
energies

Article

Multi-Objective Immune-Commensal-Evolutionary
Programming for Total Production Cost and Total System Loss
Minimization via Integrated Economic Dispatch and
Distributed Generation Installation

Mohd Helmi Mansor 1,* , Ismail Musirin 2 and Muhammad Murtadha Othman 2

����������
�������

Citation: Mansor, M.H.; Musirin, I.;

Othman, M.M. Multi-Objective

Immune-Commensal-Evolutionary

Programming for Total Production

Cost and Total System Loss

Minimization via Integrated

Economic Dispatch and Distributed

Generation Installation. Energies 2021,

14, 7733. https://doi.org/10.3390/

en14227733

Academic Editors: Victor Becerra

and Ahmed F. Zobaa

Received: 1 October 2021

Accepted: 8 November 2021

Published: 18 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Electrical and Electronics Engineering, College of Engineering, Universiti Tenaga Nasional,
Kajang 43000, Selangor, Malaysia

2 School of Electrical Engineering, College of Engineering, Universiti Teknologi MARA,
Shah Alam 40450, Selangor, Malaysia; ismailbm@uitm.edu.my (I.M.); m_murtadha@uitm.edu.my (M.M.O.)

* Correspondence: mhelmi@uniten.edu.my

Abstract: Economic Dispatch (ED) problems have been solved using single-objective optimization
for so long, as Grid System Operators (GSOs) previously only focused on minimizing the total
production cost. In modern power systems, GSOs require not only optimizing the total production
cost but also, at the same time, optimizing other important objectives, such as the total emissions of
the greenhouse gasses, total system loss and voltage stability. This requires a suitable multi-objective
optimization approach in ensuring the ED solution produced is satisfying all the objectives. This paper
presents a new multi-objective optimization technique termed Multi-Objective Immune-Commensal-
Evolutionary Programming (MOICEP) for minimizing the total production cost and total system loss
via integrated Economic Dispatch and Distributed Generation installation (ED-DG). This involved
the application of a weighted-sum multi-objective approach that combined with an optimization
technique called Immune-Commensal-Evolutionary Programming (ICEP). The proposed MOICEP
has been compared with other multi-objective techniques, which are Multi-Objective-Evolutionary
Programming (MOEP) and Multi-Objective-Artificial Immune System (MOAIS). It was found that
MOICEP performs very well in producing better optimization results for all the three types of
Economic Dispatch (ED) problems compared to MOEP and MOAIS in terms of cheap total production
costs and low total system loss.

Keywords: multi-objective optimization; economic dispatch; distributed generation installation;
evolutionary programming; artificial immune system; symbiotic organisms search; commensalism

1. Introduction

In the early years after the introduction of Economic Dispatch (ED), most of the ED
problems were solved based on single optimization [1]. This means that only the total
production cost was optimized to get the minimum value. Nowadays, researchers and
engineers are interested in solving ED problems with multiple objectives [2]. Besides the
total production cost, the total greenhouse gasses emissions and total system loss can also be
optimized at the same time. The reason for this multi-objective optimization introduced to
solve ED problems is that greenhouse gasses emissions from fossil-fueled generating units
and total system loss are also grid system operators’ main concerns in modern electrical
power systems [3]. There are two popular approaches to solve multi-objective problems,
which are the weighted-sum and Pareto optimal [4]. The weighted-sum approach has been
widely used to solve multi-objective problems due to its simplicity, while Pareto optimal
solution is more complicated but could give a better nondominated solution for certain
optimization problems [5].
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Numerous multi-objective ED problems have been solved by researchers and engi-
neers for the past ten years. Thenmalar et al. [3] solved Economic Dispatch and Economic
Emission Dispatch using multi-objective optimization. Two objective functions are op-
timized by them, which are minimizing the total production cost and minimizing the
emission of nitrogen oxides (NOx). Quadratic programming by Wolfe’s method was
chosen to solve the multi-objective ED problem. M. Musau et al. [6] proposed to solve
the multi-objective ED problem by considering the presence of renewable energy. They
optimized both the renewable cost and total production cost functions by combining
them to be solved using one single-objective function. Roy et al. [7] optimized the total
production cost and total emissions simultaneously. In this study, a Normal Boundary
Intersection (NBI)-based decomposition scheme was utilized to implement multi-objective
optimization. In Reference [8], Dash and Mohanty applied the weighted-sum approach to
solve a multi-objective ED problem. There three objectives were solved simultaneously
using a simulated annealing optimization technique. The objectives were to minimize the
total production cost, to minimize the nitrous oxide (NOx) emissions and to improve the
security of the transmission lines. Therefore, there were three weights that were associated
with the three fitness function equations. Meiqin et al. [9] also solved three objectives of
the ED problem, which were the total production cost, consumer outage cost and total
emissions. They used weighted-sum integrated with a membership degree of the fuzzy
set theory to solve the multi-objective ED problem. Man-im et al. [10] applied the Pareto
solution instead of the weighted-sum approach to solve a multi-objective ED problem that
simultaneously minimized the total production cost and power system security risk. The
Pareto optimal solution approach was associated with the optimization technique and
termed Non-dominated Sorting Particle Swarm Optimization (NSPSO). In Reference [11],
minimizing the total system loss was also considered as one of the ED problem objectives,
together with minimizing the total production cost and minimizing the NOx emissions.
Minimizing the total production cost and total system loss are more crucial than minimiz-
ing the total emissions in a modern power system that consists of substantial amounts of
renewable energy sources. The emissions and fuel costs were optimized simultaneously
using the Pareto optimal approach in Reference [12]. In this study, the multi-objective
results of ED were compared with single-objective results. It was found that the results
of the single-objective optimization were better than the multi-objective optimization in
terms of producing the lowest fuel costs. However, in the multi-objective optimization,
two objectives were achieved, which were to minimize the fuel costs and emissions. This is
far better compared to only one objective being achieved. In a later study, Huang et al. [13]
optimized three objective functions while solving for ED. The objective functions were the
total fuel consumption function, oxynitride emission function and electricity purchase cost
function. The ED problem was solved using a hybrid optimization technique termed the
Hybrid Intelligent Algorithm. The technique is based on Particle Swarm Optimization
(PSO) and Artificial Fish Swarm Algorithm (AFSA). From this review, it was discovered that
multi-objective optimization is more powerful than single-objective optimization in solving
ED problems, as more objectives can be optimized using multi-objective optimization at
one time.

Single-objective optimization has its limitation in terms of satisfying more than one
ED problem’s objectives. For instance, some GSOs prefer to minimize both the total system
loss and total production cost or to minimize the total production cost and emissions at
the same time. Furthermore, GSOs will have flexibility in solving the ED problem of their
power systems. Instead of solving the ED problem with only one objective, they can add
other important objectives to be optimized concurrently. In previous practices, a power
system problem was solved independently without integrating with other power system
problems. For instance, the ED problem was solved independently to find the optimal
production cost, and the Distributed Generation (DG) installation problem was solved to
find the optimal location and sizing of DG units in a power system so that the system loss
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is the minimum. This practice is not efficient for GSOs to solve various problems of their
power systems, especially in modern power systems.

This paper presents the implementation of a multi-objective optimization technique
termed Multi-Objective Immune-Commensal-Evolutionary Programming (MOICEP) for
solving integrated ED-DG problems. Two power system problems (ED problem and DG
installation problem) are solved concurrently using MOICEP. Furthermore, two important
objectives in power system optimization, which are the total production cost and total
system loss, are chosen to be optimized simultaneously using the weighted-sum multi-
objective approach with the help of ICEP as the optimizer. The weight coefficients of
the two objectives are varied to observe and analyze the multi-objective optimization
solution produced by MOICEP. There are three ED problems solved in this study, which
are the basic ED problem (smooth cost function), ED problem with prohibited operating
zones and ED problem with valve-point loading effect. Each of these ED problems is
solved with the DG installation problem of three DG units. It was decided to install three
DG units in this study based on the sizes of the test systems. It was assumed that the
more DG units in the system, the lower the total production cost of the power system.
The solutions for these integrated problems are the optimal output of the conventional
generating units and the optimal location and sizing of the DG units. The proposed
MOICEP technique is validated by implementing it on the IEEE 30-Bus RTS and IEEE 57-
Bus RTS. Besides that, the solution of the integrated ED-DG problems produced by MOICEP
is compared with the solution produced by the existing multi-objective techniques of Multi-
Objective-Evolutionary Programming (MOEP) and Multi-Objective-Artificial Immune
System (MOAIS) for comparative studies purposes.

2. Proposed Weighted-Sum Multi-Objective Immune-Commensal-Evolutionary
Programming for Total Production Cost and Total System Loss Minimization

In this study, the total production cost and total system loss are optimized simul-
taneously using the weighted-sum Multi-Objective Immune-Commensal-Evolutionary
Programming (MOICEP) technique. The total production is calculated using Equation
(1) for the basic ED problems and ED problems with prohibited operating zones, while
Equation (2) is used to calculate the total production cost for the ED problems with a
valve-point loading effect. The total system loss is calculated using Equation (3).

Ctotal =
n

∑
i=1

Ci(Pi) =
n

∑
i=1

aiP2
i + biPi + ci (1)

where

Ci is the production cost of ith generating unit, and
Pi is the real power output of the ith generating unit.
ai, bi and ci are the cost coefficients of the ith generating unit and
n is the number of dispatchable generating units:

Ctotal =
n

∑
i=1

Ci(Pi) =
n

∑
i=1

aiP2
i + biPi + ci +

∣∣∣eisin
(

fi

(
Pmin

i − Pi

))∣∣∣ (2)

where ei and fi are the valve-point loading effect coefficients of the ith generating unit.

Ploss =
l

∑
k=1

gk[V2
i + V2

j − 2ViVjcos
(
δi − δj

)
], k ∈ {1, 2, . . . , l} (3)

where

gk is the conductance of kth line,
Vi and δi are the voltage magnitude and angle of bus i, respectively,
Vj and δj are the voltage magnitude and angle of bus j, respectively, and
l is the number of lines in the system.
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The implementation of this proposed technique is illustrated in Figure 1. The proce-
dure of minimizing the total production costs and total system loss using MOICEP shown
in Figure 1 is explained in the following steps.
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Step 1: Generate decision variable

MOICEP starts with the randomization of the decision variable values based on their
constraints. There are three types of decision variables for this problem: real power output
of generating units, location of DG units and size of DG units. This randomization is a part
of the initialization process of MOICEP. Twenty individuals of each decision variable are
stored in the initialization pool that satisfied the constraint violation test. The group of
individuals in the pool is called as the initial population.

Step 2: Cloning process

Subsequently, the initial population is cloned to increase its size to two hundred. The
fitness of this multi-objective is then calculated using Equation (4). The weight coefficients
are varied depending on the problem’s desired output. For this study, there were five
settings of weight coefficients used to minimize the total production costs and total system
loss, which are w1 = 0.9, w2 = 0.1, w1 = 0.5, w2 = 0.5, and w1 = 0.1, w2 = 0.9.

F(x) = w1 f1(x) + w2 f2(x) (4)

where

F(x) is weighted objective function,
w1 is weight coefficient for the first objective function,
w2 is weight coefficient for the second objective function
f1(x) is the first objective function (total production cost minimization) and
f2(x) is the second objective function (total system loss minimization).

Step 3: Mutation process

Then, the best two hundred cloned individuals that produce the best value of fitness
are mutated using the commensalism equation of the Symbiotic Organisms Search (SOS),
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as shown in Equation (5). This mutation process is conducted to produce offspring of the
mutated population. There are two hundred individual offspring after this process.

Xi,new = Xi + rand(−1, 1)×
(
Xbest − Xj

)
(5)

where

Xi,new is the offspring of the ith individual,
Xi is the parent of the ith individual,
Xbest is the fittest individual and
Xj is another individual besides the ith individual.

Step 4: Combination process

The cloned population and the mutated populated are then combined to become a
large population with the size of four hundred.

Step 5: Ranking and selection process

From these four hundred individuals, the twenty best individuals will be selected to
undergo the convergence process. However, prior to that, the combined individuals are
ranked based on their fitness. Those who give the best value of fitness will be included into
the best twenty group; otherwise, they will be excluded from undergoing the next process.

Step 6: Convergence test

Subsequently, the best twenty individuals will undergo the convergence process. In
this convergence process, a stopping criterion is set to indicate that the algorithm has found
the global optima of the multi-objective optimization problem. The stopping criterion used
is as shown in Equation (6). If the stopping criterion is not met, the process will proceed to
the cloning process and repeat the previous whole steps until the solution converges.

f itnessmax − f itnessmin ≤ 0.0001 (6)

where

f itnessmax is the maximum fitness value and
f itnessmin is the minimum fitness value.

3. Results and Discussion

This section presents the results and discussion on Multi-Objective Immune-Commensal-
Evolutionary Programming (MOICEP) for the total production costs and total system loss
minimization via integrated Economic Dispatch and Distributed Generation installation
(ED-DG). As mentioned previously, the weight coefficients of the objective functions
can be varied from 0 to 1.0 between the two objective functions (total production cost
minimization and total system loss minimization) to find the trade-off between the two
objective functions. The set of weight coefficients for the two fitness functions are as shown
in Table 1. The objective functions for this multi-objective problem are the total production
cost and total system loss minimization. It can be seen from the table that the summation
of w1 and w2 is equal to one. If the weight of one of the fitness functions is set to one, then
the weight for the other fitness function will be zero. This means that only the objective
function with the value of one is optimized, and the other fitness function is not optimized.
If the weight value is more than zero, it means that the fitness function is optimized with
the amount of the weight. The difference between the fitness and objective functions needs
to be understood. Fitness is the equation for the problem formulation, while the objective
function is the minimization or the maximization of the fitness function. Let us say, our
fitness function f1 = f1(x); thus, the objective function will be max ( f1(x)) or min ( f1(x)).
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Table 1. Weight coefficients values for two objective functions (total production cost and total
system loss).

Setting

Weight Coefficients Fitness Function

w1 w2
Total

Production Cost
Total System

Loss

1 1 0 X ×
2 0.9 0.1 X X
3 0.8 0.2 X X
4 0.7 0.3 X X
5 0.6 0.4 X X
6 0.5 0.5 X X
7 0.4 0.6 X X
8 0.3 0.7 X X
9 0.2 0.8 X X

10 0.1 0.9 X X
11 0 1.0 × X

As suggested by N. A. Rahmat [14], the best settings of the weight coefficients (trade-
off) for optimizing the two objective functions were settings 2, 6 and 10, as shown in Table 1.
This was because the other settings produced the same nondominated values as settings 2,
6 and 11. Therefore, in this study, the weighted-sum Multi-Objective Immune-Commensal-
Evolutionary Programming (MOICEP) technique applied settings 2, 6 and 10 for minimiz-
ing the total production costs and total system loss minimization simultaneously.

The overall implementation of the MOICEP is illustrated in Figure 2. The proposed
technique has been used to minimize the total production costs and total system loss for
three different ED problems. The problems are a basic ED problem, ED problem with
prohibited operating zones and ED problem with a valve-point loading effect. Furthermore,
for each ED problem, two test systems are used for implementing the MOICEP, which are
IEEE 30-Bus RTS and IEEE 57-Bus RTS.
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3.1. MOICEP-Based Technique for Basic Economic Dispatch Problem

For this basic ED problem (smooth cost function), Equations (1) and (3) are used to
calculate the total production cost and total system loss, respectively. The MOICEP was
implemented on the IEEE 30-Bus RTS and IEEE 57-Bus RTS. For each test system, there are
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five settings of weight coefficients of the two objectives (total production cost minimization
and total system loss minimization). The settings are w1 = 0.9, w2 = 0.1, w1 = 0.5, w2 = 0.5
and w1 = 0.1, w2 = 0.9. w1 is the weight coefficient of objective 1 (total production cost
minimization), while w2 is weight coefficient of objective 2 (total system loss minimization).

3.1.1. For w1 = 0.9 and w2 = 0.1

The results of the integrated Basic ED and DG installation of the IEEE 30-Bus and
57-Bus RTSs for the second setting of the weight coefficients (w1 = 0.9 and w2 = 0.1) are
tabulated in Tables 2 and 3, respectively.

Table 2. Results of the integrated basic ED and DG installation of the IEEE 30-Bus RTS (w1 = 0.9 and
w2 = 0.1).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 29 19 19
Lo2 9 28 28
Lo3 5 5 25

Sizes of DGs (MW)
DG1 5.00 4.62 4.62
DG2 50.00 27.70 27.70
DG3 100.00 75.81 101.63

Generating Unit Output (MW)

PG1 16.42 58.48 32.36
PG2 20.00 48.66 48.66
PG5 15.00 23.32 23.32
PG8 26.21 16.87 16.87
PG11 23.26 17.19 17.19
PG13 28.95 13.33 13.33

Total Production Cost ($/h) 355.91 463.64 402.50
Total System Loss (MW) 1.44 2.60 2.28

Table 3. Results of the integrated basic ED and DG installation of the IEEE 57-Bus RTS (w1 = 0.9
and w2 = 0.1).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 25 33 33
Lo2 22 10 10
Lo3 13 40 40

Sizes of DGs (MW)
DG1 4.84 2.66 2.66
DG2 49.99 36.55 36.55
DG3 150.00 141.03 141.03

Generating Unit Output (MW)

PG1 137.42 191.80 191.80
PG2 47.83 6.68 6.68
PG5 22.57 58.45 58.45
PG6 71.59 68.68 68.68
PG8 381.87 323.93 323.93
PG9 39.43 93.04 93.04
PG12 355.16 346.93 346.93

Total Production Cost ($/h) 33,285.97 35,369.69 35,369.69
Total System Loss (MW) 9.90 18.95 18.95

From Table 2, it can be seen that MOICEP continued to give the best solution of
the basic ED and DG installation of the IEEE 30-Bus RTS by producing the lowest total
production costs and total system loss of 355.91 $/h and 1.44 MW, respectively. The
locations of the three DG units found via MOICEP were bus 29, bus 9 and bus 5 with
the sizes of 5.00, 50.00 and 100.00 MW, respectively. While the locations and sizes for the
three DG units found via MOEP were bus 19 with 4.62 MW, bus 28 with 27.70 MW and
bus 5 with 75.81 MW. MOAIS identified bus 19 with 4.62 MW, bus 28 with 27.70 MW and
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bus 25 with 101.63 MW, respectively. MOEP and MOAIS produced total production costs
and total system losses of 463.64 $/h and 2.60 MW and 402.50 $/h and 2.28 MW, respectively.
These values were higher than the MOICEP. The proposed MOICEP performed much better
than MOEP and MOAIS.

For the results of the IEEE 57-Bus RTS shown in Table 3, similar pattern of results
as for the IEEE 30-Bus RTS could be seen. MOICEP maintained producing the lowest
total production cost and total system loss of 33285.97 $/h and 9.90 MW, respectively,
whereas MOEP and MOAIS found the same total production cost and total system loss of
35,369.69 $/h and 18.95 MW. The optimal location determined by the MOICEP to install
the three DG units were bus 25, bus 22 and bus 13 with the sizes of 4.84 MW, 49.99 MW and
150.00 MW, respectively, while MOEP and MOAIS identified bus 33, bus 10 and bus 40 to
install the three DG units (Lo1, Lo2 and Lo3) with the sizes of 2.66, 36.55 and 141.03 MW,
respectively. MOICEP forced generating unit 8, PG8, to produce the highest power to the
system, while generating unit 12, PG12, produced the highest power in MOEP and MOAIS.

3.1.2. For w1 = 0.5 and w2 = 0.5

The results value for w1 was set to 0.5, and w2 was 0.5 as the third setting. For the
third setting of the weight coefficients, the results of the IEEE 30-Bus RTS and IEEE 57-Bus
RTS are tabulated in Tables 4 and 5, respectively.

Table 4. Results of the integrated basic ED and DG installation of the IEEE 30-Bus RTS (w1 = 0.5
and w2 = 0.5).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 29 27 19
Lo2 21 7 28
Lo3 5 5 25

Sizes of DGs (MW)
DG1 5.00 4.06 4.62
DG2 31.87 33.33 27.70
DG3 101.63 60.69 94.86

Generating Unit Output (MW)

PG1 18.54 21.75 32.36
PG2 24.51 60.95 48.66
PG5 15.00 38.82 23.32
PG8 35.00 15.13 16.87
PG11 30.00 26.73 17.19
PG13 30.00 24.18 13.33

Total Production Cost ($/h) 402.50 557.01 429.30
Total System Loss (MW) 1.40 2.25 2.28

From Table 4, the MOICEP achieved 402.50 $/h as the total production cost and 1.40 MW for
the total system loss. These values were the lowest compared to MOEP (557.01 $/h and 2.25 MW)
and MOAIS (429.30 $/h and 2.28 MW). The best total production cost and total system loss in
MOICEP were contributed through the placement of DG1, DG2 and DG3 at bus 29, bus 21 and
bus 5 with the sizes of 5.00 MW, 31.87 MW and 101.63 MW, respectively. Generating unit 5,
PG5, produced the least power in MOICEP, while generating unit 8, PG8, and generating unit
13, PG13, in MOEP and MOAIS, respectively. Apparently, MOICEP consistently outperformed
MOEP and MOAIS.
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Table 5. Results of the integrated basic ED and DG installation of the IEEE 57-Bus RTS (w1 = 0.5
and w2 = 0.5).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 35 45 34
Lo2 38 30 23
Lo3 3 55 11

Sizes of DGs (MW)
DG1 3.65 3.53 3.44
DG2 44.23 24.77 40.05
DG3 68.97 132.47 92.34

Generating Unit Output (MW)

PG1 206.60 237.10 24.14
PG2 16.24 25.01 53.09
PG5 34.87 120.52 91.62
PG6 52.04 47.13 40.76
PG8 351.68 278.28 450.99
PG9 81.82 60.04 71.83
PG12 400.55 335.20 397.14

Total Production Cost ($/h) 37,513.91 38,111.41 37,752.82
Total System Loss (MW) 9.90 13.26 14.61

From the results of the IEEE 57-Bus shown in Table 5, it can be seen that MOICEP
continued to produce better total production costs and total system loss as compared to
MOEP and MOAIS. MOICEP produced 37,513.91 $/h and 9.90 MW, while MOEP and
MOAIS produced 38,111.41 $/h and 13.26 MW and 37,752.82 $/h and 14.61 MW, respec-
tively. Bus 35, bus 38 and bus 3 were determined as the optimal locations to install DG1,
DG2 and DG3. The corresponding sizes for the three DG units were 3.65 MW, 44.23 MW
and 68.97 MW. Generating unit 2, PG2, produced the least power output compared to the
other generating units in MOICEP and MOEP, while generating unit 1, PG1, in MOAIS.
From the results when w1 = 0.5 and w2 = 0.5, it is observed that the total production cost
was slightly expensive, and the total system loss was lower than the previous two settings
of weight coefficients.

3.1.3. For w1 = 0.1 and w2 = 0.9

The fourth setting was w1 = 0.1 and w2 = 0.9. For this fourth setting of the weight
coefficients, the results of integrated Basic ED and DG installation of the IEEE 30-Bus RTS
and IEEE 57-Bus RTS are tabulated in Tables 6 and 7, respectively. From the comparison of
the results between the three techniques (MOICEP, MOEP and MOAIS), it was observed
that the total production cost produced by MOAIS was the lowest, while the total system
loss produced by MOICEP was the lowest. The total production cost in MOAIS was lower
than in MOICEP and MOEP, because the total DG size for the three DG units was the
highest, worth 133.95 MW compared to MOICEP (121.26 MW) and MOEP (98.08 MW).
However, MOICEP still exhibited the lowest total system loss of 1.39 MW as compared
to MOEP (2.25 MW) and MOAIS (2.28 MW). Bus 29, bus 21 and bus 5 were the optimal
locations to install DG1, DG2 and DG3. The corresponding sizes for the three DG units
were 5.00, 29.77 and 86.49 MW. Generating unit 1, PG1, in MOICEP produced the lowest
power output, while, in MOEP, generating unit 8, PG8, and, in MOAIS, generating unit 13,
PG13, were the ones with the lowest power outputs.
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Table 6. Results of the integrated basic ED and DG installation of the IEEE 30-Bus RTS (w1 = 0.1
and w2 = 0.9).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 29 27 19
Lo2 21 7 28
Lo3 5 5 25

Sizes of DGs (MW)
DG1 5.00 4.06 4.62
DG2 29.77 33.33 27.70
DG3 86.49 60.69 101.63

Generating Unit Output (MW)

PG1 18.65 21.75 32.36
PG2 27.91 60.95 48.66
PG5 22.01 38.82 23.32
PG8 34.96 15.13 16.87
PG11 30.00 26.73 17.19
PG13 30.00 24.18 13.33

Total Production Cost ($/h) 461.64 557.01 402.50
Total System Loss (MW) 1.39 2.25 2.28

Table 7. Results of the integrated basic ED and DG installation of the IEEE 57-Bus RTS (w1 = 0.1
and w2 = 0.9).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 25 45 34
Lo2 23 30 23
Lo3 13 55 11

Sizes of DGs (MW)
DG1 4.99 3.53 3.44
DG2 44.63 24.77 40.05
DG3 123.36 132.47 92.34

Generating Unit Output (MW)

PG1 125.84 237.10 24.14
PG2 26.37 25.01 53.09
PG5 87.41 120.52 91.62
PG6 95.96 47.13 40.76
PG8 238.78 278.28 450.99
PG9 100.00 60.04 71.83
PG12 409.98 335.20 397.14

Total Production Cost ($/h) 36,159.62 38,111.41 37,752.82
Total System Loss (MW) 6.52 13.26 14.61

For the results of IEEE 57-Bus RTS shown in Table 7, both the total production cost and
total system loss for this setting of weight coefficients (w1 = 0.1 and w2 = 0.9) were found
to be the lowest in MOICEP, which were 36,159.62 $/h and 6.52 MW as compared to MOEP
with 38,111.41 $/h and 13.26 MW and MOAIS with 37,752.82 $/h and 14.61 MW. The
optimal locations to install the three DG units identified by MOICEP were bus 25, bus 23
and bus 13 with the corresponding sizes of 4.99, 44.63 and 123.36 MW, respectively. It could
be observed that MOICEP forced the DG units to operate near to their maximum capacity.
This was the reason why the total production cost reduced significantly as compared to
MOEP and MOAIS.

3.2. MOICEP-Based Technique for Economic Dispatch Problem with Prohibited Operating Zones

The proposed MOICEP technique was also used to solve the ED problem with pro-
hibited operating zones. In this study, the same equations of the total production cost
(Equation (1)) and total system loss (Equation (3)) in the first ED problem were reutilized.
However, there was a difference in the constraint of the operating limits of the generating
units. The generating units would only be allowed to operate in the allowable zones to
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make sure the stability of their operation. The allowable and prohibited zones for the IEEE
30-Bus RTS and IEEE 57-Bus RTS are shown in Tables 8 and 9, respectively.

Table 8. Cost coefficients and generating unit limits for the ED problem with the prohibited operating
zones (IEEE 30-Bus RTS).

Gen.
Unit

Pmin Pmax
Prohibited Zones Cost Coefficients

Zone 1 Zone 2 ai bi ci

1 50 200 55–66 80–120 0.00375 2.00 0
2 20 80 21–24 45–55 0.01750 1.75 0
5 15 50 30–36 - 0.06250 1.00 0
8 10 35 25–30 - 0.00834 3.25 0

11 10 30 25–28 - 0.02500 3.00 0
13 10 30 24–30 - 0.02500 3.00 0

Table 9. Cost coefficients and generating unit limits for the ED problem with the prohibited operating
zones (IEEE 57-Bus RTS).

Gen.
Unit

Pmin Pmax
Prohibited Zones Cost Coefficients

Zone 1 Zone 2 ai bi ci

1 0 575.88 10–50 480–520 0.0775795 20 0
2 0 100 5–10 75–80 0.0100000 40 0
3 0 140 10–25 100–110 0.2500000 20 0
6 0 100 5–10 - 0.0100000 40 0
8 0 550 10–30 - 0.0222222 20 0
9 0 100 5–10 - 0.0100000 40 0

12 0 410 10–35 - 0.0322581 20 0

3.2.1. For w1 = 0.9 and w2 = 0.1

The integrated ED problem with prohibited operating zones and DG installation
continued to be solved using MOICEP, MOEP and MOAIS for the second setting of weight
coefficients (w1 = 0.9 and w2 = 0.1). The results for this setting are shown in Table 10
(IEEE 30-Bus RTS) and Table 11 (IEEE 57-Bus RTS). Similar to the first setting, the solutions
produced by MOEP and MOAIS were the same for both systems. From Table 10 of the
IEEE 30-Bus RTS, the total production cost and total system loss produced by MOICEP
were 380.05 $/h and 1.71 MW, respectively. While MOEP and MOAIS produced a total
production cost of 503.05 $/h and total system loss of 3.81 MW. MOICEP significantly
outperformed MOEP and MOAIS.

For the DG installation, it was found that bus 29 with 5.00 MW, bus 21 with 50.00 MW
and bus 5 with 100.00 MW were the optimal locations and sizes for the three DG units
in the IEEE 30-Bus RTS, while, for the IEEE 57-Bus RTS, as shown in Table 11, bus 25,
bus 14 and bus 13 were found to be the suitable locations to install the three DG units with
the sizes of 3.87, 50.00 and 150.00 MW, respectively, via MOICEP. This resulted in a total
production cost and total system loss worth 33,315.31 $/h and 11.29 MW, respectively.

Generating unit 6, PG6, was found to be the least generating unit supplying its real
power output to the IEEE 57-Bus RTS in MOICEP, while generating unit 2, PG2, in MOEP
and MOAIS. Comparing the total production cost produced in this second setting with
the first setting, it can be observed that the total production cost in the second setting was
higher for both systems. This was due to the value of w1 decreasing to 0.1 and the value of
w2 increasing to 0.1 in the second setting.
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Table 10. Results of the integrated ED problem with prohibited operating zones and DG installation
of the IEEE 30-Bus RTS (w1 = 0.9 and w2 = 0.1).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 29 24 24
Lo2 21 15 15
Lo3 5 22 22

Sizes of DGs (MW)
DG1 5.00 4.03 4.03
DG2 50.00 49.60 49.60
DG3 100.00 68.27 68.27

Generating Unit Output (MW)

PG1 12.26 19.48 19.48
PG2 26.70 44.96 44.96
PG5 27.43 39.54 39.54
PG8 34.25 32.76 32.76
PG11 10.27 15.25 15.25
PG13 19.20 13.33 13.33

Total Production Cost ($/h) 380.05 503.05 503.05
Total System Loss (MW) 1.71 3.81 3.81

Table 11. Results of the integrated ED problem with prohibited operating zones and DG installation
of the IEEE 57-Bus RTS (w1 = 0.9 and w2 = 0.1).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 25 50 50
Lo2 14 33 33
Lo3 13 10 10

Sizes of DGs (MW)
DG1 3.87 3.62 3.62
DG2 50.00 23.72 23.72
DG3 150.00 120.12 120.12

Generating Unit Output (MW)

PG1 121.07 201.79 201.79
PG2 96.27 0.77 0.77
PG5 43.92 53.68 53.68
PG6 34.14 41.75 41.75
PG8 379.12 377.72 377.72
PG9 41.12 58.90 58.90
PG12 342.59 381.48 381.48

Total Production Cost ($/h) 33,315.31 36,146.27 36,146.27
Total System Loss (MW) 11.29 12.75 12.75

3.2.2. For w1 = 0.5 and w2 = 0.5

Tables 12 and 13 show the results of the integrated ED problem with the prohib-
ited operating zones and DG installation of the IEEE 30-Bus RTS and IEEE 57-Bus RTS,
respectively, with weight coefficients w1 = 0.5 and w2 = 0.5.

Again, MOEP and MOAIS produced the same solution for both systems. As referred
to in Table 12, MOICEP produced a total production cost of 492.48 $/h and total system
loss of 1.84 MW, while MOEP and MOAIS produced a similar total production cost of
559.24 $/h and a similar total system loss of 3.34 MW. MOICEP managed to save about
66.76 $/h in the total production cost. Besides that, the total system loss found via MOICEP
was almost half of the total system loss produced via MOEP and MOAIS.

According to Table 13 for the IEEE 57-Bus RTS, MOICEP managed to produce the
lowest total production cost of 35,926.32 $/h and total system loss of 11.83 MW. MOEP
and MOAIS produced a similar total production cost of 36,146.27 $/h and a similar total
system loss of 12.75 MW. MOICEP identified the optimal locations of DG1, DG2 and DG3
in the IEEE 57-Bus RTS at bus 57, bus 36 and bus 43, respectively. The sizes for the three
DG units were 4.52, 44.13 and 101.28 MW. MOEP and MOAIS identified bus 50, bus 33
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and bus 10 as the optimal locations to install DG1, DG2 and DG3 with the sizes of 3.62,
23.72 and 120.12 MW, respectively. Generating unit 8, PG8, was found to be the highest
generating unit to supply a real power output to the IEEE 57-Bus RTS in MOICEP. In MOEP
and MOAIS, generating unit 12, PG12, was the highest contributor of real power output to
the system.

Table 12. Results of the integrated ED problem with prohibited operating zones and DG installation
of the IEEE 30-Bus RTS (w1 = 0.5 and w2 = 0.5).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 29 23 23
Lo2 5 10 10
Lo3 9 27 27

Sizes of DGs (MW)
DG1 5.00 3.84 3.84
DG2 45.57 42.29 42.29
DG3 81.18 54.73 54.73

Generating Unit Output (MW)

PG1 3.99 57.48 57.48
PG2 53.22 20.05 20.05
PG5 41.51 42.07 42.07
PG8 17.06 17.98 17.98
PG11 10.14 18.35 18.35
PG13 27.56 30.00 30.00

Total Production Cost ($/h) 492.48 559.24 559.24
Total System Loss (MW) 1.84 3.34 3.34

Table 13. Results of the integrated ED problem with prohibited operating zones and DG installation
of the IEEE 57-Bus RTS (w1 = 0.5 and w2 = 0.5).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 57 50 50
Lo2 36 33 33
Lo3 43 10 10

Sizes of DGs (MW)
DG1 4.52 3.62 3.62
DG2 44.13 23.72 23.72
DG3 101.28 120.12 120.12

Generating unit output (MW)

PG1 182.78 201.79 201.79
PG2 57.29 0.77 0.77
PG5 68.03 53.68 53.68
PG6 73.47 41.75 41.75
PG8 363.59 377.72 377.72
PG9 29.91 58.90 58.90
PG12 337.61 381.48 381.48

Total Production Cost ($/h) 35,926.32 36,146.27 36,146.27
Total System Loss (MW) 11.83 12.75 12.75

3.2.3. For w1 = 0.1 and w2 = 0.9

The results of the fourth setting of the weight coefficients (w1 = 0.1 and w2 = 0.9) for
the IEEE 30-Bus RTS and IEEE 57-Bus RTS are tabulated in Tables 14 and 15, respectively.
As referred to in the two tables, it can be seen that MOEP and MOAIS continued to produce
the same solution of the integrated ED problem with prohibited operating zones and DG
installation. This could be due to the prohibited operating zones of the generating units
that make the searching space of the MOEP and MOAIS algorithms smaller and lead to
the same global optima. MOICEP achieved a total production cost of 517.76 $/h and
total system loss of 1.49 MW for the IEEE 30-Bus RTS, while, in the IEEE 57-Bus RTS,
35,184.12 $/h and 6.94 MW. As referred to in Table 14, the optimal locations to install DG1,
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DG2 and DG3 in the IEEE 30-Bus RTS were bus 29, bus 21 and bus 5 with the sizes of 5.00,
27.69 and 85.03 MW, respectively.

Table 14. Results of the integrated ED problem with prohibited operating zones and DG installation
of the IEEE 30-Bus RTS (w1 = 0.1 and w2 = 0.9).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 29 23 23
Lo2 21 10 10
Lo3 5 27 27

Sizes of DGs (MW)
DG1 5.00 3.84 3.84
DG2 27.69 42.29 42.29
DG3 85.03 54.73 54.73

Generating Unit Output (MW)

PG1 13.55 57.48 57.48
PG2 38.62 20.05 20.05
PG5 27.96 42.07 42.07
PG8 34.17 17.98 17.98
PG11 16.25 18.35 18.35
PG13 36.61 30.00 30.00

Total Production Cost ($/h) 517.76 559.24 559.24
Total System Loss (MW) 1.49 3.34 3.34

Table 15. Results of the integrated ED problem with prohibited operating zones and DG installation
of the IEEE 57-Bus RTS (w1 = 0.1 and w2 = 0.9).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 21 3 3
Lo2 26 53 53
Lo3 13 16 16

Sizes of DGs (MW)
DG1 4.99 4.87 4.87
DG2 34.73 28.54 28.54
DG3 150.00 77.88 77.88

Generating Unit Output (MW)

PG1 148.50 175.15 175.15
PG2 1.04 10.46 10.46
PG5 81.08 93.14 93.14
PG6 76.86 83.34 83.34
PG8 254.90 319.71 319.71
PG9 99.82 65.86 65.86
PG12 405.81 402.63 402.63

Total Production Cost ($/h) 35,184.12 38,362.28 38,362.28
Total System Loss (MW) 6.94 10.80 10.80

On the other hand, in MOEP and MOAIS, the locations and sizes were bus 23 with
3.84 MW, bus 10 with 42.29 MW and bus 27 with 54.73 MW. The six generating units (PG1,
PG2, PG5, PG8, PG11 and PG13) in MOICEP produced 13.55, 38.62, 27.96, 34.17, 16.25 and
36.61 MW, respectively. In MOEP and MOAIS, they produced 57.48, 20.05, 42.07, 17.98,
18.35 and 30.00 MW, respectively. Generating unit 1, PG1, in MOICEP produced the lowest
real power output compared to the other units. Generating unit 8, PG8, produced the
lowest real power output in MOEP and MOAIS.

According to Table 15 of the IEEE 57-Bus RTS, bus 21, bus 26 and bus 13 were found
to be the optimal locations to install DG1, DG2 and DG3, respectively. Their sizes were
4.99 MW, 34.73 and 150.00 MW, respectively.

Meanwhile, in MOEP and MOAIS, bus 3, bus 53 and bus 16 were the optimal locations
to install DG1, DG2 and DG3 with the sizes of 4.87, 28.54 and 77.88 MW, respectively. It
was observed that generating unit 2, PG2, in MOICEP produced a very little real power
output of 1.04 MW compared to the other units. The lowest real power output produced by
a generating unit in MOEP and MOAIS was 10.46 MW, which was generating unit 2, PG2.
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3.3. MOICEP-Based Technique for Economic Dispatch Problem with Valve-Point Loading Effect

The total production cost and total system loss for this type of ED problem were
calculated using Equations (2) and (3), respectively. The cost function of this ED was not
smooth because of the valve-point loading effect of the generating unit considered in the
cost function. The results of the integrated ED problem with a valve-point loading effect
and DG installation are observed and discussed in this section.

3.3.1. For w1 = 0.9 and w2 = 0.1

Tables 16 and 17 show the results of the integrated ED problem with a valve-point
loading effect and DG installation of the IEEE 30-Bus RTS and 57-Bus RTS with w1 = 0.9
and w2 = 0.1, respectively. It can be seen from Table 16 that MOICEP maintained producing
the best solution of an ED with a valve-point loading effect and DG installation for the
second setting of the weight coefficients by giving the lowest total production cost of
11,817.81 $/h and the lowest total system loss of 2.04 MW. MOEP and MOAIS produced
13,331.25 $/h and 3.61 MW and 11,627.07 $/h and 13.32 MW, respectively. The best solution
from MOICEP was backed by the placement of DG1, DG2 and DG3 at bus 26, bus 5 and
bus 9 with the sizes of 5.00, 50.00 and 100.00 MW, respectively. Generating unit 1, PG1,
and generating unit 8, PG8, produced the lowest and the highest real power outputs in
MOICEP, respectively. The most expensive total production cost was obtained in MOEP,
which was 13,331.25 $/h. However, MOAIS produced the highest total system loss of
13.32 MW compared to the other two techniques. It was five times more than the total
system loss produced via MOICEP.

As referred to in Table 17 of the IEEE 57-BUS RTS, it can be seen that MOICEP pro-
duced the cheapest total production cost of 32,560.84 $/h and total system loss of 9.78 MW
compared to MOEP and MOAIS. MOEP and MOAIS produced the same solution, with the
total production cost of 35,369.69 $/h and total system loss of 18.95 MW.

MOICEP found bus 26, bus 10 and bus 14 as the optimal locations to install DG1, DG2
and DG3 with the sizes of 5.00, 49.96 and 149.98 MW, respectively. MOEP and MOAIS
identified bus 33, bus 10 and bus 40 as the optimal locations to install DG1, DG2 and DG3
with the sizes of 2.66, 36.55 and 141.03 MW, respectively. It was observed that the real
power output of the three DG units was higher in MOICEP compared to the real power
output in MOEP and MOAIS.

Table 16. Results of the integrated ED problem with a valve-point loading effect and DG installation
of the IEEE 30-Bus RTS (w1 = 0.9 and w2 = 0.1).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 26 25 29
Lo2 5 27 4
Lo3 9 7 18

Sizes of DGs (MW)
DG1 5.00 1.06 2.50
DG2 50.00 35.98 39.45
DG3 100.00 93.41 1.30

Generating Unit Output (MW)

PG1 8.39 3.75 13.23
PG2 20.00 51.78 22.77
PG5 22.29 31.26 18.40
PG8 34.46 33.52 30.59
PG11 15.30 11.00 23.90
PG13 30.00 25.23 16.34

Total Production Cost ($/h) 11,817.81 13,331.25 11,627.07
Total System Loss (MW) 2.04 3.61 13.32
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Table 17. Results of the integrated ED problem with a valve-point loading effect and DG installation
of the IEEE 57-Bus RTS (w1 = 0.9 and w2 = 0.1).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 26 33 33
Lo2 10 10 10
Lo3 14 40 40

Sizes of DGs (MW)
DG1 5.00 2.66 2.66
DG2 49.96 36.55 36.55
DG3 149.98 141.03 141.03

Generating Unit Output (MW)

PG1 132.46 191.82 191.82
PG2 43.98 6.68 6.68
PG5 49.48 58.44 58.44
PG6 72.02 68.67 68.67
PG8 327.03 323.93 323.93
PG9 73.78 93.04 93.04
PG12 356.90 346.92 346.92

Total Production Cost ($/h) 32,560.84 35,369.69 35,369.69
Total System Loss (MW) 9.78 18.95 18.95

3.3.2. For w1 = 0.5 and w2 = 0.5

The third setting of the weight coefficients for solving the integrated ED problem
with a valve-point loading effect and DG installation for the IEEE 30-Bus RTS and IEEE
57-Bus RTS are tabulated in Tables 18 and 19. Referring to Table 18, it can be seen that
MOICEP managed to provide a better solution of ED with a valve-point loading effect and
DG installation by producing a total production cost of 11,758.98 $/h and total system loss
of 1.50 MW compared to MOEP (13,340.00 $/h and 3.31 MW) and MOAIS (13,178.04 $/h
and 2.28 MW). This was caused by the placement of DG1, DG2 and DG3 at bus 18, bus 9
and bus 5 with the sizes of 5.00 MW, 50.00 MW and 100.00 MW, respectively. The total DG
size was the highest in MOICEP (155.00 MW), while, for MOEP, it was 125.91 MW and, for
MOAIS, it was 133.95 MW. Generating unit 1, PG1, produced the lowest real power output
of 7.05 MW compared to the other generating units in MOICEP.

Table 18. Results of the integrated ED problem with a valve-point loading effect and DG installation
of the IEEE 30-Bus RTS (w1 = 0.5 and w2 = 0.5).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 18 16 19
Lo2 9 19 28
Lo3 5 9 5

Sizes of DGs (MW)
DG1 5.00 3.35 4.62
DG2 50.00 43.05 27.70
DG3 100.00 79.51 101.63

Generating Unit Output (MW)

PG1 7.05 12.77 32.36
PG2 20.00 39.05 48.66
PG5 15.00 46.04 23.32
PG8 34.65 26.30 16.87
PG11 24.78 13.01 17.18
PG13 28.42 23.63 13.33

Total Production Cost ($/h) 11,758.98 13,340.00 13,178.04
Total System Loss (MW) 1.50 3.31 2.28
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Table 19. Results of the integrated ED problem with a valve-point loading effect and DG installation
of the IEEE 57-Bus RTS (w1 = 0.5 and w2 = 0.5).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 25 45 45
Lo2 22 30 30
Lo3 13 55 55

Sizes of DGs (MW)
DG1 4.97 3.53 3.53
DG2 42.96 24.77 24.77
DG3 150.00 132.47 132.47

Generating Unit Output (MW)

PG1 131.64 237.10 237.10
PG2 36.11 25.01 25.01
PG5 65.13 120.52 120.52
PG6 72.78 47.13 47.13
PG8 273.04 278.28 278.28
PG9 100.00 60.04 60.04
PG12 381.24 335.20 335.20

Total Production Cost ($/h) 33,447.51 38,013.28 38,013.28
Total System Loss (MW) 7.10 13.26 13.26

The results of the IEEE 57-Bus are shown in Table 19. It can be observed that MOICEP
continued to produce a better solution of the integrated ED problem with a valve-point
loading effect and DG installation. This was based on the total production cost and total
system loss produced, which were the lowest at 33,447.51 $/h and 7.10 MW, respectively.
MOEP and MOAIS produced the same results, with a total production cost of 38,013.28 $/h
and total system loss worth 13.26 MW.

In MOICEP, bus 25, bus 22 and bus 13 were identified as the best locations to install
DG1, DG2 and DG3 with the sizes of 4.97, 42.96 and 150.00 MW, respectively. The generating
units 1, 2, 5, 6, 8, 9 and 12 produced real power outputs of 131.64, 36.11, 65.13, 72.78, 273.04,
100.00 and 381.24 MW, respectively.

MOEP and MOAIS identified bus 45, bus 30 and bus 55 as the optimal locations to
place DG1, DG2 and DG3 with the sizes of 3.53, 24.77 and 132.47 MW, respectively. The total
DG size was higher in MOICEP, which was 197.93 MW compared to MOEP and MOAIS,
which was 160.77 MW. As a result, MOICEP achieved a lower total production cost than
MOEP and MOAIS.

3.3.3. For w1 = 0.1 and w2 = 0.9

The breadth of this study was expanded with the next weight coefficient setting, i.e.,
w1 = 0.1 and w2 = 0.9. Tables 20 and 21 show the results of the integrated ED problem
with a valve-point loading effect and DG installation of the IEEE 30-Bus RTS and IEEE
57-Bus RTS, respectively.

From Table 20, it can be seen that MOICEP achieved the lowest total system loss
of 1.47 MW compared to MOEP (2.34 MW) and MOAIS (2.28 MW). However, the total
production cost produced in MOAIS was the lowest compared to MOICEP and MOEP.
MOAIS produced a total production cost of 13,178.04 $/h, while MOICEP and MOEP
produced 13,472.72 $/h and 15,179.41 $/h, respectively. The highest total production cost
was found in MOEP. The optimal locations and sizes found via MOICEP for DG1, DG2 and
DG3 were bus 29 with 5.00 MW, bus 22 with 28.71 MW and bus 5 with 86.75 MW. It was
observed that, to make sure the total system loss was the lowest, MOICEP avoided the
three DG units operating near their maximum capacity.

A similar observation was experienced by the IEEE 57-Bus RTS, as shown in Table 21;
the total system loss produced via MOICEP was the lowest. However, the total production
cost was the highest compared to MOEP and MOAIS. MOICEP produced a total production
cost of 38,352.96 $/h and total system loss of 8.35 MW. MOEP and MOAIS produced the
same results, with a total production cost of 38,013.28 $/h and total system loss of 13.26 MW.
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The optimal locations to install DG1, DG2 and DG3 in the IEEE 57-Bus RTS via MOICEP
were bus 29, bus 22 and bus 13 with the sizes of 1.03, 44.02 and 59.53 MW, respectively.
The total system loss produced via MOICEP was 37.03% lower than the total system loss
produced via MOEP and MOAIS. However, in terms of the total production cost, MOICEP
did not force the three DG units to operate near their maximum capacity. This resulted
in a high total production cost produced via MOICEP. It must be kept in mind that the
weight coefficients also play an important role that leads to the results. As the value of
w1 decreases and the value of w2 increases, the algorithm tends to focus on optimizing
objective function 2 (total system loss), as expected.

Table 20. Results of the integrated ED problem with a valve-point loading effect and DG installation
of the IEEE 30-Bus RTS (w1 = 0.1 and w2 = 0.9).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 29 27 19
Lo2 22 4 28
Lo3 5 5 5

Sizes of DGs (MW)
DG1 5.00 3.12 4.62
DG2 28.71 35.20 27.70
DG3 86.75 50.38 101.63

Generating Unit Output (MW)

PG1 12.52 26.03 32.36
PG2 41.12 60.73 48.66
PG5 20.46 38.78 23.32
PG8 35.00 33.37 16.87
PG11 29.18 17.67 17.18
PG13 26.12 20.39 13.33

Total Production Cost ($/h) 13,472.72 15,179.41 13,178.04
Total System Loss (MW) 1.47 2.34 2.28

Table 21. Results of the integrated ED problem with a valve-point loading effect and DG installation
of the IEEE 57-Bus RTS (w1 = 0.1 and w2 = 0.9).

Optimization Technique MOICEP MOEP MOAIS

Locations of DGs (Bus no.)
Lo1 29 45 45
Lo2 22 30 30
Lo3 13 55 55

Sizes of DGs (MW)
DG1 1.03 3.53 3.53
DG2 44.02 24.77 24.77
DG3 59.53 132.47 132.47

Generating Unit Output (MW)

PG1 143.43 237.10 237.10
PG2 54.96 25.01 25.01
PG5 84.08 120.52 120.52
PG6 79.60 47.13 47.13
PG8 309.65 278.28 278.28
PG9 85.57 60.04 60.04
PG12 397.27 335.20 335.20

Total Production Cost ($/h) 38,352.96 38,013.28 38,013.28
Total System Loss (MW) 8.35 13.26 13.26

4. Conclusions

The new Multi-Objective Immune-Commensal-Evolutionary Programming (MOICEP)
technique for the total production cost and total system loss minimization via integrated
Economic Dispatch and Distributed Generation installation (ED-DG) was presented in this
paper. It was employed for the total production cost and total system loss minimization
in an integrated weighted-sum multi-objective optimization technique for solving the ED
problem with DG installation consideration. This scheme is uniquely termed as Economic
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Dispatch and Distributed Generation installation (ED-DG). The proposed weighted-sum
multi-objective function that integrated both the total production cost and total system
loss was highlighted in this study. The introduction of weight coefficients in the proposed
fitness exhibited convincing results in addressing both components. The weight coefficients
were varied between 0.1 and 0.9 to find the optimal solution that satisfied both the total
production cost and total system loss. From the variations, it could be seen that, as the
value of w1 was greater than w2, the solution produced favored total production cost
minimization, while, if the value of w2 was greater than w1, the solution favored total
system loss minimization. GSOs can decide which solution is the best for their system
requirements and their desired output. The proposed MOICEP technique managed to
achieve better results over benchmarked techniques, i.e., MOEP and MOAIS, for the
minimization of the total production costs and total system loss for three types of ED
problems (basic ED, ED problem with prohibited operating zones and an ED problem with
a valve-point loading effect). This phenomenon highlights the superiority of MOICEP
over MOEP and MOAIS. This phenomenon has been identified as cutting edge in ED
problems as the original independent scheme, i.e., ED and DG installation. The proposed
multi-objective technique could be feasible for solving other optimization problems with
considerable fine-tuning. It is also beneficial for power system utilities in solving their
ED problems. It can also be concluded that, while optimizing the two objectives, total
production cost and total system loss, the integrated Economic Dispatch and Distributed
Generation installation ED-DG problems solved using the proposed MOICEP technique
simultaneously solved two power system problems, ED and DG installation, which have
been previously solved separately by many researchers. The two objectives are inextricably
linked to the two problems.

The number of objectives for the multi-objective ED problems can be increased in
the future. This can be done by adding more objectives like voltage stability improve-
ment, emission minimization and DG installation cost minimization into the integrated
ED-DG problems.
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