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Abstract: Even though many studies have been deployed to determine the optimal planning and
operation of microgrids, limited research was discussed to determine the optimal microgrids’ geo-
graphical boundaries. This paper proposes a zonal-based optimal microgrid identification model
aiming at identifying the optimal microgrids topology in the current distribution systems through
zoning the network into several clusters. In addition, the proposed model was developed as a
mixed-integer linear programming (MILP) problem that identifies the optimal capacity and location
of installing distributed energy resources (DERs), including but not limited to renewable energy
resources and Battery Energy Storage Systems (BESS), within the determined microgrid’s boundaries.
Moreover, it investigates the impact of incorporating the BESS in boosting the DERs’ penetration on
the optimal centralized microgrid. Numerical simulations on the IEEE-33 bus test system demon-
strate the features and effectiveness of the proposed model on identifying the optimal microgrid
geographical boundaries on current distribution grids as well as its capability on defining the optimal
sizes and locations of installing DERs within the microgrid’s zonal area.

Keywords: battery energy storage system (BESS); distributed energy resources (DERs); microgrids
topology; mixed-integer linear programming; optimization

1. Introduction

Incorporating renewable energy resources into current distribution grids in an in-
telligent and optimal manner attracts the attention of researchers and intellectuals due
to its significance in conserving natural energy resources and its affirmative impact on
the environment [1–4]. Renewable energy resources started to become attractive during
the mid of 1970s to preserve natural/conventional fuel sources and became even more
substantial during the 1980s after diagnosing the enormous impact of traditional power
system sources on global warming and environmental pollution [5–7]. Renewable energy
resources such as solar photovoltaics, wind turbines, fuel cell, hydropower, ocean energies,
biomass, and geothermal deliver sustainable and clean energy to end-user consumers and
are considered fundamental resources in energy-saving communities [8–11]. However, it
is challenging to integrate into existing distribution grids due to their intermittency and
volatility characteristics.

One of the recently emerged technology, microgrids, about two decades ago, is pro-
jected to expand the renewable energy resources penetration into the distribution grids with
a higher degree of resiliency and reliability [12–16]. The microgrid is a controllable small-
scale power system comprised of a mix of Distributed Energy Resources (DERs) that are
installed next to predefined loads, i.e., the loads within the microgrid’s controllable bound-
aries, to provide the system with sufficient requirements of reliability and resiliency and
to increase the projected economic benefits [17–21]. The microgrid can operate connected
to the main power grid and as isolated from the main power grid, i.e., in grid-connected
and islanded modes, respectively. In the grid-connected mode, the microgrid has a chance
to exchange its local power generation with the main power grid for mutual benefits, as
it can support the distribution grid with an instant power generation during peak power
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demand, which increases its economic benefits by selling its surplus power generation,
and also still has the path to import its further need of power to supply its local load de-
mand [22–25]. On the other hand, the microgrid is shifted to operate in the islanded mode
during upstream incidents to protect its equipment from unexpected faulty conditions
whilst supplying its local loads demands with sufficient power requirement [26–28]. The
microgrid’s optimal operation and planning were extensively discussed and studied in the
literature [29–32]. However, recognizing the microgrids’ actual sizing and boundaries on
the current distribution grids has not been sufficiently discussed and investigated.

Dividing the distribution network into multiple clusters or zones reliefs is part of the
operational challenges that occur when accommodating large-scale DERs into existing
distribution systems. However, it may create further challenges that require updating
distribution systems infrastructure. The concept of zoning the power distribution system
into multiple zones or clusters was discussed in the literature [33–38]. In [39], a zonal
operation scheme of distributed generators was presented in order to regulate the voltage
in a distribution network based on SCADA information, where the system is divided into
several voltage regulation zones based on the distribution network’s impedance data and
taking into account high penetration of photovoltaic systems (PVs). The study in [40]
presented a dynamic zone division scheme based on the power system sensitivity analysis
to divide a large power system into smaller zonal areas, where the proposed study is con-
ducted to build the functional module of the energy management system in the Guangdong
power grid. In [41], the authors proposed a decentralized voltage control scheme based
on distributed generators that provide voltage support in distribution networks in a short-
and long-term manner. The system is divided into several local controllable zones in order
to determine the voltage control limits for each distributed generator, whereas the divided
controllable zones are determined based on the distributed generators’ location, number,
and size and are reconfigurable in response to the real-time network topology changes. The
study in [42] proposes a coordinated voltage control strategy to control the distribution
network voltage regulation considering a high penetration of distributed generators (DGs)
in the distribution system, where both DGs and On-Load Tap Changer are considered as
voltage regulators for the distribution system. Moreover, it adopts a hierarchical voltage
regulation method to eliminate the over-limit voltage in each voltage control zone. In [43], a
novel hybrid optimization algorithm based on a combination of modified shuffled frog leap-
ing algorithm (MSFLA) and improved particle swarm optimization (IPSO) was proposed to
solve the distribution feeder reconfiguration problem along with the optimal capacitor allo-
cation. The study in [44] proposed a modified honey bee mating optimization algorithm to
solve the dynamic distribution feeder reconfiguration problem considering system loss, op-
erational cost, and voltage stability index. In [45], a modified particle swarm optimization
algorithm (MPSO) was proposed to solve the dynamic distribution feeder reconfiguration
problem for energy management in the distribution system. In [46], a centralized control
approach was proposed to optimize the voltage profile of the distribution systems based
on identifying the set-points of controllers of the DERs that are coupled to the distribution
grid. The distribution network is divided into multiple voltage control zones through the
execution of the sensitivity analysis of the system, which is also used to determine the pilot
node in each voltage control zone. In [47], a hierarchical clustering-based zone division
was proposed to divide the power network into an identified number of smaller zones
in order to facilitate the operation and control for system operators. The formation of the
zones is accomplished based on the inter- and intra-cluster distances between each node in
the system. The study in [48] proposed a hybrid algorithm based on hierarchical evolution
for solving large-scale multi-zones power system economic dispatch problems considering
complex practical constraints. In [49], a decentralized adaptive emergency control scheme
was proposed to regulate the voltage instability issues of the power system by splitting
the power system into several zones taking into account the concept of electrical distance
during the division process. In [50], a hybrid approach that combines evolutionary and
conventional graph partitioning algorithms was proposed to divide the power system net-
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work into smaller clusters or zones based on cluster connectedness and sizes, as well as the
number of zones and the electrical distances in order to support the control and planning
applications. Even though several studies were conducted that utilize dividing the power
distribution network into several smaller zones, identifying the optimal microgrids’ actual
locations and boundaries on the current power distribution systems has not been explicitly
investigated.

This paper proposes a zonal-based optimal microgrid identification model that boosts
identifying the microgrid’s optimal topology in current distribution systems. The model
accordingly identifies the optimal location and size of the DERs that are installed within
the defined area of the centralized microgrid. Consequently, the proposed model can
effectively reduce the complexity that arises from installing DERs by centralizing their
installations in a specific area (i.e., within the optimal topology of the microgrid) instead
of randomly distributing them over the distribution network. Moreover, the proposed
study can efficiently accelerate realizing the envisioned smart grids due to considering
current distribution networks to incorporate the installation of the microgrids, which in turn
facilitate the integration of DERs, including renewable energy resources and battery energy
storage systems (BESS). The main contributions of this paper are summarized as follows:

• A zonal-based microgrid identification model was developed to identify the optimal
zone topology that is defined based on the optimal centralized microgrid physical
boundaries;

• The model was developed as a mixed-integer linear programming (MILP) problem that
effectively reduces the computational time and significantly decreases the complexity
in solving the power flow optimization problem;

• The proposed optimization approach is capable of determining the optimal sizes and
locations of the DERs that would be installed in the centralized microgrids. Moreover,
the impact of incorporating the BESS was considered and analyzed.

The rest of the paper is structured as follows: Section 2 discusses the model outline
of the proposed zonal-based optimal microgrids identification, Section 3 introduces the
problem formulation of the proposed model, Section 4 presents numerical simulations on
a distribution network test system, and Section 5 concludes the paper and highlights the
key points.

2. Model Outline

The proposed model recognizes the centralized microgrid physical boundaries (i.e.,
buses numbers that can be grouped to form a microgrid within existing distribution
systems) by utilizing a linearized power flow model. This centralized microgrid can
effectively mitigate the need to upgrade current distribution systems, facilitate controlling
the microgrid operation, and enhance the entire system reliability by increasing the DERs
installations. This model optimally identifies the largest feasible DERs that can be installed
within the determined zone.

Figure 1 demonstrates the flowchart of the proposed model. The model calculates the
optimal linear power flow to ensure the system’s feasibility. It should be mentioned that the
applied AC linear power flow model overcomes the issues associated with the high R/X ratio,
unlike the classical power flow analysis techniques such as Newton Raphson and Gauss–
Seidel methods, which are not suitable for radial distribution systems [51–53]. Therefore,
the linearization of the AC power flow equation provides the required information in the
power flow analysis of radial distribution systems with a high level of accuracy in voltage
magnitude and angle values. The optimal linear power flow is subject to the distribution
system operational constraints, which include active and reactive power flow limits and
voltage variation limits. In addition, it is capable of identifying the optimal regional
zone within the distribution network to be a centralized microgrid based on developed
constraints that take into account line lengths and buses correlation. It should be mentioned
that the DERs surplus generation beyond local loads demand (i.e., loads demand within
the identified microgrid) is computed to be utilized to supply other buses loads of the
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distribution system. The impact of installing additional BESS on the system is considered
by involving the BESS constraints, which is predicted to increase the DERs installation.
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Figure 1. Flowchart of the proposed model.

3. Problem Formulation

This section proposes the mathematical problem formulation that allocates centralized
microgrids into existing distribution systems while maximizing DERs installations.

3.1. Objective Function

The objective function in Equation (1) of the proposed model is to maximize the DERs
installations in the selected centralized microgrid topology.

max ∑
m∈Z

PDER
m (1)

This objective is subject to the following equality and inequality constraints that are
described in the following subsections. Moreover, maximizing the DERs into the selected
zone represents the maximum available amount of power that can be distributed within
the microgrid.

3.2. Microgrid Topology Constraints

The centralized microgrid topology is defined based on the declared line distances
between buses, the connectivity of distribution buses, and the radiality structure of the
entire distribution system. The zone area of the centralized microgrid is mathematically
defined as follows:

λmin
mn ≤ Z ∀mn ∈ L (2)

Z ≤ ∑
n∈Lm

λmnUmn ∀m ∈ B (3)

Equation (2) ensures that each created zone is equal to or larger than the minimum
declared distance, which is the least line lengths between the distribution system’s buses.
Therefore, this constraint drives the model to create the largest feasible zones topologies
that are used to determine the microgrid physical boundaries. Equation (3) is presented
to determine that each zone size is designed based on the total lines’ lengths. However, it
further excludes any bus that is connected with more than two buses from the zone area.



Energies 2022, 15, 2446 5 of 15

This can be achieved by the existence of the binary variable U, which is equal to zero if the
selected bus is connected with more than two buses, and one otherwise. In other words,
this binary variable is used to guarantee that each bus within the microgrid topology must
not be connected to more than two lines. Equations (2) and (3) act together to ensure that
the microgrid can be designed without impacting the operation of the entire distribution
system.

It should be mentioned that the connectivity of all buses is guaranteed based on
the power flow active and reactive constraints, which is demonstrated in the following
subsection.

3.3. Linear Power Flow Constraints

Linear power flow models overcome the main challenges and drawbacks of nonlinear
models. The AC power flow linearization algorithm proposed in [16] is used in this model
as follows:

∑
c∈G

PM
c + ∑

n∈Lm

PLmn + PDER
m + PB

m = PD
m ∀m ∈ B (4)

∑
c∈G

QM
c + ∑

n∈Lm

QLmn + QDER
m = QD

m ∀m ∈ B (5)

− PM,max
c ≤ PM

c ≤ PM,max
c ∀c ∈ G (6)

−QM,max
c ≤ QM

c ≤ QM,max
c ∀c ∈ G (7)

PLmn = gmn
(
1 + ∆V̂m

)
(∆Vm − ∆Vn)− bmn(∆θm − ∆θn) ∀mn ∈ L (8)

QLmn = −bmn
(
1 + ∆V̂m

)
(∆Vm − ∆Vn)− gmn(∆θm − ∆θn) ∀mn ∈ L (9)

− PLmax
mn ≤ PLmn ≤ PLmax

mn ∀mn ∈ L (10)

−QLmax
mn ≤ QLmn ≤ QLmax

mn ∀mn ∈ L (11)

∆Vmin
m ≤ ∆Vm ≤ ∆Vmax

m ∀m ∈ B (12)

The objective of maximizing the installed DERs in the centralized microgrid is subject
to the equality and inequality Equations (4)–(12). The active and reactive power balance
Equations (4) and (5) are used in this model to ensure that the total generated power
supplies the total distribution loads. In these active and reactive power balance equations,
the total generated power is defined as the total power supplied from the upstream grid
and the available power that can be supplied by the installed DERs. The total power
supplied from the upstream grid will be defined based on the upper and lower bounds
Equations (6) and (7) for the active and reactive supplied power, respectively. The active
and reactive power flow between two adjacent buses is defined based on the linear power
flow Equations (8) and (9), respectively. In Equations (8) and (9), voltage values in all buses
are defined based on their deviation from the voltage magnitude of the upstream grid,
i.e., ∆Vm = 1− Vm. The value of ∆V̂m is defined as a constant value that represents the
calculated deviation in bus m, which is calculated in a previous step in the linearization
process. Moreover, gmn and bmn represent the conductance and susceptance of the line
between buses m and n, respectively. The active and reactive power flow equations are
limited by their upper and lower bounds in Equations (10) and (11), respectively. Equation
(12) represents the minimum and maximum voltage variation limits for all buses. In the
designed model, the active and reactive power balance equations are used to guarantee the
connectivity of the centralized microgrid within the entire distribution system.

3.4. Battery Energy Storage System

The installation of the BESS in the microgrid is subject to the following constraints:

PR,min ≤ PR
m ≤ PR,max ∀m ∈ B (13)
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ER,min ≤ ER
m ≤ ER,max ∀m ∈ B (14)

0 ≤ Pdch
m ≤ PRvm ∀m ∈ B (15)

− PRum ≤ Pch
m ≤ 0 ∀m ∈ B (16)

PB
m = Pdch

m + Pch
m ∀m ∈ B (17)

EB
m = H B

m −
Pdch

m
η
− Pch

m ∀m ∈ B (18)

um + vm ≤ 1 ∀m ∈ B (19)

Rated power and energy limits of BESS are constrained in Equations (13) and (14),
respectively. The maximum and minimum charging and discharging power are constrained
in Equations (15) and (16), respectively. It is worth mentioning that the BESS power
is perceived as positive during discharging mode as it is producing power, whilst it is
considered negative during charging mode as it is consuming power in this condition.
Equation (17) indicates the BESS output power as it involves the summation of BESS
discharging and charging power. The BESS available hourly stored energy is calculated
based on the available energy at the past hour minus the discharged/charged power while
considering the energy storage efficiency in Equation (18). Consequently, the BESS available
stored energy increases when it is charged and decreases when it is discharged. Binary
variables u and v specify the charging and discharging states, respectively. Therefore,
Equation (19) confirms that the BESS operates in only one operation mode at each time
period, i.e., either in charging or discharging mode.

4. Numerical Simulations

In this paper, the IEEE 33-bus distribution test system was utilized to examine the
performance and robustness of the proposed model. The tested system consists of 33 load
buses and 32 lines, as shown in Figure 2. The line and bus data are provided in detail in [54].
The main feeder, which is set at bus 1, connects the entire distribution system with the
upstream grid, while the system is tested on the baseload values 3.715 MW and 2.3 MVar.
Based on the proposed model, the connectivity of the entire distribution system with the
upstream grid would not be impacted by the defined centralized microgrid. Nonetheless,
the defined microgrid can be isolated from the entire distribution system through the
point of the common coupling (PCC). The PCC is the point that electrically connects the
centralized microgrid to the entire distribution system. In addition, it is worth mentioning
that, in the centralized microgrid, the minimum rated power of the installed DERs is zero,
while the maximum rated power of DERs is the maximum available installed capacity.
The problem is formulated as a mixed-integer linear programming (MILP) problem in the
General Algebraic Modeling System (GAMS) platform and solved using CPLEX 11.0 [55].
The following three cases are studied:

Case 1: Optimal centralized microgrid topology including optimal DERs capacity;
Case 2: The impact of installing BESS to the optimal centralized microgrid topology;
Case 3: Comparison between the proposed method and other optimization methods.
The objective of Case 1 is to demonstrate the optimal centralized microgrid topology

based on the proposed approach. The largest possible centralized zones that could be de-
ployed as microgrids are investigated in this case. In addition, the optimal zone is determined
based on its capability to supply total load, i.e., the load within its geographical boundaries,
while accommodating the largest capacity of DERs. By performing this approach, the neg-
ative impact of allocating DERs “randomly” throughout the entire distribution system is
mitigated due to installing DERs into only selected optimal centralized microgrid.

On the other hand, the purpose of performing Case 2 is to illustrate the impact of
installing BESS on identifying the optimal centralized zone. In this case, the BESS is used to
enhance the penetration of renewable energy resources and increase the DERs installation.
It should be indicated that the optimal BESS capacity should be defined based on available
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charging and discharging capacities. Furthermore, Case 3 is provided to compare the
proposed method with other existing methods in the literature.
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Figure 2. IEEE-33 bus distribution test system.

Case 1: The optimal centralized microgrid topology is defined based on the considered
operational constraints. The obtained largest four possible centralized microgrids are
demonstrated in detail in Table 1 and shown in Figure 3. This table provides the acquired
zones configurations that include buses numbers, lines numbers, PCC locations, and the
aggregated total lines distance. The obtained four centralized zones are: (i) Zone A: includes
buses 7 through 18, lines 7 through 17, and coupled to the other parts of distribution grid
at the PCC at line 6; (ii) Zone B: includes buses 19 through 22, lines 19 through 21, and
coupled to the other parts of distribution grid at the PCC at line 18; (iii) Zone C: includes
buses 23 through 25, lines 23 and 24, and coupled to the other parts of distribution grid
at the PCC at line 22; and (iv) Zone D: includes buses 26 through 33, lines 26 and 32, and
coupled to the other parts of distribution grid at the PCC at line 25.

Table 1. Zones Topology.

Zone Quantity Zone Configurations

Zone A

Bus # 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18
Line # 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17
PCC Line 6

Total Distance (m) 8650

Zone B

Bus # 19, 20, 21, 22
Line # 19, 20, 21
PCC Line 18

Total Distance (m) 2600

Zone C

Bus # 23, 24, 25
Line # 23, 24
PCC Line 22

Total Distance (m) 1800

Zone D

Bus # 26, 27, 28, 29, 30, 31, 32, 33
Line # 26, 27, 28, 29, 30, 31 32
PCC Line 25

Total Distance (m) 4200
#. The number sign.
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Based on the optimal results, each generated centralized zone has specific characteris-
tics, which are illustrated in Table 2. As demonstrated in this table, the optimal centralized
zone to be selected as a centralized microgrid is Zone A. In Zone A, the total installed
DERs capacity reaches 2590.40 kW, while the total served load is 1075 kW, which implies
that this system has a surplus generation of 1515.40 kW that can be used to supply other
parts of the distribution grid. On the other side, Zone B accommodates the lowest DERs
capacity with only 860.90 kW while supplying a total load of 360 kW; thus, Zone B has
only 500.90 kW surplus generation. The remaining two zones, i.e., Zone C and Zone D,
provide 1983.02 kW DERs installation capacity, 930 kW total served load, and 1053.02 kW
surplus generation and 2442.16 kW DERs installation capacity, 920 kW total served load,
and 1522.16 kW surplus generation, respectively.

Table 2. Optimal Operational Results in Case 1.

Zone Quantity Operational Results

Zone A

DERs Capacity (kW) 2590.40
Total Distance (m) 8650
Total Load (kW) 1075

Percentage of Served Load (%) 100
Surplus Generation (kW) 1515.40

Zone B

DERs Capacity (kW) 860.90
Total Distance (m) 2600
Total Load (kW) 360

Percentage of Served Load (%) 100
Surplus Generation (kW) 500.90

Zone C

DERs Capacity (kW) 1983.02
Total Distance (m) 1800
Total Load (kW) 930

Percentage of Served Load (%) 100
Surplus Generation (kW) 1053.02

Zone D

DERs Capacity (kW) 2442.16
Total Distance (m) 4200
Total Load (kW) 920

Percentage of Served Load (%) 100
Surplus Generation (kW) 1522.16
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When comparing Zone A with the other three zones, Zone A: accommodates DERs
capacity of 200.89% more than Zone B, 30.63% more than Zone C, and 6.07% more than
Zone D; supplies a total load of 198.61% more than Zone B, 15.59% more than Zone C, and
16.85% more than Zone D; has surplus generation of 202.53% more than Zone B, 43.91%
more than Zone C, and 0.45% less than Zone D.

Even though Zone D has a higher surplus generation compared with Zone A, Zone A
is selected to be the optimal centralized microgrid over Zone D as it accommodates a larger
amount of DERs installation, which is considered to be the first criteria for identifying
the optimal centralized zone. Accordingly, this case study validates the effectiveness of
the proposed model to identify not only the optimal centralized microgrid configuration
but also the optimal DERs location and capacity as well as the capability of enhancing the
surplus generation of the entire distribution system.

Case 2: In this case study, the same IEEE-33 bus distribution test system is used;
however, the objective here is to investigate the impact of installing additional BESS on
the optimal results of identifying the centralized microgrid. BESS is used to support the
utilization of renewable energy resources by storing surplus generation of dispatchable
and non-dispatchable units and maximizing the overall DERs installation of the system.
The maximum stored energy is defined based on the maximum available BESS capacity
to be accommodated by the centralized microgrid. It should be mentioned that the BESS
efficiency and the stored energy at the preceding hour are assumed to be 95% and 0,
respectively. The impact of installing BESS on the centralized microgrids is demonstrated
in Table 3. The optimal results indicate that the BESS capacity is 400 kW at 7, 135 kW at bus
19, 110 kW at bus 23, and 520 kW at bus 26 for Zones A, B, C, and D, respectively. The total
generation and surplus generation of the four centralized microgrids are shown in Figure 4.
The obtained four centralized zones provide the following values: Zone A accommodates a
total DERs of 2990.41 kW with 64.05% surplus generation; Zone B accommodates a total
DERs of 995.91 kW with 63.85% surplus generation; Zone C accommodates a total DERs
of 2093.02 kW with 55.56% surplus generation; Zone D accommodates a total DERs of
2962.16 kW with 68.94% surplus generation.

Table 3. Optimal Operational Results in Case 2.

Zone Quantity Operational Results

Zone A

DERs Capacity (kW) 2990.41
Total Distance (m) 8650
Total Load (kW) 1075

Percentage of Served Load (%) 15.44
Surplus Generation (kW) 1915.41

Zone B

DERs Capacity (kW) 995.91
Total Distance (m) 2600
Total Load (kW) 360

Percentage of Served Load (%) 15.68
Surplus Generation (kW) 635.91

Zone C

DERs Capacity (kW) 2093.02
Total Distance (m) 1800
Total Load (kW) 930

Percentage of Served Load (%) 5.54
Surplus Generation (kW) 1163.02

Zone D

DERs Capacity (kW) 2962.16
Total Distance (m) 4200
Total Load (kW) 920

Percentage of Served Load (%) 21.29
Surplus Generation (kW) 2042.16
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Figure 4. Optimal DERs capacity for Case 2, including surplus generation.

Figure 5 shows the percentage of the BESS capacity out of the total DERs in each
centralized zone. Based on the optimal results, Zone A is also determined as the optimal
centralized microgrid in the system, which accommodates the largest DERs capacity. On the
other hand, it is worth indicating that Zone D has the heights surplus generation compared
with the other three zones; however, based on the proposed model, this elevation of surplus
generation does not impact the determination of the optimal centralized zone, as it is
considered as a secondary standard when the optimal results deliver symmetrical values.
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When comparing the obtained results in this case with Case 1, the optimal DERs capac-
ity increased by 15.44%, 15.68%, 5.54%, and 21.29% for Zones A, B, C, and D, respectively.
Consequently, this case demonstrates the significant impact of installing BESS on increasing
the DERs installation along with enhancing surplus generation availability on the overall
distribution system. In other words, the optimal results of these case studies indicate that
the proposed approach can efficiently mitigate the need to upgrade existing distribution
systems by maximizing the DERs installation. Nonetheless, a larger distribution system
can be utilized without loss of generality.
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Case 3: In this case, the simulation results of the proposed method are compared with
other optimization methods presented in [53–57]. The objective of these methods is to
maximize the amount of DERs installed in distribution systems. In addition, it is worth
mentioning that all compared studies utilize the same IEEE-33 bus test system with the
same base load values of 3.715 + j 2.3 MVA. Table 4 compares and summarizes the obtained
results of the proposed optimization method with the other techniques, including Stud
Krill herd Algorithm (SKHA) [53], Particle Swarm Optimization algorithm (PSO) [56], and
Gravitational search algorithm (GSA) [57].

Table 4. Comparison Between the Proposed Method and Other Methods.

Method Zone
Topology

Number of
Iterations

Computational
Time

Optimal DERs
Capacity

Optimal
Locations

Particle Swarm
Optimization

Algorithm
(PSO) [56]

Zone 4 (buses 6–11,
and 26) 250 iterations not stated 1175 kW bus 8

Stud Krill herd
Algorithm (SKHA) [53]

Entire distribution
system 100 iterations 4.2406 s 2590 kW bus 6

Gravitational Search
Algorithm
(GSA) [57]

Zone 3 (buses 9–18)
solved in two phases
with many iterations

(not stated)
not stated 2589 kW bus 6

Proposed Method
(Case 1) Zone A (buses 7–18) 1 iteration 1.1321 s 2590 kW bus 7

Proposed Method
(Case 2) Zone A (buses 7–18) 1 iteration 1.1327 s 2990 kW bus 7

The superiority of the proposed approach is highlighted in Table 4. Although the ob-
tained results in Case 1 provide an almost similar amount of DERs installation compared to
the results of the other optimization methods (increased by: 120.5%, and 0.034% compared
to [56,57], respectively), it delivers diverse locations of the installed DERs with a different
microgrid topology. On the other hand, the compression between the obtained results of
Case 2 with the other optimization methods indicates an obvious increase in the DERs
penetration (increased by: 154.5%, 15.4%, and 15.5% compared to [53,56,57], respectively).
Accordingly, the obtained results of the proposed method (Case 2) provide the optimal
centralized microgrid topology with its optimal installed DERs, i.e., 2990 kW. Furthermore,
it is worth mentioning that the proposed method is a linearized method, which reduces the
complexity in solving the power flow optimization problem (i.e., it does not require several
iterations compared to the other techniques) and significantly reduces the computational
time to 1.1321 sec, and 1.1327 sec, for Cases 1 and 2, respectively. Consequently, it can
be summarized that the obtained results demonstrate the merits and effectiveness of the
proposed method over the other optimization methods reported in the literature.

5. Conclusions

This paper developed a zonal-based optimal microgrid identification model, which
utilized a power flow linearization technique to find the optimal solution. How to identify
the optimal location and size of a centralized microgrid within existing distribution systems
was researched and investigated in this paper, accompanied by maximizing distributed
generators installations to support the operation of distribution grids. Integrating a cen-
tralized microgrid within current distribution grids could postpone the need to upgrade
systems and expedite incorporating such techniques in a modernized manner. Numerical
simulations on the IEEE-33 bus test distribution system illustrated the merits and effective-
ness of the proposed model on identifying the optimal centralized microgrid zonal area
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and its significance on maximizing the installation of distributed energy resources to be
hosted in the microgrid.
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Nomenclature

Indices:
c Index for point of interconnection
ch Superscript for energy storage charging mode
dch Superscript for energy storage discharging mode
m,n Index for buses
∧ Index for calculated variables
Sets:
B Set of buses
G Set of points connected to upstream grid
L Set of distribution lines
Lm Set of distribution lines connected to bus m
Z Set of zones
Parameters:
b Susceptance of the line between connected buses
ER,max Maximum rated energy of BESS
ER,min Minimum rated energy of BESS
g Conductance of the line between connected buses
PD Load active power
PM,max Maximum active power exchange with upstream grid
PR,max Maximum rated power of BESS
PR,min Minimum rated power of BESS
PLmax Maximum active power flow between connected buses
QD Load reactive power
QM,max Maximum reactive power exchange with upstream grid
QLmax Maximum reactive power flow between connected buses
∆Vmax Maximum deviation in bus voltage magnitude
∆Vmin Minimum deviation in bus voltage magnitude
HB Stored energy at preceding hour
λ Line length between connected buses
λmin Minimum line length between connected buses
η BESS efficiency
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Variables:
EB Stored energy of BESS
ER Rated energy of BESS
PB Output power of BESS
Pch Charged power of BESS
Pdch Discharged power of BESS
PDER Distributed energy resources active power
PM Active power exchange with upstream grid
PR Rated power of BESS
PL Active power flow between connected buses
QDER Distributed energy resources reactive power
QM Reactive power exchange with upstream grid
QL Reactive power flow between connected buses
U Distribution bus connection state
∆V Deviation in bus voltage magnitude
∆θ Deviation in voltage angle
u BESS discharging state
v BESS charging state

References
1. Vakulchuk, R.; Overland, I.; Scholten, D. Renewable energy and geopolitics: A review. Renew. Sustain. Energy Rev. 2020, 122,

109547. [CrossRef]
2. Ajeigbe, O.A.; Munda, J.L.; Hamam, Y. Optimal allocation of renewable energy hybrid distributed generations for small-signal

stability enhancement. Energies 2019, 12, 4777. [CrossRef]
3. Alturki, M.; Khodaei, A. Marginal hosting capacity calculation for electric vehicle integration in active distribution networks.

In Proceedings of the 2018 IEEE/PES Transmission and Distribution Conference and Exposition (T&D), Denver, CO, USA,
16–19 April 2018; pp. 1–9. [CrossRef]

4. Elavarasan, R.M.; Shafiullah, G.M.; Padmanaban, S.; Kumar, N.M.; Annam, A.; Vetrichelvan, A.M.; Mihet-Popa, L.; Holm-Nielsen,
J.B. A comprehensive review on renewable energy development, challenges, and policies of leading indian states with an
international perspective. IEEE Access 2020, 8, 74432–74457. [CrossRef]
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