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Abstract: In the past, planning to develop an electricity generation capacity supply of consumable
load, an acceptable level of reliability, and minimum cost has played significant roles. Due to
technological development in energy and the support of energy policymakers to make the most of
these clean and cheap resources, a significant amount of research has been conducted to make the
most of such energy. Constraints such as low capacity, output power uncertainty, and sustainability
problems have made using distributed energy sources costly and complex. Theoretically, capacity
development planning in a power system is part of macro-energy planning. It is generally based on
specific development policies in each country’s national interest. In addition to being economical,
the purpose of this planning was to find the best capacity development plan commensurate with the
amount of consumption so that the development plan does not go beyond the permissible limits of
reliability, environmental issues, and other constraints. On the other hand, due to the considerable
growth of divided production, especially energy sources, it is essential to use microgrids. Accordingly,
in this research study, in the process of solving the problem of planning and providing load growth by
the distributed generation units to maximize reliability and minimize investment costs, the creation
of smaller networks was investigated. To optimize zoning, the weighted graph theory method, in
which the weight of the edges is the apparent power passing through the lines, was adopted. In
addition, reactive power reliability was included in the calculations to improve the economic aspects.
Probabilistic modeling for the presence of renewable resources was employed to bring the model
to reality. Since the above problem is very complex, a Seagull-based algorithm and chaos theory
were utilized to solve this matter. Finally, the suggested method for the sample system is discussed
in different scenarios, indicating an improvement in the system’s performance. According to the
numerical results, the NSGA, SPEA, and MOPSO have mean values of 68.3%, 50.2%, and 48.3%,
which are covered by the proposed optimization algorithm.

Keywords: power system planning; optimization; reliability; microgrid; uncertainty of renewable
resources; graph theory

1. Introduction
1.1. Aims and Difficulties

With the advancement of technology and the introduction of optimal economic issues
in the processes and activities of the power network, new concepts have emerged in the
power system. The spread of these new concepts, such as smart microgrids and active
networks, has led to fundamental changes in the usual methods of planning and operating
the power system. At the same time, the existing electricity network must be exploited
optimally. The status of this network for the next few years should be considered [1–3].
If the existing production system in the power network cannot meet the consumer’s
requirement, it is essential to add new production units. In recent years, the installation of
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distributed generation units (DGs) in the power grid has increased. These units generally
have much less output (from a few kilowatts to several megawatts) and much smaller
dimensions compared to the conventional concentrated power plants in the grid. The
installation of these production units in the distribution network will have different effects
on the network, both at the distribution level and at high levels.

In many cases, these resources are considered serious competitors to other network
equipment. The study of the effects of DG installation on the power grid, of course, taking
into account the existence of uncertainties in the parameters and input data, can help
network operators and planners better manage the network’s development. Including
substations and scattered products) and selecting the optimal installation location to meet
the required load demand under the constraints of substation capacity, line heat capacity,
voltage drop, radial network arrangement, and reliability are many variables that need
to be considered. This optimization issue can be a crushing problem in a large-scale and
complex combination [4,5].

1.2. Literature Review

Several articles have been presented in these fields [6–9]. In general, traditional
methods refer to models used before discussing the electricity market and the economic
justification of each project. New methods are called models that consider the impact of
creating a competitive environment in the power system. Additionally, they try to upgrade
the network according to the economic criteria of each project. The issue of production
investing in both traditional and competitive environments has its own characteristics. In
the traditional environment, characteristics including centralized decisions, price stability,
access to complete information, and low uncertainty can be mentioned. However, in the
new methods, in the form of a competitive environment, there are characteristics such as
decentralized decision making, different prices, limited access to information, and high
uncertainty [9]. In [10], a dynamic model is proposed to plan the development of distribu-
tion networks. In this model, to disturb the system to be responsive to load growth, DG
integration with post-development (installation of new transformers) and modernization
of feeders are considered, and these methods are compared. Investment, maintenance,
operating, and loss costs are the goals of optimization, and optimal load distribution (OPF)
was used to minimize them [11]. To reduce losses and increase the system’s reliability, the
proposed DG values for a node are considered instead of comparing the load value of that
node with the sum of loads of several nodes when disconnected from the network. The
faces of the island are compared so that this action optimizes the value obtained. In [12],
scattered production sources are also used to reduce the share of losses in addition to
capacitors. First, the optimal locations of these sources are determined using voltage index
analysis, and the amount of these sources is obtained using the proposed algorithm. In
recent years, the focus on a concept, microgrids, has increased. Microgrid planning aimed
to determine the output power of energy units is scattered; however, renewable sources’
uncertainty makes this planning difficult. In [13], the problem of the optimal utilization of
microgrids has been solved by focusing on energy storage. However, it does not examine
the fluctuations of renewable units. In [14], a new method based on optimal power flow in
a wind farm is presented. Researchers in [15] presented a method in which the total cost
of power generation in a micro-wind grid is optimized by considering its environmental
variables. In [16], planning the production of distributed energy sources in the microgrid,
with the aim of providing the required energy for electrical and thermal loads, is com-
pleted with the lowest possible cost and pollution in compliance with operating rules. In
this work, a two-step solution for planning the economical production of microgrids is
presented. Uncertainty modeling of wind and solar power generation is completed using
the point estimation method. The results are sent to the second stage. The second stage is
the program of optimal production of distributed microgrid energy resources to reduce
the cost of environmental pollution by using an evolutionary algorithm. Additionally,
some authorities have used possible planning methods and solved them in different ways.
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Researchers in [17] presented a possible method for managing energy in the microgrid,
which also includes producing renewable resources. The problem of mixed linear pro-
gramming with integers was solved by Bandar analysis. Researchers in [18] suggested a
possible microgrid energy planning in which different distributed generation technologies,
renewable resources, and storage are considered. In this study, the problem of possible
planning was solved with the help of intelligent methods. Researchers in [19] assessed
the problem of bringing production units into orbit, taking into account the uncertainty of
wind and solar and load consumption, which are intended to be optimized, and reduce
costs and pollution. In this study, several valid scenarios for the uncertainty of wind,
solar, and load sources are considered. Under different scenarios, an algorithm for cost
and pollution minimization (their mathematical hope) is presented. In [20], an optimal
method for designing multiple microgrids is considered, which examines the reliability
and security of the distribution system to collect the distribution network for microgrids
considering network reliability. Researchers in [21] proposed a multi-objective economic
method considering the probabilistic nature of distributed renewable generation resources
to design a single microgrid. The design of microgrids based on self-healing against possi-
ble accidents in the distribution network was investigated in [22]. In this reference, network
partitioning was evaluated with the aim of studying the least loading of the system. The
purpose [23] of zoning distribution networks was to improve the reliability of the entire
system. Researchers in [24] is suggested an optimal method for producing distributed
renewable sources. The design of microgrids using graph theories was proposed in [25]. In
this paper, the structure design of microgrids using graph partitioning theory as a circular
structure with system reliability was investigated.

1.3. Novelties and Motivations

Reviewing the published articles in this field, it can be concluded that the structuring
of the power system based on the microgrid model has not been completed simultaneously
for the economic base and the qualities of reliability. Additionally, in probabilistic model
research, wind and solar sources as a source with uncertainty have not been determined.
In addition, solving the above problem by considering cases related to these principles
will be very complex. Using the methods used in the articles cannot guarantee an optimal
answer. Therefore, there is a current need to present an optimization algorithm that
will be more efficient. After reviewing the mentioned works, the use of solar radiation
causes the forecast of production of these sources to be accompanied by uncertainty. For
example, in planning for the next day, it is impossible to precisely determine the amount
of renewable energy production. Forecasting the future is filled with mistakes, which
challenges energy planning. Since most distribution systems are now traditional networks
fed by the global network, their transformation into smaller networks in the presence of
distributed generation sources with probabilistic, non-probabilistic production and reactive
power supply requires new design methods. Given that scattered products are an integral
part of microgrids, planning and exploiting these resources in new networks requires a
new design. In addition, published articles use methods that are not guaranteed to find the
optimal answer. It is possible to be in local points by increasing the number of constraints
and decision variables. Here, the graph theory model is used to create microgrids to cover
these cases. The zoning step to create microgrids in the distribution network is associated
with a planning problem. To more accurately model the problem of distributed generation
with probabilistic nature and loads on an hourly basis, all costs and complete indicators to
consider power for the reliability of microgrids are also considered. Accordingly, the main
essential novelties and highlights of this paper are summarized as follows:

• Employed the reliability indices in optimal and secure reactive power planning.
• Proposed a modified version of the Seagull optimization algorithm.
• Used the graph method to determine the boundaries of microgrids and evaluate its

capacity in the power system.
• Investigated microgrid performance in various operating conditions.
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• Considered the probabilistic and uncertainty items of renewable resources.

1.4. Paper Layout

The rest of the article is organized as follows: the system modeling and related mathe-
matics of objective functions and constraints are presented. Additionally, an optimization
algorithm is suggested to solve the matter, and the results of the simulations and numerical
and comparative analyses are presented and discussed.

2. Modeling the Problem under Study

In this section, the necessary relations and explanations for modeling the studied
problem are presented.

2.1. Load Modeling

Climatic positions are affected by the system, and many of these events are repetitive.
They happen for a year. Load models of different times can be obtained by using historical
data. In this study, information is modeled in Figures 1–3. Equation (1) is predicted at
another time [4].

Li(t) = w(h)× w(m)× Lp(i) (1)
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Due to the demand for high-quality and reliable electricity, one of the critical factors is
the necessary readiness to supply the energy required by consumers in the operation of the
network. For this purpose, in predicting network conditions for planning and utilization of
available resources, due to the possibility of error, values are measured and sampled in the
past, and the resulting answers have some uncertainty. However, the most critical error in
these predicted values is not considering the uncertainty that exists in predicting the future
of the network. Therefore, the distribution network operator can achieve a more efficient
network operation by considering the uncertainty in these variables. If y = f (Z) is a multi-
objective function, and Z is described as an indefinite vector with a corresponding density
function. In this method, different scenarios are calculated according to the probability
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density function (PDF) associated with each uncertain variable of production Zs and the
value of y as follows:

y = ∑
s∈Ωs

πs × f (Zs) (2)

The Ωs state probability is the sum of all the states considered for the uncertain
parameter Z. If there are several variables with different scenarios, the πs probability
related to the s condition is calculated as follows:

πs = ∏
x∈γ

πx ∀s ∈ Ωs (3)

The πx probability of an uncertain parameter x and γ is the set of uncertain parameters.

2.2. Production of Wind Turbine

The Weibal distribution function is considered to model wind speed due to its high
accuracy in describing the probable wind speed [26]:

f (x|λ, k ) =
k
λ

(
λ

x

)k−1
e−(

x
λ )

k
(4)

where k is the shape parameter and the λ is the scale parameter. The following linear
estimation equation is used to obtain the wind power distribution and shown in Figure 4:

Ω =


0 i f X ≤ Vci or X > Vco
α + βX i f Vci ≤ X ≤ Vr
M i f Vr ≤ X ≤ Vco

(5)

where Ω indicates the injected power by the wind power. The X actual wind speed shows
the maximum wind turbine output power, the linear coefficients of the equation, the normal
wind speed, and the maximum and minimum wind speed for which power is not generated.
The trend of wind speed and power is the same.
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2.3. Photovoltaic System

To show the random PV production and energy demand, the normal distribution
function with knowledge of the mean value and variance shown in Figure 5 is considered.
The description of the normal distribution function is as follows:

f
(

x
∣∣∣m, ϑ2

)
=

1√
2πϑ

exp

(
− (x−m)2

2ϑ2

)
−∞ < x < ∞ (6)

The m means the input variable ϑ2 is variance. The probability density function
diagram is subdivided into the number of different probability levels according to the
required accuracy to implement the model based on the scenario. In the normal distribution,
the probability of each scenario and its mean are obtained based on Equations (7) and (8).
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πρ =
∮
Si

f
(

x
∣∣∣m, ϑ2

)
dx (7)

pρs =
∮
Si

x f
(

x
∣∣∣m, ϑ2

)
dx (8)

The πρ is probability of S occurrence of my PV generation pρs scenario is the average
in each of the PV scenarios. According to Figure 5, scenarios for constructing the final set
of scenarios according to Equation (2) are combined as follows [27]:

πs = πw × πρ × πl (9)

where πw, πρ, and πl in turn, show the probability scenarios of w the wind farm, ρ so-
lar power plant, and l load. The sum of the number of scenarios is obtained from the
wn × ρn × ln relation, in which wn, ρn, ln are the number of states considered for load, PV,
and wind, respectively.

2.4. Grid Zoning by Graph Method

Due to advances in electricity generation and the increasing use of distributed genera-
tion (DG) in distribution systems, it is necessary to convert existing distribution networks
into smaller networks (microgrids) or a set of networks to improve the efficiency of systems.
It is small so that it can be operated independently. The graph method described below is
used to achieve the mentioned goals resulting from dividing and converting a traditional
distribution network into microgrids containing scattered products. Recent advances in
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mathematics, especially in its applications, have led to the dramatic development of graph
theory, with graph theory now being used for research in various fields, such as electrical
networks, coding, computer science, and chemistry. Given the differences in goals in the
optimization problem, the result will not be the only answer. Different solutions, each suc-
cessful in several optimized functions, can be considered as optimal. One of the advantages
of the optimization algorithm with several functions is to provide a set of optimal answers.

There is a problem in zoning a graph G = (V, e) that includes n vertices. The edges of
a graph may also be weighted, called a weighted graph. The concept of a weighted graph,
in which each edge is assigned a number as its weight, has been used in many applications
by the matrix W, which resembles the neighborhood matrix A with dimensions n × n, is
stated [4]:

A = [αij] i = 1, . . . , n j = 1, . . . , n (10)

If there is an edge between vertices, i and j then αij = 1; otherwise, αij= 0. To form
the matrix W, the same procedure is performed as for the neighborhood matrix A, with the
difference that instead of a numeric one, the weight of that edge is placed:

W = [wij] i = 1, . . . , n j = 1, . . . , n (11)

If the edge is between the vertices, then wij = weight of edge between ij and otherwise
wij = 0. A weighted graph was used to model the distribution network with all the
conditions of a graph. For zoning this graph and more accurate simulation of the weight
distribution system of each edge, the apparent power of the lines is obtained from the load
distribution program. After forming this graph and obtaining the corresponding matrix,
several other graphs are needed to solve the zoning problem, which are defined as follows.
The degree gradient matrix is defined in such a way that all non-original diameter arrays
are zero, and the original diameter arrays are obtained from the sum of the arrays of each
row of the matrix [4]:

D = [dj] i = 1, . . . , n j = 1, . . . , n (12)

If the edge is between vertices i and j, then dij = ∑n
k=1 wik, i = j; otherwise, d = 0, i 6= j .

The row sum of this matrix is equal to zero, so it has a specific value of zero. On the other
hand, because the positive matrix is semi-definite, their other eigenvalues are absolute
values. This matrix contains essential information from the graph configuration used here
for zoning [28]. The problem is finding an area of vertex sets P = {P1, . . . , PK} based on
the weight of the edges. Zoning based on the extraction spectrum or the same values and
special vectors of the matrix corresponding to the system graph is provided to all the areas
simultaneously by using the information in the special vector. After sorting the eigenvalues
in ascending order k, λ1, . . . , λk, the eigenvalues x1, . . . , xk are smaller, and the eigenvectors
correspond to these eigenvalues. By putting these special vectors together, a vector with
dimensions is obtained that is used to form the zoning matrix as follows:

P = ZXXTZ (13)

where Z is a diagonal matrix with the following components and x2
ih matrix X components:

zij =
1√

∑k
h=1 x2

ih

(14)

The material of the matrix Pij in relation (6) is the cosine of the angle between two
rows of i and j vectors and indicates the proximity of the vertices to each other. The first
vertex is randomly selected, and it can be considered as the boundary of the first region (for
example, the C1 vertex). To find the second vertex, the minimum value Pic1 is calculated
per i = 1, . . . , n. The following equation is used to find the boundaries of other regions [4]:

Min Y =Pic1 + Pic2 + . . . + Pick (15)
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In general, in a weighted graph, the regions are selected according to the correlation
between them, which is due to the use of special values and the Laplacian matrix of the
graph. To select areas using the graph method, first, a bus is considered as the boundary of
the first area, and other areas are obtained by using the matrix (proximity matrix) relative
to that bus. Now, by changing the first selected bus in the first area, the corresponding bus
in the matrix is changed from a close point of view, and the boundaries of other areas will
also change relative to it. In addition, according to the network topology for each system,
the number of areas does not exceed a certain value obtained in the simulation. As the
network is limited, changing the bus does not achieve any number of divisions at first.

2.5. Assessing Reliability and Proposed Indicators

Based on the purpose of this work, which is to improve the reactive power of the
network in the planning stage, first, the effect of reactive power on a reliability parameter is
investigated. Then, four reliability indicators, including unsecured energy and unsecured
clock, were combined to form a single index due to a lack of active and reactive power.
Providing reactive power locally in a power system causes the reactive power component
of the current passing through the lines to be relatively compensated. Consequently, the
current size is reduced. Reducing the current size will reduce the active and reactive power
losses proportional to the square of the current and the feeder temperature. According
to [4], the expected life of insulation materials decreases exponentially with an increasing
temperature. As a result, the feeder failure rate will decrease after the optimal placement of
reactive power sources, and the distribution network reliability level will increase. Here,
the branch has a component (Ibr = Ib0,r) and λb0 is an error rate. After compensation,
the reactive current component of this branch will be zero, and the error rate λb f will be
changed. The mathematical modeling is as follows [4]:{

Ir
b = I0,r

b ⇒ λb = λ0
b

Ir
b = 0⇒ λb = λ

f
b
∀b ∈ Sb Sb ={1, . . . , Nomber of branches} (16)

To evaluate the effect of compensating the reactive power component of the current
on the failure rate, four mathematical functions, including linear, power, exponential, and
logarithmic functions, can be considered. Fixed values of these functions (A, B) are obtained
by using test results. In this study, it is hypothesized that complete compensation of the
reactive power component of the current reduces the feeder failure rate by a maximum
of 28% [29]. The normalized feeder failure rate curves versus the normalized value of the
reactive power component of the current are demonstrated in Figure 6.
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Here, the linear function is used to model the error rate, while other functions are
readily applicable to the problem. After modeling the effect of reactive power on the
initial index (failure rate) and reliability for active and reactive power planning, we need to
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examine some additional indicators. For this purpose, the energy supply indicators and
the hour supply due to a lack of active power and reactive are used as follows [30]:

ENSP = ∑nc
i=1 LCP(i)·λi (17)

ENSQ = ∑nc
i=1 LCQ(i)·λi (18)

VNSP = ∑nc
i=1 QCP(i)·λi (19)

VNSQ = ∑nc
i=1 QCQ(i)·λi (20)

In the above relations, λi is the annual unavailability of the i load point, nc is events,
QCp(i), LCp(i) is the amount of active and reactive load not applied, QCQ(i), LCQ(i) is the
amount of active and reactive load not applied, ENSp and ENSQ are the energy applied
due to a lack of active power, VNSp and VNSQ are reactive, and VAR represents unsecured
clocks caused by a lack of active and reactive power.

2.6. Micro-Network Performance

For a distribution system consisting of several microgrids with distributed generation
sources, it is necessary to recalculate the index of unsupplied energy. A microgrid was
utilized to assess the reliability indicators. With such a design, in the event of an error
in the microgrid, the exact part is turned off and separated from the rest of the system.
This error causes the downstream microgrid to shut down unless there is enough scattered
generation in other microgrids to supply loads. In the design phase, to minimize blackouts,
the microgrid’s unsupplied energy, which is equal to the base value plus the unsupplied
amount of energy, results from a mismatch between load and output. In other words, in
addition to the amount of unsecured power of the microgrid, a positive number is added
as a penalty coefficient. Therefore, the unsupplied energy and the amount and hour of
unsupplied power for the microgrid can be calculated as follows [4]:

ENSp_MG = ENSP_MG

∣∣∣∣∣sel f + (1− pMG)×
us

∑
i=1

ENSPi (21)

ENSQ_MG = ENSQ_MG

∣∣∣∣∣sel f + (1− pMG)×
us

∑
i=1

ENSQi (22)

EVSP_MG = EVSP_MG

∣∣∣∣∣sel f + (1− pMG)×
us

∑
i=1

EVSPi (23)

EVSQ_MG = EVSQ_MG

∣∣∣∣∣sel f + (1− pMG)×
us

∑
i=1

EVSQi (24)

The subtitle represents the microgrid index, pmg probability number is the part of the
year in which the output of the microgrid is more than the load, and it is calculated by
using the probability states of the output-load. The general process of assessing reliability
includes the following steps:

Step 1: Enter network information and its components, such as reliability data ENSp
and VNSp network parameters.

Step 2: Calculate the amount of local compensated reactive power and the new value
of feeder failure rate.

Step 3: If Pi is bigger than Pdi, the algorithm goes to the next step; otherwise, the
difference between the output and loads is calculated, updated, and completed.

Step 4: If Qi is greater than Qdi, the algorithm goes to the next step; otherwise, the
difference between the output and the proportional active and reactive load in all buses is
calculated, updated, and completed.

Step 5: Calculate system reliability indicators.



Appl. Sci. 2022, 12, 4743 11 of 24

Step 6: The planning problem compensates for the lack of active and reactive power
by choosing the location and type of scattered products until the indicators reach their
minimum value.

Step 7: If all the conditions are considered, the algorithm transfer to another step;
otherwise, it transfers to 3 for the next state.

Step 8: Print the results.

2.7. Problem Objective Function

To solve the problem of planning, different objective functions or a combination of
several objective functions can be considered multi-objective. There are three objective
functions in optimization, which are:

(A) Costs.
(B) Reduce system line losses.
(C) Reliability indicators.

All system development costs are included in two terms, the fixed costs (the construc-
tion of new units of distributed generation and reactive power sources and the cost of
updating new feeders) and variable costs (the cost of maintenance and operation of the
system, which is basically this cost). Existing posts are power supplies that can power at a
given variable price ceiling. The cost function is described by [4]:

Costtotal = CFC + CWT + CPV + CMS + CQ (25)

Support is common in many parts of the world. The cost of a fuel cell is equal to [31]:

CFC.i = 0.04× kWh−1 × PFC,i

ηi
(26)

PLRi =
Pg,i

Pmax,i
(27)

{
i f PLRi < 0.05⇒ ηi = 0.2716
i f PLRi ≥ 0.05⇒ ηi = 0.2716PLR5

i − 2.9996PLR4
i + 3.6503PLR3

i − 2.0704PLR2
i + 0.3747

(28)

The technology of using wind and solar to generate electricity is the new fastest-
growing source of electricity supply globally. Wind energy is mainly generated by huge
three-bladed wind turbines mounted on top of tall turrets, which work like reverse fans.
Instead of using electricity to generate wind, these turbines utilize the wind to generate
electricity. The resulting savings primarily preserve fossil energy resources and, more im-
portantly, convert them into large amounts of high value-added petrochemicals. Secondly,
the production of electricity from this type of energy is free of any environmental pollution,
which contributes significantly to preserving the healthy nature of the human environment
and thus provides a path to sustainable economic and social development. The following
relations can express the cost function for wind and solar systems:

CPV,i = a + b× PPV,i (29)

CWT,i = a + b× PWT,i (30)

where a =
CCap(kW−1)×Cap(kW)×Gr
Li f etime(Year)×365×24×LF and b = CF(kW−1) + CO&M(kW−1) are involved in this

relationship. The cost of power purchased from the main network is equal to [4]:

CMS = price.PMC (31)

In recent years, the electricity industry in some countries of the world has become
a competitive energy market in various ways, referred to as the restructured electricity
industry. In the restructured electricity industry, the transmission system is a means
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of access for electricity sellers and buyers, which is unique and remains in the hands
of the government. Its operation is left to the independent system operator. In such
systems, where the production, transmission, distribution, and sale of electricity are made
by different organs and companies, the accurate pricing of power or energy has a special
feature and complexity. To transfer power with suitable and safe reliability from the point
of the system (vendor), one of the most important services is the reactive power supply
service in the system, without which it is not possible to transfer real power in the power
system. For various reasons, such as novelty and complexity, the issue of reactive power
service pricing in the restructured electricity industry has received less attention. The cost
of installing reactive power sources is equal to [32]:

CQ = ∑nc
i=1 f ci + CiQi (32)

The goal is to minimize system line losses after installation and DG power injection
into the distribution network. We have a goal for this function:

PLoss = ∑Nbr
i=1 Ri × |Ii|2 (33)

The expected cost of customer disconnection (Ecost) in this paper is calculated as
follows [33]:

Ecos t = ∑nl
i=1 IEARi·ENSi (34)

nl is the number of types of loads, EAR is the rate of assessment of power outages in
dollars per kilowatt-hour, and ENS is the energy is not provided, which in this formula can
be replaced by the four indicators previously defined. By combining the four indicators as
follows, a cost index for unsupplied energy is defined as follows [4]:

Ecos t = ∑nl
i=1 IEARi × ENSpi+∑nl

i=1 IEAR× ENSQi + ∑nl
i=1 IEARi × EVSpi + ∑nl

i=1 IEARi × EVSQi (35)

2.8. Problem Constraints

The constraints on the capacity of the electric distribution system planning are as
follows, and these power distribution equations are the same as the conventional load
distribution equations and must be established for each load level in the power grid [4]:

∑ PDG ±∑ PDESRs −∑ PLoad = Vt,i∑Nbus
j=1 Vt,j(Gi,j × cos θij + Bi,j × sin θij) ∀j, t (36)

∑ QDG ±∑ QDESRs −∑ QLoad = Vt,i∑Nbus
j=1 Vt,j(Gi,j × cos θij − Bi,j × sin θij) ∀j, t (37)

Operation constraints: these constraints are mostly related to the physical issues and
the capacity of the elements of the power network, which are:

- Line flow limits:∣∣Sij
∣∣ = ∣∣∣V2

i Gij −ViVi(Gij × cos θij + Bi,j × sin θij)
∣∣∣ ≤ SMAX

ij (38)

- Voltage size changes, as follows:

VMIN
i ≤ Vi ≤ VMAX

i i = 1, 2, 3, . . . , N (39)

- Limiting the production of active and reactive power of generators, as follows:

PMIN
DGi ≤ PDGi ≤ PMAX

DGi (40)

QMIN
DGi ≤ QDGi ≤ QMAX

DGi (41)
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Capacity constraint DG: according to [34], in island mode operation for DG with
non-probabilistic output must be at least 80% by this condition:

0.6× PLi ≤ PFCi (42)

In an extensive unit distribution system DG, power is reversed to the power system
via substation transformers. This reverse current leads to an increase in the losses and
overheating of the feeder; therefore, the network has the unique right to limit the output
DG to 60% of the nominal power of the post:

∑NDG
i=1 PDGi ≤ 0.6× Prated_tr (43)

3. Proposed Optimization Algorithm

This paper related to the natural behavior of two Seagulls (Laridae) [35]. In modeling
this algorithm, different parts must be considered, which are described in detail below.

3.1. Migration (Exploration)

The model simulates how groups move from one place to another. Avoid collisions:
to avoid collisions between adjacent items (e.g., other Seagulls), variable A is utilized to
calculate the search status. →

Cs = A×
→
P s(x) (44)

→
Cs is the search agent status,

→
P s is the search agent stream status, x indicates the

repetition of the stream, and A indicates the search agent behavior.

A = fc − (x× ( fc / Maxiteration) (45)

Here, x = 0, 1, 2, . . . , Maxiteration iteration fc is used for controlling frequency variable A.

(A) Move in the direction of neighbor after avoiding collisions between neighbors as follows:

→
Ms = B× (

→
Pbs(x)−

→
P s(x)) (46)

where
→
Ms shows positions of the search agent

→
P s relative to search agent

→
Pbs (i.e., the best

Seagull). Behavior B is random. B is obtained as follows:

B = 2× A2 × rd (47)

rd is a number from 0 to 1.

(B) Stay close to the search agent: finally, the search is followed by considering the best
search agent.

→
Ds =

∣∣∣∣→Cs +
→
Ms

∣∣∣∣ (48)

where
→
D indicates the distance of factor and best-fit search factor (i.e., the best Seagull with

the lowest fit value).

3.2. Attack (Exploitation)

The purpose of exploitation is to extractthe history and experience of the search process
(see Figure 5). This behavior is described on pages x, y, and z:

x′ = r× cos(k) (49)

y′ = r× sin(k) (50)

z′ = r× k (51)
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r = u× ekv (52)

The r is the radius of each helical rotation, and u and v are constants for defining helix
shape. The status of the search agent is obtained by Equations (52)–(54).

→
P s(x) = (

→
Ds × x′ × y′ × z′) +

→
Pbs(x). (53)

where stores
→
P s(x) is the best solution and the proposed SOA starts with a randomly

generated population. The SOA is a global optimizer which is better for its ability to explore
and exploit.

3.3. Chaos Model

Because information is searched in the space by a turbulence technique and rationale
is the nonlinear structure of the problem under study, the formula of the dimensional d
problem is stated as:

cs+1
d = µs

d(1− cs
d), 0 ≤ c0 ≤ 1 (54)

s is equal to 0, 1, and µ is equal to 4.

3.4. Multi-Objective-Fuzzy Model

As mentioned, the concept of special optimization is used to solve optimization
problems. Based on Pareto’s concept of dominance, the criterion of optimality is stated as:

X1 overcomes X2 if and only if two positions are met. The expression is stated as
follows:

X1 ≺ X2 ⇔ (∀i ∈ {1, 2, . . . , n} : fi(X1) ≤
fi(X2))̂(∃i ∈ {1, 2, . . . , n} : fi(X1) ≤ fi(X2))

(55)

Additionally, the X ∈ X f decision vector concerns A ⊆ X f , the unsuccessful set, if
and only if

∃a ∈ A : X ≺ a (56)

X is Pareto’s optimal if and only if it is unfavorable to XF [36]. The set of all faulty
decision vectors in set A is assumed as follows:

P(A) = {a ∈ A|aisNon− dominated A} (57)

The set P(A) with respect to A is an unfavorable set, and the corresponding set of
vectors F(P(A)) is its unfavorable edge. In addition, the set XP = P(Xf ) defines the Pareto
optimal set and YP = F(Xp) defines the Pareto optimal front. This section introduces a fuzzy
decision function with a membership function (µc) that can accommodate the exact amount
of variables. The set fi is stated via membership function µi:

µi = ( f max
i − fi)/( f max

i − f min
i ) (58)

fimax and fimin are the upper and lower limits of the i-th objective function:

FDMi =


0 µi ≤ 0
µi 0 < µi < 1
1 µi ≥ 1

(59)

k is the non-dominated solution, and the FDMk membership function is:

FDMk =

2
∑

i=1
FDMk

i

M
∑

j=1

2
∑

i=1
FDMj

i

(60)
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The flowchart of the model of problem-solving is presented in Figure 7.
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4. Simulation Results

Here, the studied system and simulation results are presented. It should be noted that
the simulation in the software version 2016 was completed with a personal computer with
8 GB of RAM and a 3 GHz, 5-core processor.

4.1. Introducing Studied System

In this paper, solar generators, wind turbines, and fuel cells are considered units.
Investment costs and other issue data are presented in Table 1. The cost of purchasing
energy from the national grid is USD 0.2 per kilowatt on a one-year planning horizon.
The fixed cost of installing a reactive power supply f ci is estimated at USD 1000, and the
variable cost of a reactive power supply ci is estimated at USD 30 per kilowatt.
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Table 1. Distributed production cost data.

WT PV FC

Investment cos t (∗kW−1) 1500 6675 -

Capacity (kW ) 750 600 1000

Annual interest rate 1 1 -

Life span (Year ) 20 20 -

Power factor 1 1 Variable

Fuel cos t (∗kWh−1) 0 0 -

Maintenance cos t (∗kWh−1) 0/005 0/005 -

The consumer load specifications and power outage assessment rates are presented in
Table 2.

Table 2. Initial network load data.

Type of Load Amount Percentage IEAR

Important (Active) 5.21 MW 70% 2000 ($/kWh)

Normal (Active) 2.23 MW 30% 500 ($/kWh)

Important (Reactive) 1.04 MVar 70% 200 ($/KVarh)

Normal (Reactive) 0.44 MVar 30% 20 ($/KVarh)

Other assumptions of the problem are:

• For the microgrid to succeed, at least 60% of the load must be supplied by the non-
probabilistic output, which is included as a constraint.

• Renewable units are operated with a unit power factor [37].
• There is no energy storage option, so if necessary, non-renewable sources are adjusted

according to the load requirement, i.e., no excess is allowed. This strategy only applies
during the operation of the island. However, when connected to the network, the
franchisee uses the program to inject the generated power into the system.

• In the case of an upstream error, the load-cutting strategy is only performed in the
case of islands with priority loads.

• All network loads are considered with a constant power factor.
• In the planning stage, according to the costs of purchasing energy and the cost of

installing distributed products, the amount of energy production within the microgrid
is determined. In the case of connected to the network, their utilization is determined
according to the cost of production of distributed products and the energy purchased.

• In this work, the improvement of potential microgrid reliability due to line capacity
liberalization is considered.

In the standard 34-bus distribution system, demand of 6.456 MW was adopted to
evaluate the proposed method. Voltage and apparent power are the basis of choice for
12.66 kV and 100 MV analysis.

4.2. Results and Numerical Analysis

In this paper, the base’s sweep load method is modified to consider the dispersed
production units. To implement the proposed method, first, the number, type, size, and
location of distributed generation units and reactive power sources are obtained. It should
be noted that the amount of resource capacity obtained to some extent makes the results
more practical with capacities close to it. Since the problem of zoning by the graph to
obtain the boundaries of the areas to install the power switch depends on the first step of
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the network designer, scenarios are considered, and it cannot be divided into more than
four areas. The results will be presented in three scenarios.

(A) The first scenario
The maximum number of areas is divided into four areas. Figure 8 reveals the network

under study and the scope of each area.
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Table 3 presents the locations of distributed generation sources and the location of
sources and their size. In this table, the second column shows the location of the scattered
products, the third column shows their type, and the fourth column shows their capacity.
The fifth column shows the location of reactive power sources, including the capacitor
or reactive power injected by the fuel cell, and the last column shows the amount of the
reactive power. Table 4 lists the unsupplied energy in each area. The total cost of operation,
the expected cost of disconnecting the customer, and the average total loss for operation, in
this case, are USD 23.15 billion, USD 2.54 million, and 91.10 kW. Reactive power effects on
the depletion of line capacity to improve reliability are considered. Otherwise, the expected
cut-off cost will be higher than the actual amount obtained and equal USD 3.12 million.

Table 3. Specifications of resources installed in the network in terms of kW and kVAr.

Microgrid Place DG Type DG Size DG Source Location Q Source Size Q

1 3, 4 FC, WT 500, 300 2 (FC) 440

2 8, 11 WT, FC 432, 498 12 (FC) 439

3 17, 20 FC, FC 476, 300 23, 21 (FC) 495, 600

4 25, 28, 33 WT, PV, FC 421, 532, 602 34, 33 (FC) 456, 575

Table 4. Expected unmet energy supply (in terms of MWh and MVArh ) due to lack of active and
reactive power.

Microgrid ENSP ENSQ EVSP EVSQ

1 47.32 7.18 47.18 9.32

2 42.72 5.03 38.53 6.45

3 21.95 3.43 22.07 4.57

4 18.74 4.65 17.84 3.53

(B) The second scenario
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In this scenario, the network is divided into three areas by changing the initial conjec-
ture. Figure 9 depicts the network under study and the scope of each area.
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Table 5 presents the locations of distributed generation sources and their types and size.
Table 6 lists the unsupplied energy in each area. The total cost of operation, the expected
cost of disconnecting the customer, and the average total loss for operation, in this case, are
USD 17.12 billion, USD 3.12 million, and 54,029 kW. It should be noted that the amount
of cut-off cost without considering the capacity of the lines due to local compensation of
reactive power is USD 3.24 million.

Table 5. Specifications of resources installed in the network in terms of kW and kVAr.

Microgrid Place DG Type DG Size DG Source Location Q Source Size Q

1 11, 7, 5, 2 FC, PV.WT, PV 332, 386, 342, 632 5, (FC)2 453, 322

2 25, 23, 22 FC, FC, PV, PV 268, 332, 564, 621 21 (FC), 19 (FC) 321, 298

3 35, 31, 27, 25 FC, PV, WT, WT 267, 432, 610, 457 34, 28 (FC) 465, 298

Table 6. Expected unmet energy supply (in terms of MWh and MVArh ) due to lack of active and
reactive power.

Microgrid ENSP ENSQ EVSP EVSQ

1 88.32 11.29 92.32 17.25

2 42.21 8.52 43.54 5.64

3 15.54 3.32 20.86 3.68

(C) The third scenario
In the last scenario, by selecting another number for the first region, the last possible

state is obtained, including two regions. Figure 10 shows the studied network and the
scope of each area. Table 7 presents the optimal locations of distributed generation sources
and their type and size. Table 8 lists the unsupplied energy in each area. The total
cost of operation, the expected cost of disconnecting the customer, and the average total
losses for operation, in this case, are USD 32.16 billion, USD 4.87 million, and 148.09 kW.
The estimated cut-off cost, excluding line capacity depletion due to local reactive power
compensation, is USD 5.89 million.
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Table 7. Specifications of resources installed in the network by kVAr and kW.

Microgrid Place DG Type DG Size DG Source Location Q Source Size Q

1 2, 5, 6, 7, 15 WT, PV, WT, FC, FC 473, 387, 498, 428, 592, 445 8, 2 (FC),16 (FC) 387, 399, 386

2 16, 24, 26, 31, 34 FC, WT, FC, FC, WT 427, 489, 433, 429, 459 17 (FC), 27 (FC), 33 (FC), 34 400,395,376,310

Table 8. Expected unmet energy supply (in terms of MWh and MVArh ) due to lack of active and
reactive power.

Microgrids ENSP ENSQ EVSP EVSQ

1 16/52 24/23 175/57 30/36

2 55/83 8/89 56/23 8/19

Different modes are possible for zoning. By comparing these three cases from the point
of view of reliability index and total costs, zoning of the network into two microgrids will
have high investment costs and cut-off costs, which result from the high unsupplied energy
due to lack of active, reactive power according to Table 8. Therefore, this state of topology
will not be appropriate. However, for the case where the network is divided into three and
four microgrids, it is observed that the zoning of the system is divided into four microgrids
in low supply, as detailed in Table 4. In addition, the design of three microgrids will have
fewer losses, indicating that this design is more appropriate. For a better comparison, in
Table 9, the design results are given to create the number of different microgrids.

Table 9. Comparison of design with the creation of different microgrids.

Number of Microgrids Total Cost Ecost Losses Reactive Ecost without Power Compensation

2 23.15 2.54 91.10 3.12

3 17.12 3.12 54.029 3.24

4 32.16 4.87 148.09 5.89

4.3. Error Analysis

To investigate the reliability of the study distribution system, errors are considered in
different parts of the system. For this purpose, assuming that the fault location is detected
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in the ground state where the network is not zoned, the downstream fault network is
separated so that the fault-free parts can be exploited. However, in the zoned state, even
with the separation of the lower part, more than 70% of the microgrid load is provided. It
should be noted that because the steady-state conditions of the system are considered in the
design, the dynamics and transient state of the system are not considered. Therefore, the
operator can prevent the shutdown of the microgrids created by using two corrective actions
to remove the load and increase the non-probabilistic production. For this purpose, three
errors were applied in each of the three microgrids obtained from Scenario 2. Assuming
that the first error is in the first microgrid and the range of 2 to 11 buses, if the network is
not operating as a microgrid, all the buses after the error will be located without electricity.
However, in the microgrid mode, the second and third microgrids will be located. They can
be retrieved after an error occurs and disconnected from the upstream area and provide
other network loads as an island by eliminating lower priority loads. Suppose the error
occurs in the second microgrid, e.g., in the range of 13 to 23, after recovery. In that case,
only the microgrid between the error and the start of the third microgrid will be without
electricity. The necessary loads of the third microgrid will be provided with a suitable
reloading plan. In the end, with an error in the third microgrid in the range of 25 to 34 buses
from the fault location to the end of the network, all these loads will be disconnected, and
in this case, there is no difference in the middle of any of the operating modes. In Table 10,
for example, an error is applied in each microgrids, and the reliability index is evaluated in
the two cases mentioned.

Table 10. Error analysis in the designed microgrid.

Type of Operation Error (%) ENSP ENSQ VNSQ VNSQ

Traditional distribution system

5 142.21 19.32 144.32 25.28

18 75.24 10.24 81.54 12.65

30 27.06 4.57 25.75 4.32

Microgrid

5 101.45 13.67 112.15 15.51

18 64.79 6.13 71.28 10.78

30 26.37 3.25 26.32 4.32

At the same time, the investment cost of installing circuit breakers and creating
separate operating centers for each microgrid to create the ability to become an island is
cost-effective in terms of improving network reliability due to the return on the investment
use of renewable products. Therefore, the importance of considering the issue of planning
combined with the zoning of current conventional networks and the transition to new
self-sufficient microgrids is evident.

4.4. Algorithm Analysis

The optimal coefficients of the suggested model are obtained by various test functions.
The first initial population is 60, σ = 0.3, λ = N/2, repetition is 300, and the results are
compared with NSGA, SPEA, and MOPSO models. The convergence of the optimal Pareto
set (C-metric (C): C-metric) to cover the above objectives is considered:

Suppose S1 and S2 ⊆ S sets of answers and C-metric is pairs (S1, S2) and [0, 1] distances
according to the following relation:

C(S1, S2) =
|{a2 ∈ S2, ∃a1 ∈ S1 : a1 ≺ a2}|

|S2|
(61)

If C(S1, S2) = 1, answers in set S2 override the answers S1. If C(S1, S2) = 0, no
S2 answers are covered via S1. Both C(S1, S2) and C(S2, S1) are compared, and obtained
data are presented in Table 11. The NSGA, SPEA, and MOPSO are the mean values of
68.3%, 50.2%, and 48.3%, which are covered by our model. According to the data presented
in Table 5, our model is worked better than other models.
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Table 11. Comparison of algorithms based on C-metric criteria.

C(B1,B2) C(B2,B1) C(B1,B3) C(B3,B1) C(B1,B4) C(B4,B1)

Best 0.752 0.0038 0.524 0.0214 0.501 0.0318

Average 0.683 0.001112 0.502 0.0238 0.483 0.0315

Std 0.0029 0.00012 0.0036 0.00021 0.00221 0.00012

The following test function was selected to compare the performance of the proposed
method, GWO, ALO, WOA, Harris Hawks Optimizer (HHO), Moth optimization (MO),
and sine cosine optimization (SSO):

f (x) = (
5

∑
i=1

i cos((i + 1)x1 + i))(
5

∑
i=1

i cos((i + 1)x2 + i)) (62)

The reason for choosing this function is the existence of local points and flat plates
and its many valleys and peaks. Figure 11 demonstrates a 3D view to better understand
this function. It should be noted that the minimum value of this function is equal to
−7309/186. To make a good comparison between the proposed methods, the number
of initial populations and repetition of the program for all sexes are equal to 50 and 200,
respectively. Figure 12 shows a convergence comparison of the methods used. From the
obtained results, it can be seen that the proposed method achieves convergence in less time
and, at the same time, gives a better optimal answer compared to other methods. From
the closeness between the maximum and the minimum answer, it can be seen that the
proposed algorithm has less standard deviation, which indicates its better resistance to
solving the optimization problem.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 23 of 25 
 

 
Figure 11. Three-dimensional view of the standard test function. 

 
Figure 12. Convergence of proposed methods to solve the standard test function. 

5. Conclusions 
In the planning step for distribution networks, the optimal design of microgrids is a 

crucial matter. One of the most critical goals in the design of microgrids is to provide a 
load with the highest reliability and lowest cost. The construction of microgrids in the 
distribution system has many advantages in minimizing the interaction between the mi-
crogrids, preventing the progression of errors, and ultimately increasing the reliability of 
consumers and distribution companies. In this research study, considering the im-
portance of both cost and reliability aspects, several approaches are created and com-
pared to optimally design the concept of microgrids in an active distribution network. 
Initially, the distribution system is developed by introducing different types of units, 
such as wind turbines, solar generators, and fuel cell generators. Due to the nature of 
renewable sources and hourly load characteristics, these products’ appropriate location 
and size to minimize total losses and cost and reliability criteria are optimally deter-
mined. Simultaneously, by using graph theory and obtaining the zoning matrix, the sys-

Figure 11. Three-dimensional view of the standard test function.



Appl. Sci. 2022, 12, 4743 22 of 24

Appl. Sci. 2022, 12, x FOR PEER REVIEW 23 of 25 
 

 
Figure 11. Three-dimensional view of the standard test function. 

 
Figure 12. Convergence of proposed methods to solve the standard test function. 

5. Conclusions 
In the planning step for distribution networks, the optimal design of microgrids is a 

crucial matter. One of the most critical goals in the design of microgrids is to provide a 
load with the highest reliability and lowest cost. The construction of microgrids in the 
distribution system has many advantages in minimizing the interaction between the mi-
crogrids, preventing the progression of errors, and ultimately increasing the reliability of 
consumers and distribution companies. In this research study, considering the im-
portance of both cost and reliability aspects, several approaches are created and com-
pared to optimally design the concept of microgrids in an active distribution network. 
Initially, the distribution system is developed by introducing different types of units, 
such as wind turbines, solar generators, and fuel cell generators. Due to the nature of 
renewable sources and hourly load characteristics, these products’ appropriate location 
and size to minimize total losses and cost and reliability criteria are optimally deter-
mined. Simultaneously, by using graph theory and obtaining the zoning matrix, the sys-

Figure 12. Convergence of proposed methods to solve the standard test function.

5. Conclusions

In the planning step for distribution networks, the optimal design of microgrids is a
crucial matter. One of the most critical goals in the design of microgrids is to provide a load
with the highest reliability and lowest cost. The construction of microgrids in the distribu-
tion system has many advantages in minimizing the interaction between the microgrids,
preventing the progression of errors, and ultimately increasing the reliability of consumers
and distribution companies. In this research study, considering the importance of both
cost and reliability aspects, several approaches are created and compared to optimally
design the concept of microgrids in an active distribution network. Initially, the distribution
system is developed by introducing different types of units, such as wind turbines, solar
generators, and fuel cell generators. Due to the nature of renewable sources and hourly
load characteristics, these products’ appropriate location and size to minimize total losses
and cost and reliability criteria are optimally determined. Simultaneously, by using graph
theory and obtaining the zoning matrix, the system is divided into optimal microgrids
that are modified to consider different areas of the indicators. Since such a problem has its
own complexity, the developed Seagull algorithm is used to solve it. In this algorithm, the
concept of dynamic archiving with the ability to store non-dominant Pareto answers is used.
The roulette cycle method is used to find suitable archived answers. Finally, the proposed
method and model for a sample system in different scenarios are discussed. Various zoning
scenarios were considered to obtain the best zoning mode and the most reliable microgrid
considering the costs. This strategy will make it easier to control each microgrid and protect
healthy areas of the network during disruptions. In addition, in most studies, the problem
is seen as a single objective using weighting coefficients. However, as can be seen here, the
importance of considering the conflict between goals is unavoidable. Therefore, since the
third approach provides more choices for the system designer, and it usually makes more
sense to consider several goals simultaneously in practice, the third approach is better than
the first and second approaches.

According to the hypothetical errors, the comparison of the corresponding rows in the
table above shows that in the programming mode—considering the island capability, for
example, ENSP, ENSQ, VNSQ, and VNSP, the index for the first error was improved by
29.67, 31.37, 25.32, and 35.12%, respectively. For other errors, improvements are also observed.

In future work, the presence of electric vehicles and energy storage resources as
equipment used in microgrids to implement demand-side management programs will be
discussed. In addition, the environmental pollution along with the economic aspect and
reliability can be discussed.
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