

Branches 41 26

Tap changer transformer branches 4 11, 12, 15, 36

Voltage range at slack and PV buses 5 [0.95–1.1] p.u

Voltage range at PQ buses 24 [0.95–1.05] p.u

Table 2.  Coefficients of cost and emission (generators) for 30-bus network.

Generator Bus a b c d e α β γ ω µ

G1 1 0 2 0.00375 18 0.037 4.091 − 5.554 6.49 0.0002 2.857

G2 2 0 1.75 0.0175 16 0.038 2.543 − 6.047 5.638 0.0005 3.333

G3 5 0 1 0.0625 14 0.04 4.258 − 5.094 4.586 0.000001 8

G4 8 0 3.25 0.00834 12 0.045 5.326 − 3.55 3.38 0.002 2

G5 11 0 3 0.025 13 0.042 4.258 − 5.094 4.586 0.000001 8

G6 13 0 3 0.025 13.5 0.041 6.131 − 5.555 5.151 0.00001 6.667
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Event 3: voltage stability improvement
Estimate of voltage stability is an issue that is receiving growing attention from power system researchers due to 
system collapses in the past because of voltage instability. Voltage stability index (Lmax) has developed which can 
be defined based on Lj local indicator. Let NG and NL be the number of generator and load buses respectively, 
and then local indicator Lj can be calculated as

where sub-matrices YLL  and YLG are calculated from the YBUS matrix after separating PV and PQ buses as given 
in (17).

The objective function of power system stability in this event is the maximum value of Lj and is given as:

Event 4: minimization of emission
Many harmful gases such as  SOx and  NOx are emitted in tones per hour (t/h) into the atmosphere using con-
ventional fuel’s thermal power generation (MW). In the present event, the emission is considered the objective 
function of OPF and computed as:

where, the values of the parameters αi ,βi , γi ,ωi and µi are given in Table 2.

Event 5: active power loss minimization
Mathematically active power loss (MW) can be given as:

Lj =

∣

∣

∣

∣

1−
∑NG

i=1
Fji

Vi

Vj

∣

∣

∣

∣

, where j = 1, 2, . . . ,NL

(19)and Fji = −[YLL]
−1[YLG]

(20)
[

IL
IG

]

=

[

YLL YLG

YGL YGL

][

YL

YG

]

(21)f (x, u) = Lmax = max(Lj), where j = 1, 2, . . . ,NL

(22)Emission =
∑NG

i=1
[(αi + βiPGi + γiP

2
Gi
)× 0.01+ ωie

(µiPGi )]

(23)Ploss =
∑nl

q=1
Gq(ij)[V

2
i + V2

j − 2ViVjcos(δij)]

With single fuel

With multi fuel

F
u
el
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o
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/h
)
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6

PG
min PG

man

Figure 3.  Output power vs fuel cost of single and multi-fuels.

Table 3.  Multi-fuel cost coefficients of generators 1 and 2 of the IEEE 30-bus test system.

GeneratorBus Pmin–Pmax a b c

G1
50–140 55 0.7 0.005

140–200 82.5 1.05 0.0075

G2
20–55 40 0.3 0.01

55–80 80 0.6 0.02
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where, Gq(ij) is the conductance of branch q connected in between bus i and j and δij = δi − δj , is the voltage 
angle difference.

Event 6: minimization of basic fuel cost with valve‑point loading
Valve-point loading wants to be measured for precise modeling and a more realistic cost of fuel vs generator 
output power (MW). Generation of power from multi-valve thermal engines shows variation in the fuel cost 
function, which is shown in the sinusoidal function. Such sinusoidal function is added to the fuel cost and result-
ing curve between output power (MW) vs fuel cost as shown in Fig. 4.

Mathematically, generator fuel cost considering valve-point loading is given  by9:

where the constants di and ei are the valve point loading parameters, and their values are given in Table 2.

Event 7: simultaneous optimization of basic fuel cost and active power loss
The weighted sum approach is used to convert multi-objective optimization functions into single-objective 
optimization and is denoted as:

whereas, active power loss Ploss can be computed bsing Eq. (23) and the parameter �P is equal to 40 as suggested 
 in8.

Event 8: simultaneous optimization of voltage deviation and fuel cost
According to power quality, the voltage deviation index is the most important aspect, and it is minimized by 
enhancing the voltage profile. The cumulative voltage deviation (VD) function at the PQ nodes is described as:

The combined weighted sum of basic fuel cost and voltage deviation is given by:

where the weight factor �VD is assigned a value of 100 as  in9  and8.

Event 9: simultaneous optimization of voltage stability and fuel cost
Simultaneously, the minimization of basic fuel cost and maximization of voltage stability are converted into a 
single objective:

whereas, the parameter �L is called a weight factor equal to 100 suggested  by8 and Lmax is computed by Eq. (21).

Event 10: simultaneous optimization of cost, emission, losses, and vd
In this event, simultaneously, four objectives are considered to minimize, and the combined fitness function is 
given:

(24)f (x, n) =
∑NG

i=1
ai + biPGi + ciP

2
Gi

+ |di × sin(ei × (Pmin
Gi

− PGi ))|

(25)f (x, u) =
∑NG

i=1
ai + biPGi + ciP

2
Gi

+ �P × Ploss

(26)VD =

(

∑NL

p=1
|VLp − 1|

)

(27)f (x, u) =

(

∑NG

i=1
ai + biPGi + ciP

2
Gi

)

+ �VD × VD

(28)f (x, u) =
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2
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Figure 4.  Single generators cost curve with and without valve point.
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where, �E = 19, �VD = 21 and �P = 22 are the constant weights are considered the same as  in8 to balance among 
the objective functions.

IEEE 57-bus test system
To test the effectiveness of the C2oDE algorithm, the IEEE 57-bus system is considered. Four different events 
are considered to optimize with the C2oDE algorithm with two single objectives and the remaining two based 
on multi-objective, data given in Table 4.

Event 11: basic fuel cost minimization
In OPF, the basic objective is to minimize fuel cost, and mathematically, the function of fuel cost is the same as 
in Eq. (16). The coefficient of generator  cost26 and  emission5 are shown in Table 5.

Event 12: multi‑objective optimization of fuel cost and vd
The weighted sum single objective optimization minimizes this event’s basic fuel cost and VD. The fitness func-
tion in this study event is the same as in event 8 of IEEE 30-bus and mathematically is given by an Eq. (27).

Event 13: multi‑objective optimization of voltage stability and fuel cost
The formulation of this event’s weighted sum single objective function is the same as in event 9 of 30-bus. Also, 
lambda sub cap L is the same as in event 9.

Event 14: optimization of voltage deviation
In this event, the minimization of VD is considered the objective function of cumulative PQ buses and is cal-
culated using Eq. (26).

IEEE 118-bus system
Furthermore, a large-scale 118-bus standard IEEE test network is considered to test the superiority of the pro-
posed C2oDE algorithm. A couple of single objective events are considered for this system. Table 6 gives the bus, 
branch, generator, and other related data of the 118-bus network.

(29)f (x, u) =

(

∑NG

i=1
ai + biPGi + ciP

2
Gi

)

+ �E × Emission+ �VD × VD + �P × Ploss

Table 4.  Data of IEEE 57-bus network under study.

Items Quantity Details

Buses (slack Bus) 57 (1) 26

Generator buses 7 1, 2, 3, 6, 8, 9, 12

Independent variable buses 50 –

Shunt VAR compensator buses 3 18, 25, 53

Total active and reactive demand – 1250.8 MW, 336.4 MVAr

Branches 80 26

Tap changer transformer branches 17 19, 20, 31, 35, 36, 37, 41, 46, 54, 58, 59, 65, 66, 71, 73, 76, 80

Voltage range at slack and PV buses 7 [0.95–1.1] p.u

Voltage range at PQ buses 50 [0.94–1.06] p.u

Table 5.  constant parameters of generator cost and emission of 57-bus network.

Generator Bus a b c d e α β γ ω µ

G1 1 0 20 0.0775795 18 0.037 4.091 − 5.554 6.49 0.0002 0.286

G2 2 0 40 0.01 16 0.038 2.543 − 6.047 5.638 0.0005 0.333

G3 3 0 20 0.25 13.5 0.041 6.131 − 5.555 5.151 0.00001 0.667

G4 6 0 40 0.01 18 0.037 3.491 − 5.754 6.39 0.0003 0.266

G5 8 0 20 0.0222222 14 4.258 − 5.094 4.586 0.000001 0.04 0.8

G6 9 0 40 0.01 15 0.039 2.754 − 5.847 5.238 0.0004 0.288

G7 12 0 20 0.0322581 12 0.045 5.326 − 3.555 3.38 0.002 0.2
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Event 15: basic fuel cost minimization
The constant parameters of fuel cost are taken  from26, and the formulation of the fuel cost function is similar 
to event 1 of 30-bus.

Event 16: active power loss minimization
In this event, the minimization of real power loss is considered the objective function and calculated using 
Eq. (23).

Proposed optimization algorithm
OPF is a constrained optimization problem, and how to solve constrained optimization problems has greater 
practical significance. Evolutionary algorithms (EAs) have involved noticeable attention in efficiently resolving 
practical constrained optimization problems in the past two decades. The constrained EAs have two main com-
ponents: the search algorithm and the appropriate constrained handling method. Differential evolution (DE) is a 
popular EA; it has numerous attractive advantages to solving constrained optimization problems quickly because 
it is implemented, includes few control parameters, and achieves top rank in many  computations28. Numerous 
DE variants have been applied in the literature to find solutions to constrained-type engineering problems. In 
this work, a constrained composite.

DE (C2oDE) global  optimizer25 is proposed and added with two different CHTs to find the balance between 
constraints and objective functions. The framework of the proposed C2oDE optimization algorithm is introduced 
in the next section.

C2oDE
In the C2oDE algorithm, differential vectors generate  offspring29. Fundamentally, there are four stages in the pro-
posed algorithm, in the first stage randomly generation of the initial population −→x t

i (i ∈ {1 . . .NP}) in the range 
of lower and upper bound of search space. After that in the second stage, mutation operators are used for the 
generation of mutant vector −→v t

i (i ∈ {1 . . .NP}) , in this stage three type of mutation operators were used, such as.
1) current-to-rand/l

2) Modified rand-to-best/l

3) current-to-best/l

where, −→x t
r1 to −→x t

r5 are the mutually different decision vectors randomly selected from 1 to NP individuals, −→x t
best 

The random differentiation shows the best solution for current generation t and rand. Each mutation vector 
has distinct features ; for example, the mutation vector given in Eq. (30) can explore the entire search space 
and increase diversity. However, Eqs. (31) and (32) accelerate the convergence to get information from the best 
individual. In the third step trial vector −→u t

i is generated using a binomial crossover operator between each pair 
of −→v t

i and −→x t
i described as:

where, xti,j , u
t
i,j and vti,j are the jth dimension of −→x t

i , 
−→u

t
i and −→v t

i Correspondingly, CR is the rate of crossover, and 
Jrand is the integer number randomly produce between 1 to D. Finally, in the fourth step the selection operator 
is applied among the xti  and uti to find the candidate for the next population using Eq. (34) and Fig. 5 shows the 
framework of the proposed C2oDE algorithm.

(30)−→v
t
i =

−→x
t
i + F · (

−→x
t
r1 −

−→x
t
i )+ F · (

−→x
t
r2 −

−→x
t
r3)

(31)−→v
t
i =

−→x
t
r1 + F · (

−→x
t
best −

−→x
t
r2)+ F · (

−→x
t
r3 −

−→x
t
r4)

(32)−→v
t
i =

−→x
t
i + F · (

−→x
t
best −

−→x
t
i )+ F · (

−→x
t
r1 −

−→x
t
r2)

(33)uti,j =

{

vtij , if randj < CR or j = jrand
xtij , otherwise

Table 6.  Data of IEEE 118-bus test system under study.

Items Quantity Details

Buses (slack Bus) 118 (69) 26

Generator buses 54 1, 4, 6, 8, 10, 12, 15, 18, 19, 24, 25, 26, 27, 31, 32, 34, 36, 40, 42, 46, 49, 54, 55, 56, 59, 61, 62, 65, 66, 69, 70, 72, 73, 74, 76, 77, 80, 85, 
87, 89, 90, 91, 92, 99, 100, 103, 104, 105, 107, 110, 111, 112, 113, 116

Independent variable buses 130 –

Shunt VAR compensator buses 14 5, 34, 37, 44, 45, 46, 48, 74, 79, 82, 83, 105, 107, 110

Total active and reactive demand – 4242 MW, 1439 MVAr

Branches 186 26

Tap changer transformer branches 9 8, 32, 36, 51, 93, 95, 102, 107, 127

Voltage range slack and PV buses [0.95–1.1] p.u

Voltage range at PQ buses [0.95–1.06] p.u
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It can be noticed from Fig. 5 that, for each target vector three off-springs are generated with distinct advan-
tages of exploration and exploitation using trail vector generation strategy and pool of parameters. However, 
OPF problems are constrained optimization problems; therefore, there must be a compromise between objective 
function and constraint. Therefore, to balance constraint and objective function, two different CHTs are incor-
porated in this work at the phase of preselection and selection, as shown in Fig. 5. As stated in No Free Lunch 
(NFL)20, using various CHTs rather than single ones at different stages of EAs is better. Thus, the feasibility rule 
(FR) and ε constrained method (ECM) two CHTs are implemented with the proposed algorithm at the prese-
lection phase and selection to select feasible trial vectors and populations for the next generation, respectively. 
OPF problems are very highly complicated. Therefore, a restart technique is used to avoid trapping into local 
optima, and it is triggered when the standard deviation of both the objective function or constraint violation is 
less than the assigned threshold value. The flow diagram of the proposed C2oDE-FR-ECM algorithm is given in 
Fig. 6. C2oDE maintains a population consisting of NP target vectors: −→x t

i = {
−→x

t
1,
−→x

t
2, . . . ,

−→x
t
NP} , their objec-

tive function values:
f (−→x

t
1), f (

−→x
t
2), . . . , f (

−→x
t
NP) , and their degree of constraint violation: G(−→x t

1), G(
−→x

t
2), . . . , G(

−→x
t
NP).

(34)�xt+1
i =

{

�uti , iff
(

�uti
)

< f
(

�xti
)

�xti , otherwise

current-to-rand/l

Modified 
current-to-best/l

rand-to-best/l

[0.8, 0.2]

[1.0, 0.1]

[1, 0.9]

Trial vector generation strategies Pool of parameters [F, CR]

Trial Vector generation strategy

⃗ 1

⃗ 2

⃗ 3
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⃗

Figure 5.  Framework of proposed C2oDE algorithm.
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Results and comparison
Various standard IEEE power system test networks were selected to judge the effectiveness of the proposed 
C2oDE algorithm. These include 30, 57, and 118-bus networks applying two different constraint handling tech-
niques (CHTs) at various stages.

Table 7 summarizes the parameters of the proposed algorithm for the simulation of standard IEEE networks 
provided that values of F and CR are [0.8, 1.0, 1.0] and [0.2, 0.1, 0.9], respectively.

Comparison among proposed chts
The C2oDE algorithm is compared and tested with the two most widely used CHTs, FR and ECM, at different 
places, such as at the preselection stage (to select the best trial vector) and selection (population for the next 
generation). Table 8 presents the statistical values over the 25 independent runs for the individual events of 1 
to 14 using FR and ECM constraint handling methods. The columns of Table 8 show the best, mean, worst, and 
standard deviation of each event over 25 runs. Table 8 indicates that a single method cannot deliver the best 
statistical results in all the events. Therefore, this paper includes proposed CHTs in two stages to find a feasible 
trial vector and population for the next generation. Four different C2oDE variants were implemented considering 
two CHTs at different locations, i.e. C2oDE-FR, C2oDE-ECM, C2oDE-FR-ECM, and C2oDE-ECM-FR. Specifi-
cally, in C2oDE-FR and C2oDE-ECM, only the feasibility rule and ɛ constraint method were utilized for the 
best trail vector and population of the next iteration. However, in C2oDE-FR-ECM, the feasibility rule was used 
for finding the best trail vector, and ɛ constraint method was used to select the population for the next iteration 
while in C2oDE-ECM-FR, ECM for the trial vector, and FR was used to select candidates for the next iteration.

The bold numbers shown in Table 8 are the best objective function values in a particular event obtained by 
methods. Furthermore, in Table 8, C2oDE-FR and C2oDE-FR-ECM outperform compared to C2oDE-ECM 
and C2oDE-ECM-FR. In contrast, C2oDE-ECM cannot beat any other variant in any study event, whereas 
C2oDE-ECM-FR only performs better in event1 and 4. On the other hand, FR and FR-ECM obtain the best fit-
ness value, almost an equal number of events. Hence, selecting the proper CHTs for an OPF problem of various 
events is challenging because the objective function and constraints of OPF are non-linear. On the other hand, 
C2oDE-FR-ECM has the benefit of converging with the help of FR and exploring the entire search space to get 
better diversity with the help of ECM. Thus, the combination of FR and ECM at the different phases of the search 
algorithm, i.e., in C2oDE-FR-ECM, would attain the best value of the objective function or be close to the best 
fitness in most of the events. The subsequent subsections analyze and discuss the best results according to the 
objective functions of all the IEEE test systems.

IEEE 30-bus test system
Table 9 shows the results of 30-bus system decision variables (i.e., state and control variables of event 1 to event 
10). Column 2 and 3 of Table 9 displays the operating range of decision variables and in all the events, the results 
of these variables are within their allowable range and give the best value(s) of fitness considering one of the four 
proposed algorithms. In this work, the generator’s output power in MW at the swing bus (PG1) and the MVAr 
rating of all the generators are considered the control variable and treated as inequality constraints during the 
optimization process. The allowable range of reactive power for all the generators is taken from  MATPOWER26. 
Furthermore, simulation results obtained using the three variants of C2oDE by applying CHTs are presented in 
Table 10 (for single objective) and Table 11 (for multi-objective) compared with the recent methods of similar 
studies in the literature. Obtained results of proposed CHTs in which all the decision variables (dependent and 
independent) and constraints are within desirable limit however, in the approach of static penalty, some of these 
variables are violated and are highlighted with footnotes as shown in Table 10 and.

Table 11. During the optimization process, voltages at the PQ, buses are often found critical, such as near 
the upper limit (0.95–1.05 p.u). Frequently, failure of the power system components appears due to overvoltage, 
and it is highly undesirable.

On the other hand, the Voltage deviation (VD) of the IEEE 30-bus system would be 1.2 p.u (24 × 0.05) if the 
value of voltage level at all load buses is under the permissible limit. However, in the literature in many cases, 
VD is more than a permissible specified value and is also highlighted with footnotes, as shown in Table 10 and.

Table 7.  PARAMETERS OF Proposed C2oDE ALGORITHM.

IEEE test system Name of parameter (symbol) Value(s)

30-bus

Population size (NP) 50

Maximum iteration 100

Maximum function evolution ( MAXFeval) 15,000

57-bus

Population size (NP) 50

Maximum iteration 200

Maximum function evolution ( MAXFeval) 30,000

118-bus

Population size (NP) 50

Maximum iteration 1400

Maximum function evolution ( MAXFeval) 210,000
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Table 11. Furthermore, the main goal of this work is to prove effectiveness by merely considering statistical 
results and establishing the strict agreement of system constraints using various CHTs. It is noticed from Table 10 
that values of the objective function in event 1 using FR and ECM-FR give 800.411290$/h and 800.411384, 
respectively, satisfying all the inequality constraints. In event 2 C2oDE-FR finds the minimum cost of 646.40111 
$/h among various CHTs considering the multi-fuel effect however, in event 3 in which fitness function is con-
sidered to minimize the maximum L-index (Lmax) of PQ buses, FR-ECM obtained the best simulation result 
of 0.13628 in comparison to the algorithms of past studies. In event 4, the minimization of emissions in (t/h) 
is 0.204817, almost the same in all the proposed CHTs. Also, the algorithms reported in the literature include 
SF-DE6,  MSA8, and  ARCBBO12 whereas, in event 5 minimization of active power losses, FR-ECM and FR give 
the best results of 3.08391 MW and 3.08392 MW compared with the other techniques shown in Table 10. Voltage 
waveforms of the 30-bus network are given in Figs. 7 and 8 and it shows that the output value of voltage (p.u) is 
within the range of minimum and maximum value without violating any of the constraints.

The fitness function of fuel cost minimization considering valve-point loading proposed in event 6, in which 
C2oDE-FR obtained the best result of 832.0700 $/h is high compared to basic fuel cost in event 1. However, in 
events, 7–10 weighted sum multi-objective optimization of various functions is proposed in which the combined 
effect of various single objective functions decides the output results of optimization algorithms. For example, in 
event 7, a higher weight charge of fuel cost was preferred to minimize more fuel cost than power loss.

Table 9.  Simulation results of event 1 to event 10 considering the best algorithm for a 30-bus network.

Parameter Min Max Event 1 Event 2 Event 3 Event 4 Event 5 Event 6 Event 7 Event 8 Event 9 Event 10

Method ECM-FR FR FR-ECM ECM-FR FR-ECM FR> FR FR-ECM FR-ECM FR-ECM

PG2 (MW) 20 80 48.71265 54.99999 80 67.56307 79.9999 44.90895 55.60038 48.86460 48.73159 52.54368

PG5 (MW) 15 50 21.38571 24.15010 49.929 49.99999 50 18.48527 38.11460 21.62997 21.38919 31.46357

PG8 (MW) 10 35 21.22168 34.99988 34.972 34.99999 34.9999 10.00000 34.99998 22.29077 21.23591 34.99999

PG11 (MW) 10 30 11.90255 18.46280 29.964 29.99999 29.9999 10.00006 29.99999 12.22160 11.94318 26.75915

PG13 (MW) 12 40 12.00000 17.50430 12.007 39.99999 39.9999 12.00005 26.66520 12.00001 12.00052 20.96281

V1 (p.u)

0.95 1.10

1.083407 1.076121 1.0540 1.062643 1.06157 1.084165 1.068641 1.039886 1.082884 1.072411

V2 1.064326 1.061229 1.0509 1.056602 1.05736 1.061506 1.057917 1.024120 1.064111 1.058878

V5 1.033029 1.032719 1.0678 1.037187 1.03786 1.028460 1.034547 1.014304 1.033268 1.032103

V8 1.037638 1.041377 1.0569 1.043796 1.04414 1.035452 1.042653 1.005612 1.038894 1.040581

V11 1.089077 1.074367 1.0999 1.078060 1.07918 1.084049 1.083573 1.049336 1.098926 1.026010

V13 1.038980 1.041041 1.0782 1.050910 1.05257 1.052731 1.046200 0.987349 1.044608 1.010872

Qc10

0.0 5.0

0.661986 4.012780 3.5567 0.027334 0.02352 4.930163 0.318648 4.997871 0.132714 4.889569

Qc12 4.623068 4.653556 0.0460 3.156755 1.96798 1.631188 4.434062 0.000055 0.109537 4.849591

Qc15 4.114581 4.234578 0.0460 4.215265 4.34813 3.896941 4.099315 4.999996 4.056132 3.822877

Qc17 4.999902 4.998601 0.0527 4.999995 4.99991 4.999848 4.999927 4.30160 4.956622 4.999911

Qc20 3.928710 3.880312 0.0044 3.924083 3.86053 4.181339 3.826802 4.99997 3.650225 4.999284

Qc21 4.999993 4.999324 0.0447 4.999992 4.99995 4.999817 5 4.99999 4.999639 4.999999

Qc23 2.881190 2.872483 0.0128 2.996372 2.83785 3.099185 2.878838 4.99998 2.129788 4.309407

Qc24 4.999410 4.999246 0.0008 4.999984 4.99999 4.999993 4.999992 4.99999 4.997700 4.999998

Qc29 2.362086 2.307973 0.0006 2.280898 2.19882 2.472265 2.292495 2.63093 1.902285 2.605888

T11 (p.u)

0.90 1.10

1.070046 1.072383 1.0438 1.068853 1.06969 1.022621 1.055803 1.07091 1.035416 1.083315

T12 0.903210 0.902601 0.9000 0.900016 0.90000 0.980584 0.911555 0.90000 0.933892 0.959490

T15 0.964522 0.971061 1.0051 0.989224 0.98950 0.977150 0.981742 0.93788 0.963903 1.020102

T36 0.973223 0.973522 0.9639 0.975692 0.97528 0.977375 0.973868 0.97089 0.969430 1.004966

Fuel cost ($/h) – – 800.4112 646.40111 920.2534 944.3285 967.623 832.0708 859.0731 803.703152 800.41981 830.1861

Emission (t/h) – – 0.366392 0.283530 0.225365 0.204817 0.20726 0.437468 0.2288 0.363550 0.366159 0.253010

Ploss (MW) – – 9.005387 6.717099 4.50493 3.216795 3.08391 10.64437 4.525961 9.843499 9.002381 5.58624

V.D (p.u) – – 0.907200 0.921336 0.90040 0.900632 0.90460 0.863525 0.93148 0.0940676 0.940607 0.296498

L-index (max) – – 0.137988 0.137801 0.136283 0.138274 0.13816 0.139082 0.13778 0.148911 0.137344 0.147642

PG1 (MW) 50 200 177.1827 139.9999 81.03098 64.05372 51.4839 198.6500 102.545 176.2365 177.1019 122.2570

QG1 (MVAr) − 20 150 2.844612 − 0.48549 − 19.990 − 4.83944 − 5.0887 4.84590 − 3.2170 − 5.05825 1.940834 − 0.87367

QG2 (MVAr) − 20 60 20.24732 15.38954 − 19.986 7.564360 7.28340 15.4490 10.5911 14.95492 19.98522 12.75031

QG5 (MVAr) − 15 62.5 25.63524 24.98175 54.0075 21.66852 21.7331 24.1728 22.9242 46.65354 25.75591 23.28095

QG8 (MVAr) − 15 48.7 27.26701 27.98037 48.6904 27.69775 27.6035 28.0010 27.5810 38.55305 29.71277 27.39613

QG11 (MVAr) − 10 40 27.01666 21.05439 27.2552 22.99214 23.4502 19.8747 23.1381 25.03795 26.09648 13.55674

QG13 (MVAr) − 15 44.7 − 8.08520 − 6.46517 21.8333 1.698986 2.95095 2.1452 − 2.3857 − 14.99986 − 3.92963 − 0.45999
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Table 10.  Comparison of results of proposed algorithms with the past studies of the 30-bus single objective. 
a Voltage level at the PQ bus is violated.

Event # Method Fuel cost ($/h) Emission(ton/h) Ploss (MW) VD (p.u) L-index

Event 1 FR 800.411384 0.36627 9.0021891 0.916732 0.1379627

FR-ECM 800.411769 0.36647 9.0073043 0.923969 0.137890

ECM-FR 800.411290 0.36639 9.0053876 0.907200 0.137988

AGSO4 801.75 0.3703 – – –

BSA5 799.0760a 0.3671 8.6543 1.9129a 0.1273

SF-DE6 800.4131 0.36652 9.0104 0.92097 0.13786

MSA8 800.5099 0.36645 9.0345 0.90357 0.13833

ICBO9 799.0353a – 8.6132 1.9652a 0.1261

ARCBBO12 800.5159 0.3663 9.0255 0.8867 0.1385

APFPA13 798.9144a – 8.5800 1.9451a –

FHAS14 799.914a – – 1.5265a –

SKH17 800.5141 0.3662 9.0282 – 0.1382

DE7 799.0827a – 8.63 1.8505a 0.1277

Event 2 FR 646.40111 0.283530 6.71709 0.92133 0.13780

FR-ECM 646.40372 0.283529 6.71765 0.93575 0.13768

ECM-FR 646.40231 0.283537 6.71472 0.92743 0.13774

BSA5 646.1504a 0.2833 6.6233 1.0273a 0.1378

SP-DE6 646.4314 0.28351 6.7276 0.91253 0.13832

MSA8 646.8364 0.28352 6.8001 0.84479 0.13867

ICBO9 645.1668a – 6.3828 1.8232a 0.1282

GABC11 647.03 – 6.8160 0.8010 –

LTLBO15 647.4315 0.2835 6.9347 0.8896 –

Event 3 FR 922.50411 0.2196 4.2548 0.92662 0.136346

FR-ECM 920.25346 0.2253 4.5049 0.9004 0.136283

ECM-FR 944.32857 0.2048 3.2167 0.90063 0.138274

ECHT-DE6 917.5916 0.2252 4.5224 0.9110 0.13632

SKH17 814.0100 0.3740 9.9056 – 0.1366

DE7 915.2172a – 3.626 2.1064a 0.1243

Event 4 FR 944.32776 0.204817 3.21682 0.899890 0.138313

FR-ECM 944.33192 0.204817 3.21678 0.902163 0.138235

ECM-FR 944.32857 0.204817 3.21679 0.900632 0.138274

DSA3 944.4086 0.20583 3.2437 – 0.12734

AGSO4 953.629 0.2059 – – –

SF-DE6 944.3242 0.20482 3.2179 0.89617 0.13844

MSA8 944.5003 0.20482 3.2358 0.87393 0.13888

ARCBBO12 945.1597 0.2048 3.2624 0.8647 0.1387

Event 5 FR 967.6240 0.20726 3.08392 0.90314 0.13823

FR-ECM 967.6239 0.20726 3.08391 0.90460 0.13816

ECM-FR 967.6239 0.20726 3.08392 0.90499 0.13820

DSA3 967.6493 0.20826 3.0945 – 0.12604

SP-DE6 967.5962 0.20726 3.0844 0.90359 0.13832

MSA8 967.6636 0.20727 3.1005 0.88868 0.13858

ARCBBO12 967.6605 0.2073 3.1009 0.8913 0.1386

APFPA13 965.6590a – 2.8463a 2.0720a –

Event 6 FR 832.0700 0.43746 10.6443 0.86352 0.13908

FR-ECM 832.0708 0.43750 10.6468 0.84455 0.13912

ECM-FR 832.0708 0.43754 10.6493 0.85802 0.13897

BSA5 830.7779a 0.4377 10.2908 1.2050a 0.1363

SF-DE6 832.0882 0.43730 10.6387 0.84935 0.13934

ICBO9 830.4531a – 10.2370 1.7450a 0.1289

APFPA13 830.4065a – 10.2178 1.8909a –
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Table 11 shows that the single algorithm FR, FR-ECM, or ECM-FR is not able to find the best value of fitness 
in all the events. In event 7, C2oDE-FR gives the global minimum of combined fitness of 1040.11188 compared 
to other methods. Furthermore, in events 8 to event 10, obtained values of combined multi-objective functions 
are minimal in FR-ECM compared to all the algorithms. Furthermore, the convergence curve of C2oDE using 
two CHTs at different phases for events 1, 2, and 6 considering fuel cost as the objective function are indicated 
in Figs. 9, 10, 11, respectively.

Among the different CHTs, the convergence speed is not strangely different, though rapid and smooth con-
vergence is observed in both FR and FR-ECM. Figures 12, 13, 14 give the convergence curve of event 3 to event 
5, respectively. In event 3, the voltage stability index indicator is scrutinized in the fitness function in which the 
convergence curve is uneven because of the nature of the objective function. Moreover, Figs. 15, 16, 17, 18 show 
the convergence curve of multi-objective optimization events. The convergence curve of only the best fitness 
value of CHTs is shown in Figs. 15, 16, 17, 18 for clear visibility and the irregularities between objective functions 
during convergence due to non-linear relationships among the fitness and independent variables.

IEEE 57-bus test system
The solution of decision variables (i-e. dependent and control) of the 57-bus network and the simulation results 
of best objective functions among all the methods are demonstrated in Table 12.

Table 12 clearly shows that the decision variables are within the desirable range. However, Table 13 compares 
all CHTs (FR, FR-ECM, ECM-FR) with the recent literature methods. Minimum and maximum values of a few 

Table 11.  Comparison of results with the recent methods of proposed algorithms for 30-bus multi-objective.

Event # Method Fitness Fuel Cost ($/h) Emission (t/h) Ploss (MW) VD (p.u) L-index (Max)

Event 7 FR 1040.111 859.0731 0.228881 4.52596 0.931488 0.13778

FR-ECM 1040.112 859.0347 0.228902 4.52695 0.931709 0.13784

ECM-FR 1040.113 859.0586 0.228907 4.52635 0.931267 0.13786

ECHT-DE6 1040.151 858.867 0.22902 4.5321 0.93028 0.13796

SF-DE6 1040.125 859.1458 0.2289 4.5245 0.92731 0.13785

SP-DE6 1040.134 858.9319 0.22895 4.5301 0.92626 0.13781

MSA8 1040.808 859.1915 0.22899 4.5404 0.92852 0.13814

MFO8 1041.671 858.5812 0.22947 4.5772 0.89944 0.13806

Event 8 FR 813.1101 803.6978 0.3636726 9.84636 0.09412 0.148912

FR-ECM 813.1099 803.70315 0.363550366 9.84349 0.09406 0.148911

ECM-FR 813.1102 803.6922 0.3636732 9.84563 0.09418 0.148910

Event 8 BSA5 814.8994 803.4294 0.3546 9.3751 0.1147 0.14840

continue ECHT-DE6 813.1742 803.7198 0.36384 9.8414 0.09454 0.14888

SF-DE6 813.1956 803.4241 0.36424 9.7807 0.09772 0.14893

SP-DE6 813.1959 803.4196 0.36324 9.7573 0.09776 0.14893

MSA8 814.1545 803.3125 0.36344 9.7206 0.10842 0.14783

MSA8 814.3541 803.7911 0.36355 9.8685 0.10563 0.14906

ICBO9 813.5378 803.3978 – 9.7453 0.1014 0.14900

Event 9 FR 814.1545 800.41841 0.3664161 9.0086264 0.934922 0.13736

FR-ECM 814.1542 800.41981 0.366159650 9.00238104 0.940607 0.13734

ECM-FR 814.1564 800.41780 0.3663967 9.00883389 0.932287 0.13738

ECHT-DE6 814.1708 800.4321 0.36585 9.0043 0.91244 0.13739

SF-DE6 814.1649 800.4203 0.36592 8.9985 0.93846 0.13745

SP-DE6 814.1841 800.4365 0.36517 8.9838 0.93706 0.13748

MSA8 814.9378 801.2248 0.36106 8.9761 0.92655 0.13713

FPA8 814.9067 801.1487 0.3718 9.3174 0.87563 0.13758

ICBO9 811.8477a 799.3277a – 8.6465 1.9961a 0.12520

BSA5 812.9240a 800.3340a 0.3514 8.4904 1.9855a 0.12590

Event 10 FR 964.1172 830.1944 0.252987 5.585925 0.296461 0.147628

FR-ECM 964.1171 830.1861 0.253010 5.586243 0.296498 0.147642

ECM-FR 964.1171 830.2012 0.2529848 5.5858021 0.296265 0.147628

ECHT-DE6 964.1331 830.1156 0.25293 5.5894 0.29738 0.14748

SF-DE6 964.1254 830.1366 0.25313 5.5887 0.29653 0.14756

SP-DE6 964.1234 830.2123 0.25294 5.5857 0.29615 0.14756

MSA8 965.2905 830.639 0.25258 5.6219 0.29385 0.14802

MFO8 965.8077 830.9135 0.25231 5.5971 0.33164 0.14556
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generators’ MVAr ratings are relatively narrow and taken  from26 even though proposed CHTs dully satisfied the 
generator reactive power limit. Further, the IEEE 57-bus system consists of 50 PQ buses, and the voltage level 
of feasible solutions of these buses must be within [0.94 to 1.06] p.u range and the cumulative VD would be 
(50 × 0.06) 3 p.u. The values of VD found to be more than 3 p.u are marked with a footnote in one reference in 
which static penalty function is used as CHTs. In events 12 and 14 among four CHTs, the results of C2oDE-FR 
are best; on the other hand, in events 11 and 13 C2oDE-FR-ECM outperformed among all the proposed CHTs, 
providing all the constraints are within feasible search space. In most of the events, according to the minimization 
of objective functions of IEEE 57-bus systems, C2oDE-FR and C2oDE-FR-ECM outperform in comparison to the 
methods of past studies. In event 11 the best value of the objective function is 41,666.2413 $/h, the lowest values 
comparison to the methods as shown in Table 13 also the power loss (14.86981151 MW) is best compared to the 
method available in the literature. Event 12 is the multi-objective, considering fuel cost and VD by C2oDE-FR 
is 41,774.422, which is close to the value given by SP-DE6.

Further, multi-objective voltage stability and fuel cost are considered in event 13, in which fuel cost 
(41,694.089) seems better compared to event 12. In event 14 C20DE-FR outperformed  APFPA13, however with 
the expense of fuel cost compared to the previous study. Larger values of shunt VAR compensators (30 MVAr) 
have been seen  in16  and7, hence comparison with the present study is not valid. Figure 19 shows the voltage 
profiles of the best solution among the different CHTs of event 11 to event 14 for the 57-bus system.

Figure 19 clearly shows that the operating value of the voltage at all the buses is within the minimum and 
maximum range, such as satisfying voltage constraints so that no bus experiences overvoltage, whereas, in some 
buses, the voltage level is close to the upper bound. Figure 20 shows the convergence curves of applied CHTs. As 

Figure 7.  Event-1 to event-5: Voltage profile of best solution For IEEE 30-bus systems.

Figure 8.  Event-6 to event-10: Voltage profile of best solution For IEEE 30-bus systems.
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compared to other methods, C2oDE-FR-ECM converges faster in event 11 and attains a feasible solution; subse-
quently, a considerable number of objective function evaluations due to generators’ reactive power limits and in 
the optimization process, convergence of the actual solution starts when the optimization algorithm attains the 
feasible search space. Further, the clear convergence diagram of the multi-objective optimization fitness function 
of event 12 and event 13, in which only the best methods are presented, is shown in Figs. 21 and 22, respectively.

We can notice from the above figures that the convergence curves of voltage deviation and L-index are non-
smooth in multi-objective events. Figure 23 shows the convergence curve of single objective optimization (voltage 
deviation) in which all methods need many fitness function evaluations to seek the global optimum solution 
because of the non-linear relation between bus voltage and independent variables in the 57-bus tests network.

IEEE 118-bus test system
Generally, for an increased number of variables, the performance of C2oDE-FR-ECM is found to be superior. 
Hence, in the large-scale 118-bus test network, an effective combined FR-ECM constraint technique is proposed 
to show the superiority and scalability of the proposed algorithm. Furthermore, the minimization of basic fuel 

Figure 9.  Convergence curves of comparative CHTs of event-1.

Figure 10.  Convergence curves of comparative CHTs of event-2.
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Figure 11.  Convergence curves of comparative CHTs of event-6.

Figure 12.  Convergence curves of comparative CHTs of event-3 for 30-bus.

Figure 13.  Convergence curves of comparative CHTs of event-4 for 30-bus.
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cost (Event 15) and real power losses (Event 16) is considered the objective functions of this system. Table 14 
shows the calculated parameters and control variables of the best solution found using C2oDE-FR-ECM.

Allowable values of MW and MVAr rating of generators, the voltage level of transformers, and the MVAr 
rating of shunt VAR compensators are taken  from26, and Table 14 clearly shows that in events 15 and 16, all the 
control variables are fully satisfied the minimum and maximum limit. The results of event 15 and event 16 are 
that the basic fuel cost is 134,943.8 $/h and active power losses are 16.79906 MW, respectively. Figure 24 shows 
the voltage profile of all the buses and the minimum and maximum limits, while Fig. 25 gives the convergence 
curves of events 15 and 16.

However, Table 15 shows the comparative results of the proposed C2oDE-FR-ECM with the recently imple-
mented DE variants in the literature. Table 15 shows that the proposed algorithm finds a better approximate 
optimal solution than all the other state-of-the-art evolutionary algorithms.

Figure 14.  Convergence curves of comparative CHTs of event-5 for 30-bus.

Figure 15.  Convergence curves of event-7 (C2oDE-FR) for 30-bus.

Figure 16.  Convergence curves of event-8 (C2oDE-FR-ECM) for 30-bus.
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Figure 17.  Convergence curves of event-9 (C2oDE-FR-ECM) for 30-bus.

Figure 18.  Convergence curves of event-10 (C2oDE-FR-ECM) for 30-bus.

Table 12.  Simulation results of the best algorithm for 57-bus network.

Parameters Min Max Event 11 Event 12 Event 13 Event 14 Parameters Min Max Event 11 Event 12 Event 13 Event 14

Method FR-ECM FR FR-ECM FR T46 (p.u.)

0.90 1.10

0.95938 0.93799 0.95788 0.91940

PG2 (MW) 30 100 90.1565 88.1932 90.0784 93.3671 T54 0.91393 0.90005 0.91009 0.90000

PG3 40 140 45.0229 45.0262 44.9526 84.1611 T58 0.98115 0.96771 0.97925 0.92858

PG6 30 100 71.3654 71.4852 70.7965 30.0439 T59 0.96506 0.96646 0.96371 0.98846

PG8 100 550 460.683 460.421 461.273 274.863 T65 0.97649 0.98384 0.97394 1.02150

PG9 30 100 95.2681 97.7248 95.5262 99.9675 T66 0.93781 0.93612 0.93612 0.90000

PG12 100 410 360.177 360.758 360.320 365.628 T71 0.97438 0.97024 0.97220 0.96681

V1 (p.u.)

0.95 1.10

1.0665 1.03347 1.06459 1.00444 T73 0.99484 0.99670 0.99783 1.00903

V2 1.06390 1.03172 1.06215 1.00609 T76 0.96010 0.94092 0.96557 0.90000

V3 1.05518 1.02677 1.05412 1.01118 T80 1.00457 1.01062 0.99962 0.99618

V6 1.05973 1.04270 1.05960 1.00360 Fuel cost ($/h) 41,666.2 41,697.5 41,666.2 46,007.0

V8 1.07540 1.06284 1.07539 1.02754 Emission (t/hr) 1.3543 1.35461 1.35640 1.28646

V9 1.05044 1.02831 1.04901 1.01456 Ploss (MW) 14.8698 15.5854 14.8805 21.1843

V12 1.05210 1.01791 1.04898 1.04116 VD (p.u.) 1.71752 0.76847 1.70200 0.58546

Qc18 (MVAr)

0 20

7.58169 6.69655 7.69420 0.00351 L-index (max) 0.27862 0.29317 0.27869 0.30140

Qc25 13.5669 15.6555 13.7011 19.9998 PG1 (MW) 0 576 142.995 142.775 142.732 323.952

Qc53 12.4177 16.2810 12.2559 19.9982 QG1 (MVAr) − 140 200 46.8982 42.6812 46.8863 − 48.657

T19 (p.u.)

0.90 1.10

0.94060 0.99181 1.02575 0.92397 QG2 − 140 200 49.9795 49.9999 49.9258 49.9918

T20 1.02197 0.99278 0.95456 1.03120 QG3 − 10 60 31.0003 32.0709 32.2192 59.9906

T31 1.01187 0.99231 1.00920 0.97055 QG6 − 8 25 − 7.1320 − 4.4612 − 6.5401 − 7.9924

T35 1.02515 1.02299 0.94884 1.06276 QG8 − 140 200 50.9866 73.1770 53.9570 53.9784

T36 1.00895 0.99187 1.09712 1.07872 QG9 − 140 200 8.99564 8.99999 8.98084 8.99543

T37 1.03387 1.02340 1.03227 1.00742 Q12 − 150 155 58.6397 42.9339 55.0253 154.920

T41 0.99535 1.01861 0.99540 0.99791
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Conclusion
Optimal power flow (OPF) is a highly complex, constrained, and non-linear problem in a power system. In 
the solution of OPF problems without using suitable CHTs, the decision variable of the system may be violated 
and given poor safety, ill-functioning protective devices, and unnecessary power losses, especially with a static 
penalty function. Therefore, during the operation of the power system, constraint handling techniques (CHT) 
are responsible for optimizing objective functions subject to decision variables, and constraint functions should 
be within safe limits. Therefore, the application and usefulness of two CHTs, such as feasibility rule (FR) and 
ε constraint method (ECM), and their combinations with outstanding global optimizer C2oDE (C2oDE-FR, 
C2oDE-ECM, C2oDE-FR-ECM, C2oDE-ECM-FR) have been presented and used to solve OPF problem taking 
into various non-linear constraints. Three standard test networks, small to large-scale power system networks 
such as IEEE 30, 57, and 118-bus, are scrutinized to solve OPF problems with the CHTs group that helps achieve 
the best feasible solution in most of the events. A comparative analysis of the four techniques reveals the challenge 

Table 13.  Comparison of proposed algorithms with the past studies of IEEE 57-bus system. a Voltage on the 
PQ bus is violated, the solution is infeasible. b Considered the large limits of shunt VAR compensators.

Event # Algorithm Fitness Fuel Cost ($/h) Emission (t/h) Ploss (MW) VD (p.u) L-index (p.u)

Event 11 FR 41,666.2483 41,666.2483 1.35477 14.8576 1.70050 0.279264

FR-ECM 41,666.2413 41,666.2413 1.35436 14.8698 1.71752 0.278628

ECM-FR 41,666.2012 41,666.2012 1.35219 14.8386 1.68709 0.279045

ECHT-DE6 41,670.56 41,670.56 1.36230 14.9479 1.50319 0.28886

SF-DE6 41,667.85 41,667.85 1.35816 14.8864 1.64209 0.27971

SP-DE6 41,667.82 41,667.82 1.350 14.9090 1.54367 0.28123

MSA8 41,673.72 41,673.72 1.9526 15.0526 1.5508 0.28392

ICBO9 41,697.33 41,697.33 – 15.5470 1.3173 0.27760

DSA3 41,686.82 41,686.82 – – 1.0833 0.24353

ARCBBO12 41,686 41,686 – 15.3769 – –

APFPA13 41,628.75a 41,628.75a – 14.0470 3.5571a –

LTLBO15 41,679.55 41,679.55 – 15.1589 – –

MICA-TLA19 41,675.05 41,675.05 – 15.0149 1.6161 –

DE7 41,682 41,682 – – – –

Event 12 FR 41,774.422 41,697.57549 1.354616072 15.58540 0.768472 0.29317

FR-ECM 41,774.615 41,695.78343 1.354867694 15.57094 0.788316 0.29261

ECM-FR 41,774.495 41,697.47045 1.352955505 15.58260 0.770246 0.29254

ECHT-DE6 41,776.48 41,694.82 1.3597 15.5806 0.81659 0.29198

SF-DE6 41,775.09 41,697.52 1.35769 15.5616 0.77572 0.29262

SP-DE6 41,774.75 41,697.50 1.3550 15.5897 0.77253 0.29228

MSA8 41,782.80 41,714.98 1.9551 15.9214 0.6782 0.29533

DSA3 41,775.60 41,699.40 – – 0.7620 0.2471

MFO8 41,786.66 41,718.87 2.0149 16.2189 0.6780 0.29525

MICA-TLA19 42,013.08 41,959.18 – 19.909 0.5390 –

Event 13 FR 41,694.219 41,666.361 1.3545 14.8485 1.726307 0.27858

FR-ECM 41,694.089 41,666.220 1.3564 14.8805 1.702002 0.27869

ECM-FR 41,694.180 41,666.340 1.3551 14.8718 1.734348 0.27840

ECHT-DE6 41,699.25 41,671.09 1.3609 15.0275 1.56188 0.28152

SF-DE6 41,695.55 41,667.53 1.3576 14.8963 1.61174 0.28022

SP-DE6 41,696.54 41,668.45 1.35524 15.012 1.60803 0.28092

MSA8 41,703.48 41,675.99 1.9188 15.0026 1.7236 0.27481

DSA3 41,785.05 41,761.22 – – 1.0573 0.2383

MFO8 41,707.66 41,680.19 1.9192 15.1026 1.7245 0.27467

Event 14 FR 0.5854631 46,007.051 1.28646 21.1843 0.58546 0.30140

FR-ECM 0.5856809 43,805.627 1.15070 15.7835 0.58568 0.30146

ECM-FR 0.5858559 47,905.304 1.33543 20.9817 0.58585 0.30150

ECHT-DE6 0.60416 46,813.22 1.3379 19.0821 0.60416 0.3008

SF-DE6 0.59584 45,246.02 1.23453 18.4697 0.59584 0.30135

SP-DE6 0.59267 45,549.49 1.2898 18.4275 0.59267 0.30052

APFPA13 0.8909 43,485.93 – 12.1513 0.8909 –

KHA16 0.5810b 42,006.44 – – 0.5810b 0.2985

DE7 0.5839b – – – 0.5839b –
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Figure 19.  Event-11 to event-14: Voltage profile of best solution For IEEE 57-bus systems.

Figure 20.  Relative convergence curves of event-11 (C2oDE-FR-ECM) for IEEE 57-bus.

Figure 21.  Convergence curves of event-12 (C2oDE-FR) for 57-bus.
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of definitively establishing the superiority of one CHT over others in various OPF events. However, combining 
CHTs such as C2oDE-FR-ECM and C2oDE-ECM-FR method demonstrates considerable efficacy in achieving 

Figure 22.  Convergence curves of event-13 (C2oDE-FR-ECM) for 57-bus.

Figure 23.  Convergence curves of event-14 (C2oDE-FR) for IEEE 57-bus.
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nearly optimal solutions in most events. However, it does not guarantee the most optimal solution or rapid 
convergence in all events.

Nonetheless, the significance of an efficient constraint-handling technique cannot be overstated. As our study 
demonstrates, inadequate CHT, mainly the penalty approach, may unknowingly lead to violations of network 
parameter limits. Therefore, to ensure a feasible solution to the OPF problem, the power system constraints must 
be within defined limits, is essential for its secure and proper functioning. The recommended configurations of 
CHT effectively bring the network to the desired state compared with several other methods in the past study.

Table 14.  Simulation results of C2oDE-FR-ECM algorithm for IEEE 118-bus.

Control Variables Min–Max Event 15 Event 16 Control Variables Min–Max Event 15 Event 16 Control Variables Min–Max Event 15 Event 16

PG1 (MW) 30–100 30.0011 67.6295 PG104 30–100 30.0026 32.5553 VG85 0.95–1.1 1.0606 1.0411

PG4 30–100 30.0020 30.0036 PG105 30–100 30.0014 52.2936 VG87 0.95–1.1 1.0738 1.0598

PG6 30–100 30.0007 30.0276 PG107 30–100 30.0018 57.7409 VG89 0.95–1.1 1.0718 1.0465

PG8 30–100 30.0085 30.0033 PG110 30–100 30.0022 30.0016 VG90 0.95–1.1 1.0562 1.0389

PG10 165–550 315.560 165.001 PG111 40.8–136 40.8005 40.8009 VG91 0.95–1.1 1.0613 1.0416

PG12 55.5–185 67.4081 135.879 PG112 30–100 30.0059 51.9958 VG92 0.95–1.1 1.0593 1.0379

PG15 30–100 30.0031 85.5395 PG113 30–100 30.0025 30.0034 VG99 0.95–1.1 1.0520 1.0388

PG18 30–100 30.0018 30.0776 PG116 30–100 30.0013 76.5788 VG100 0.95–1.1 1.0565 1.0389

PG19 30–100 30.0008 61.5287 VG1 0.95–1.1 1.0254 1.0076 VG103 0.95–1.1 1.0539 1.0403

PG24 30–100 30.0019 30.0011 VG4 0.95–1.1 1.0527 1.0228 VG104 0.95–1.1 1.0481 1.0378

PG25 96–320 152.388 96.0010 VG6 0.95–1.1 1.0457 1.0193 VG105 0.95–1.1 1.0466 1.0377

PG26 124.2–414 220.928 124.201 VG8 0.95–1.1 1.0393 1.0383 VG107 0.95–1.1 1.0394 1.0376

PG27 30–100 30.0002 49.7993 VG10 0.95–1.1 1.0494 1.0443 VG110 0.95–1.1 1.0491 1.0418

PG31 32.1–107 32.1000 61.0029 VG12 0.95–1.1 1.0395 1.0185 VG111 0.95–1.1 1.0584 1.0507

PG32 30–100 30.0013 39.5734 VG15 0.95–1.1 1.0403 1.0260 VG112 0.95–1.1 1.0397 1.0376

PG34 30–100 30.0031 65.0953 VG18 0.95–1.1 1.0426 1.0269 VG113 0.95–1.1 1.0510 1.0333

PG36 30–100 30.0012 54.3823 VG19 0.95–1.1 1.0402 1.0266 VG116 0.95–1.1 1.0603 1.0389

PG40 30–100 30.0019 99.9967 VG24 0.95–1.1 1.0597 1.0434 QC5 0–25 24.8405 17.2361

PG42 30–100 30.0018 100 VG25 0.95–1.1 1.0724 1.0518 QC34 0–25 0.01739 0.00708

PG46 35.7–119 35.7003 82.1696 VG26 0.95–1.1 1.0792 1.0586 QC37 0–25 0.02634 0.00288

PG49 91.2–304 161.452 142.111 VG27 0.95–1.1 1.0478 1.0342 QC44 0–25 4.38078 4.73039

PG54 44.4–148 44.4003 147.912 VG31 0.95–1.1 1.0426 1.0315 QC45 0–25 18.7874 19.0624

PG55 30–100 30.0098 72.4298 VG32 0.95–1.1 1.0464 1.0330 QC46 0–25 23.5131 22.2057

PG56 30–100 30.0020 99.9780 VG34 0.95–1.1 1.0489 1.0297 QC48 0–25 8.09067 7.49906

PG59 76.5–255 124.379 250.749 VG36 0.95–1.1 1.0457 1.0272 QC74 0–25 24.9614 22.7474

PG61 78–260 122.965 78.0026 VG40 0.95–1.1 1.0315 1.0263 QC79 0–25 24.9937 24.9996

PG62 30–100 30.0002 65.8296 VG42 0.95–1.1 1.0325 1.0265 QC82 0–25 24.8981 24.9971

PG65 147.3–491 288.992 147.302 VG46 0.95–1.1 1.0472 1.0308 QC83 0–25 11.6755 11.2571

PG66 147.6–492 288.832 147.603 VG49 0.95–1.1 1.0580 1.0292 QC105 0–25 21.4127 24.3775

PG70 30–100 30.0013 30.0003 VG54 0.95–1.1 1.0350 1.0264 QC107 0–25 24.3334 17.2322

PG72 30–100 30.0007 30.0008 VG55 0.95–1.1 1.0352 1.0262 QC110 0–25 25 24.9554

PG73 30–100 30.0008 30.0005 VG56 0.95–1.1 1.0350 1.0260 T8 0.9–1.1 0.98613 1.01559

PG74 30–100 30.0031 97.3429 VG59 0.95–1.1 1.0558 1.0260 T32 0.9–1.1 1.05612 1.06118

PG76 30–100 30.0011 99.9864 VG61 0.95–1.1 1.0617 1.0264 T36 0.9–1.1 0.99155 1.00470

PG77 30–100 30.0044 99.9955 VG62 0.95–1.1 1.0582 1.0253 T51 0.9–1.1 0.97685 0.99911

PG80 173.1–577 347.822 286.897 VG65 0.95–1.1 1.0636 1.0406 T93 0.9–1.1 0.98627 1.00866

PG85 30–100 30.0012 30.2624 VG66 0.95–1.1 1.0719 1.0317 T95 0.9–1.1 0.99915 1.00478

PG87 31.2–104 31.2000 31.2005 VG69 0.95–1.1 1.0631 1.0349 T102 0.9–1.1 0.98323 0.98364

PG89 212.1–707 384.629 212.100 VG70 0.95–1.1 1.0473 1.0376 T107 0.9–1.1 0.95142 0.97568

PG90 30–100 30.0000 99.9790 VG72 0.95–1.1 1.0582 1.0458 T127 0.9–1.1 0.99570 0.98415

PG91 30–100 30.0006 30.0075 VG73 0.95–1.1 1.0528 1.0425 Fuel cost ($/h) 134,943.8 155,624.1

PG92 30–100 30.0004 30.0069 VG74 0.95–1.1 1.0346 1.0363 Ploss (MW) 58.20613 16.79906

PG99 30–100 30.0017 39.2696 VG76 0.95–1.1 1.0157 1.0242 VD (p.u) 2.704451 1.689343

PG100 105.6–352 177.426 105.786 VG77 0.95–1.1 1.0407 1.0344 L-index 0.062471 1.689343

PG103 42–140 42.0014 42.0009 VG80 0.95–1.1 1.0480 1.0399 PG69 (MW) [0–805.5] 371.1412 2.156425
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Data availability
The data of proposed standard IEEE test systems used to support the findings of this study have been found in 
the open-source MTPOWER  Package26. The datasets used and/or analyzed during the current study available 
from the corresponding author on reasonable request.

Figure 24.  Event-15 and 16: Voltage profile of C2oDE-FR-ECM For IEEE 118-bus systems.

Figure 25.  Convergence curves of event-15 and 16 (C2oDE-FR-ECM) for IEEE 118-bus.

Table 15.  Comparison of proposed algorithms with the past studies of IEEE 118-bus system.

Event # Algorithm Fuel Cost ($/h) Ploss (MW)

Event 15 FR-ECM 134,943.8 58.20613

ECM-DE6 135,055.7 60.9596

DE30 143,169.2 60.5

IMODE31 135,443.2 67.8

SHADE32 135,386.9 56.4

ABC33 151,132.5 97.0

Event 16 FR-ECM 155,624.1 16.7

ECM-DE6 155,724.9 17.6

DE30 155,999.0 36.8

IMODE31 155,041.5 21.0

SHADE32 156,165.2 18.3

ABC33 155,809.4 73.3
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