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ABSTRACT Microgrids (MGs) are promising approaches to proliferate distributed energy resources for
electrification in remote areas. However, to deal with the uncertainties of renewables and energy demand,
special measures are required. Energy storages, controllable loads and reconfigurable networks are some of
those measures that improve MGs’ flexibility. Another alternative is temporarily coupling the adjacent MGs
to support each other and form coupled MGs (CMGs). This paper proposes a look-ahead technique to form
CMGs while reassuring the optimal performance of all MGs. Preserving the voltage and frequency of each
MG is also another key objective. The proposed optimization approach tries to solve the voltage/frequency
problem by forming the CMGs when the local actions (such as energy storages) are inadequate or costineffective. The proposed technique considers the operational cost, technical and environmental aspects,
reliability and losses in the CMG formation. This technique is general and can be used for complex topologies
and also to form multiple CMGs if deemed more suitable. The performance of the developed technique is
validated through extensive numerical analyses in MATLAB.
INDEX TERMS Microgrid, optimization, central control.

I. INTRODUCTION

Electrification of the rural and remote areas has always
been a challenge due to geo-graphic and demographic constraints in many countries around the world. Areas with
existing electrical infrastructure can also face technical and
economic challenges due to the aging of network assets,
the costs to upgrade them, and load growth. A promising
approach to deal with these challenges, recently adopted by
many countries around the world, is to install and operate distributed generators (DGs), especially those operating
based on renewable energies, at the vicinity of the consumers [1]–[3]. Microgrids (MGs) are also platforms to proliferate the DGs within such networks [4]. An MG is a locally
coordinated electricity generation and distribution system,
consisting of loads that are supplied by multiple DGs and
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energy storage systems [5]. Their deployment in rural and
remote areas is a major step to ensure universal, affordable,
and reliable access to electricity, one of the United Nations’
sustainable development goals [6]. MGs that are employed
in rural/remote areas usually operate in standalone mode in
which their voltage and frequency (VF) are controlled using
the local primary controllers of the DGs under normal conditions. Meanwhile, the primary controllers are coordinated
by a secondary controller, which determines their control
set-points [7].
The uncertainties and variability in the generated power
by renew-able energy-based DGs and the network loads
can be alleviated by actions such as charging/discharging
energy storages, controlling loads or curtailing the renewable resources, to retain the MG’s VF within the desired
limits [8]–[11]. Installing tie switches and reconfiguring
the network can also be exploited to improve the MG’s
VF [12]. On the other hand, reducing an MG’s VF problem
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by temporarily coupling it to a neighboring MG is discussed
in [13], [14],
which has been extended in [15]–[17] to a system of coupled MGs (CMG) consisting of sever-al MGs. The later is the
main motivation of this study. It is expected that in the near
future, with the incentives provided by the governments and
their renewable energy or greenhouse gas emission targets,
many private investors will be interested in building up and
operating their own MGs. Hence, small towns or remote areas
can have multiple MGs, which can be coupled occasionally
when needed to help each other. Such an approach would also
indirectly improve the resiliency of MGs by increasing their
responsiveness to an event in the other MGs.
With the above backdrop, it is imperative to properly
design and operate a multiple MG system (MMS) where
the MGs can be coupled to support each other. Different
architectures of tie-lines to couple the MGs within an MMS
are explored and analyzed in [15] while the optimal planning of the interconnecting lines (ILs) between the MGs is
discussed in [18]. Ref. [19] has elaborated on the dynamic
operation of DGs within CMGs. The reliability and supply
security aspect in the optimum design of an MMS is presented
in [20]. Likewise, [13] discusses a healing strategy for an
MG to address its overloading by detecting and requesting
surplus power from the neighboring MGs within the MMS.
A hierarchical energy trading strategy is proposed for MMSs
in [21] to lessen the total operational cost. Ref. [22] evaluates
the energy trading between the MGs of an MMS through
some identified tie-lines to reduce the load-shedding costs.
Similarly, an optimization-based MMS scheduling approach
is proposed in [23] that considers the availability of various
energy resources such as electricity, heat and gas. On the
other hand, [24] and [25] propose the power dispatch and
management among the MGs within a CMG formed inside
the MMS. The stability of energy resources of the MGs
in a CMG is studied in [26] while the reliability aspects
of a CMG is investigated in [27]. Ref. [28], [29] propose
a transformative architecture for coupling the nearby MGs
and CMG formation to increase the system resiliency during
faults.
On the other hand, CMG formation to manage an MG’s
VF problem is investigated in [16], [17], [30], [31]. Ref. [16]
and [30] propose a tertiary level optimization, which is activated when the local support is not enough to resolve the
VF problem. Likewise, a decision-making algorithm is proposed in [17] to select the suitable neighboring MGs and form
a CMG to support an overloaded MG, based on some criteria
such as the available surplus power, power loss, electricity
price, reliability, and CO2 emissions of the different available
MGs. Similarly, [31] proposes a priority based two-level
strategy for a CMG formation. In the first level, it only
connects the adjacent MGs, and if the first level is inadequate
to resolve the problem, it proceeds to couple distant MGs. The
above-mentioned techniques aim at forming a single CMG.
This is mainly because of the assumed topology for the MMS,
e.g., one of those in Fig. 1a-b [16]. However, if the MMS
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topology allows (e.g., assuming a topology like Fig. 1d),
forming more than one CMG may even lead to more optimal
performance from line loss and operational cost perspectives.
Developing such a technique has not been discussed in the
literature yet.

FIGURE 1. Various MMS topologies for CMG formation within
neighboring MGs [16].

The above studies also analyze the VF for the whole CMG,
considering it as a single network, which is mainly because
of a direct ac-ac coupling assumption between the MGs
within the MMS, realized via conventional circuit breakers
or interconnecting static switches. However, based on the
connection technology, the whole CMG will not necessarily
be a single synchronous network (i.e., observing the same
frequency). As an example, [14] and [32] propose forming a
CMG via back-to-back power electronic converters between
each MG and the ILs (see Fig. 2). In such a scheme, power
can be transferred from one MG to another while the MGs
are operating at different frequencies. This is more preferred
for MGs owned by different authorities and operating under
different policies and standards. Thus, CMG formation will
be simpler and without any necessity for specific standardization or arrangements to facilitate power exchange amongst
the neighboring MGs. In such a concept, VF analysis of
individual MGs within the CMG is essential. Again, such a
technique has not been discussed in the literature yet.

FIGURE 2. MG’s connection to an IL through a back-to-back converter.

To address the above research gaps, this paper presents a
technique to manage the VF for islanded MGs that resides
within an MMS. The ultimate aim of the developed technique
is to maintain the VF of the MGs within the pre-defined
desired limits, during continuous variations in their demand
and renewable generation, at the least operational cost. The
two key features of the proposed technique are (a) facilitating the formation of more than one CMG, if deemed
optimal, and (b) being applicable for MGs that are coupled to the ILs via back-to-back power electronic converters
(for which the existing techniques in the literature are not
currently applicable). The proposed technique always monitors the MGs in the MMS and reacts when an MG with
VF problem (termed as PMG) is detected. Then, the available
local actions, such as the optimal generation levels for the
VOLUME 9, 2021
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dispatchable DGs (DDGs), the best network configuration,
and the charge or dis-charge power by the battery energy
storage systems (BESs) are first considered to resolve the
VF problem. If the local actions are found to be inadequate or cost ineffective, then the PMG seeks the support
from the neighboring MGs to convert it to a non-problem
or healthy MG (termed as HMG). The proposed technique
determines the suitable available HMGs that have the adequate capacity to support the PMG, and identifies the optimal
ILs to form CMG(s). The selection considers the line losses,
transaction costs, ownership, reliability and emission of an
HMG. Table 1 compares the proposed technique with other
existing very similar methods available in the literature such
as [16], [17], [30], [31].
TABLE 1. Comparison of the proposed method with existing methods in
the literature.

In summary, the main contributions of this paper to the
research field can be summarized as:
• Developing a technique for forming one or more CMGs
in an MMS to facilitate temporary power exchange and
VF support for an MG experiencing unacceptable VF,
• Proposing a method that e.nables MGs optimal external support to each other, which is applicable for
MGs connected through back-to-back power electronics
converters,
• Formulating an objective function that coordinates and
optimizes the contribution of each MG’s internal (local)
resorts, such as BESs and DDGs’ dispatch, with the
external power support from the neighboring MG(s),
considering the operational, economic and environmental factors.
The remainder of this paper is organized as follows: The
concept of the proposed method is discussed in Section II
while Section III presents the formulated problem. The performance of the developed technique is evaluated through
several numerical case studies in Section IV. Section V discusses the sensitivity of the developed technique and its
performance on some key parameters while the formation of
one CMG versus multiple ones within an MMS is discussed
in Section VI. Finally, the key findings of the research are
highlighted and summarized in the last Section. Three appendices at the end of the paper briefly discuss the employed
VOLUME 9, 2021

optimization solver, power flow analysis technique and the
technical and cost data used in the numerical analyses.
II. THE CONCEPT

This Section discusses the considered MMS topology and the
operational principal of the MGs, as well as the proposed
operational principal for CMG formation within the MMS.
A. MMS CONFIGURATION

Consider a remote area MMS, which consists of N standalone
MGs. The MMS can have any topologies such as those
in Fig. 1. In this study, the topology of Fig. 1d is considered,
which is the most complex one. The MGs can be connected
to each other in several different ways (i.e., direct ac coupled,
converter-based dc coupling or converter-based ac coupling),
as listed in Table 2. Similar to [14], [32], [34], [35], [37], [38],
in this paper, each MG within the MMS is assumed to be
connected to the ILs via the back-to-back power electronics converters of Fig. 2. In such a scheme, the MG-side
converter (MSC) is responsible for regulating the desired
dc voltage between the two converters while the line-side
converter (LSC) is operating under droop control in normal
(healthy) conditions. Thus, when a CMG is formed composed
of more than one HMG, the HMGs will share their support
using the droop control method. On the other hand, when
an MG becomes a PMG, its LSC will change its operational
mechanism from droop control into constant PQ control
mode, exchanging the power needed by the PMG to become
healthy. Given N MGs in the topology of Fig.1d, in which
each MG is connected to every other MGs, the total number
of ILs between the MGs is 0.5N (N − 1). Thus, a total of
20.5N (N −1) − (N + 1) combinations of CMG can be formed,
from which the MMS controller (MMSC) will determine the
most optimal one along with the level of power exchanged
between them. As an example, Fig. 3 shows three sample possible scenarios before and after the operation of the MMSC.
TABLE 2. Type of interconnecting link between MGs to form CMG
available in the literature.

FIGURE 3. Three examples of CMG formation following a PMG detection
in an MMS.
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FIGURE 4. (a) An MG’s desired VF region, (b) Flowchart of different functions of each MG’s MGCC, (c) Operational flowchart of MMSC.

B. OPERATION OF A TYPICAL MG WITHIN MMS

Each MG may consist of one or more renewablebased non-dispatchable DGs (NDDGs), such as wind or
photovoltaic, DDGs (such as diesel/gas/biomass-based synchronous generators or those renewables coupled with appropriate local power smoothing energy storages [39]), along
with some BESs. The MGs may also have some reconfigurable lines (RLs) to enable network reconfiguration. The
NDDGs are thought as grid-following, operating based on
maximum power point tracking scheme while the DDGs are
assumed droop-controlled and grid-forming. Thus, the VF at
the output of DDGs will be [40]
f = f max − mDDG PDDG
V = V max − nDDG QDDG

(1a)
(1b)

where P/Q is the active/reactive power supplied by the
DDG to its connection point and V /f is the voltage magnitude/frequency at the connection point. Also, V max and f max
are the VF droop set-points while mDDG and nDDG are the
droop coefficients, all assumed to be set for every DDG by
the MG’s central controller (MGCC).
An MG is preferred to observe a VF, in the desired region
of Vnom ± V1 and fnom ± f1 (see Fig. 4a) where Vnom and fnom
denote the MG’s nominal VF. Such an MG is referred to as
an HMG; otherwise, it is a PMG.
C. PROPOSED TECHNIQUE

As soon as a PMG is detected, the MGCC will attempt to
resolve its VF problem and transform it into an HMG by
adapting the set-points of its DDGs, managing its local BESs,
or network reconfiguration. If these local actions are determined inadequate, the MGCC will define the required external support (Ptx ) from the other MGs within the MMS and
will send this information to the MMSC. This is illustrated
schematically by Function-1 in Fig. 4b. When an MMSC
receives a support request from a PMG, it will immediately
analyze the MMS to decide on the most optimal CMG formation, which can resolve the PMG’s problem. It will then
transmit the most appropriate decisions to the corresponding
MGCCs to realize the CMG (see the flowchart of Fig. 4c).
The MGCC of each selected HMG, upon receiving the
CMG formation command, will immediately analyze its
78086

FIGURE 5. Schematic diagram of the operational sequence of the
proposed technique.

system to choose the best combination of internal actions to
facilitate the required power exchange through the ILs. They
will find the most optimal output power of the DDGs (by
adjusting the droop coefficients of mDDG for each DDG and
the set-points of V max and f max for all DDGs), the charging/
discharging level of the BESs, and the on/off status of the
switches of each RL. They will then transmit these decisions
to the local controller of each element (i.e., BES, DDG
and RL).
Furthermore, they will transmit the command to their LSCs
to realize the power exchange based on the desired share,
as dictated by the MMSC, by adapting the suitable droop
control set-points. This is denoted by Function-4 in Fig. 4b.
At the same time, as soon as the MGCCs of the PMGs
receive the confirmation of the availability of external support
within the MMS, they will transmit the command to their
LSCs. This is depicted by Function-2 in Fig. 4b. The LSCs
will realize the power exchange based on the constant PQ
control mode, by adapting the determined level of support by
the MGCC.
If the MMSC determines that CMG formation and power
ex-change amongst the MGs will not be sufficient in transforming a PMG into an HMG, it will then inform the PMG’s
MGCC to proceed with employing demand response (DR)
or renewable curtailment (RC), as seen from Function-3 of
Fig. 4b and the flowchart of Fig. 4c. These are the last resorts,
which will be employed in addition to the other internal
actions, to remedy the VF problem.
Fig. 5 shows the schematic diagram of the operational
sequence of MGCC’s functions (i.e., Function-1 to 4 of
Fig. 4b) and the operational flowchart of the MMSC (give
in Fig. 4c).
VOLUME 9, 2021

M. A. Shoeb et al.: Coupling Adjacent Microgrids and Cluster Formation

D. DETERMINING AVAILABILITY OF SUPPORT WITHIN
MMS

Let us assume that the MGCC of a PMG determines that it
needs to exchange a power of Ptx to remedy its VF problem.
As soon as the MMSC receives this request, to determine
the available power support capacity within the MMS, it first
needs to determine the unutilized generation capacity (UGC)
and the available loading capacity (ALC) of each HMG
within the MMS. Let us denote these quantities as
max
X 
UGC HMG =
PDDG
− PDDG
∀i ∈ DDG (2a)
i
i
i

min
X
ALC HMG =
PDDG
− PDDG
∀i ∈ DDG (2b)
i
i
i


DDG max

min
in which P
and PDDG
are respectively the
maximum and minimum dispatch capacity of a DDG while
DDG denotes the set of all the DDGs within the HMG. Thus,
the total UGC and ALC in an MMS will be
X
UGC =
UGC HMG
∀i ∈ HMG
(3a)
i
Xi
∀i ∈ HMG
(3b)
ALC =
ALC HMG
i
i

where HMG denotes the set of all the HMGs in the MMS. For
the MMSC to successfully transform all PMGs into HMGs,
the total required support power has to be smaller than UGC
when the total required power by all PMGs represents an
overloading condition. Similarly, if the total required support by the PMGs represents an underloaded condition (e.g.,
excessive generation by NDDGs), the required support power
should be smaller than ALC. Hence, the MMSC proceed to
form CMG(s) if
X
X
Ptx
≤ UGC if
Ptx > 0 ∀i ∈ PMG (4a)
i
i
i i
X
X
(4b)
Ptx
Ptx
i < 0 ∀i ∈ PMG
i ≤ ALC if
i

i

E. REQUIRED COMPUTATION AND COMMUNICATION

Fig. 6 shows schematically the required communication links
for the deployment of the proposal. As seen from this figure,
realizing the proposal requires a communication link to transfer data from the sensors within an MG to its MGCC, and
from the MGCC to the local controllers. Also, data transfer is
needed between each MGCC and the MMSC. The communication system is expected to be a point-to-multipoint wireless
media, with a bandwidth of 1Mbps and a maxi-mum latency
of one second [41]. To facilitate this, reliable and secure
solutions, based on the IEEE 802.11n standard, are currently
available on the market [42]. Communication links have
high reliability compare to the power system (e.g., average
field-observed mean time before failure of 400 years [43]).
However, even if the communication link is broken, the MGs
can still operate (not optimally) with their local con-trollers,
as expected of a droop-controlled system. On the other hand,
to meet the proposed technique’s computational requirements, industrial-level processors and their associated platforms (such as those from National InstrumentsTM and
VOLUME 9, 2021

FIGURE 6. Required communication links within each MG and the MMS.

Intel R [44], [45]) that are currently available in the market,
can be utilized.
III. PROBLEM FORMULATION

As discussed above, two optimizations need to be carried out
to realize the proposal. The first optimization is carried out
by the MMSC to find the best CMGs within the MMS upon
receiving the power support request from a PMG. The second
optimization is carried out by the MGCC of the HMGs that
are selected by the MMSC, upon receiving the support provision command. Both of these optimizations are formulated
as mixed-integer non-linear problems, as discussed below:
A. SELECTION OF THE OPTIMAL CMG BY MMSC

To select the suitable MGs and lines to form the CMG,
a multi-objective optimization problem is solved. The
multi-objective weighted sum optimization approach is chosen because of its simplicity (in implementation and use) and
computational efficiency [45]. Moreover, it gives the opportunity to prioritize one objective over the others for the system
operator. The objective functions (OFs) are formulated as
OF CMG
= min (OF tech + Penalty)
1
OF CMG
2
OF CMG
3

= min ω1 OF op + ω2 OF rel + ω3 OF tx
= min (OF env )

(5a)


(5b)
(5c)

in which OF CMG
overviews the technical aspects of the MMS
1
and the satisfaction level of the constraints while the overall
operational aspects of the MMS is ruminated by OF CMG
.
2
Moreover, OF CMG
reflects
on
the
MMS’s
environmental
3
aspect. In (5), OF tech , OF op , OF rel , OF tx and OF env are
respectively the technical, operational, reliability, external
power
transaction and environmental OFs while ω1 to ω3
P
( 31 ωi = 1) are the corresponding weightings, reflecting
the importance of each considered aspect. Penalty is a factor
used to disregard some alternatives, based on the assumed
constraints of the system, which is discussed later in this
Section.
OF tech in (5c) ruminates the VF deviations in the CMG and
is derived as
X
OF tech =
VDI i + FDI i ∀i ∈ CMG
(6)
i

where VDI and FDI (introduced in Table 3) are respectively
the VF deviation indices. VDI represents the maximum deviation in the voltages of the buses to which the LSCs are
connected while FDI is the frequency deviation in the ILs.
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TABLE 3. Technical indices in (6), (12) and (14).

It is to be noted that the ILs will observe a VF around the
nominal values as the LSCs of the HMS will operate under
droop control, as given by (1) in which PDDG andQDDG are
the active and reactive powers injected by the LSC at its coupling point (i.e., PDDG = Ptx and QDDG = Qtx ). In (6), CMG
denotes the set of formed CMGs, as the proposed technique
can evaluate forming one or multiple CMGs within the MMS,
and decides on the option that has the best performance.
OF op in (5b) represents the operational costs of the CMG;
i.e., the cost of power loss in the ILs and back-to-back power
electronic converters (denoted by Ploss ). It is defined as
X
OF op = Cost loss ×
Ploss
∀i ∈ CMG
(7)
i
i

Cost loss

where
is the corresponding cost.
OF rel in (5b) is derived from the probability of energy not
served (ENS), and is defined as

X 
Ptx
OF rel = Cost ENS ×
1 − AvHMG
i
HMG,i
i

∀i ∈ HMGCMG

(8)

where Cost ENS is the corresponding cost, HMGCMG denotes
the set of all HMGs within all CMGs while AvHMG is the least
availability of DDGs within each HMG [47].
OF tx in (5b) signifies the total cost of power exchanged by
the HMGs within the CMGs, and is defined by

 X
HMG
Cost tx
OF tx = 1 + γ CMG ×
Ptx
i
HMG,i βi
i

∀i ∈ HMGCMG

(9)

in which Cost tx is the corresponding cost while β HMG ∈
{1, . . . , 5} is considered as a flexibility factor by which
the HMG operators represent their willingness to provide
support. Thus, β HMG = 1 denotes full willingness while
β HMG > 1 illustrates that the HMG has some reservations
(e.g., due to the low UGC HMG or ALC HMG , or planned
maintenance, etc.) and β HMG = 5 depicts the complete
unwillingness. It is to be noted that, one investor may have
installed and operates multiple MGs. Thus, it is possible that
some MGs within the MMS have the same owner, or are
sister companies with some agreements amongst themselves.
Hence, γ CMG is considered in (9) as a coefficient reflecting
the ownership of the HMG-PMG pairs within the CMGs. It is
calculated from
X X
1
γ CMG =
×
γ MG
i
j ij
M
∀i ∈ PMGCMG , j ∈ HMGCMG (10)
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where M is the total number of PMG-HMG pairs within the
CMGs while γijMG = 0 when same operator owns both of the
MGs; γijMG = 1 when the operators are sister concerns and
γijMG = 2 when the operators are rivals. Therefore, it allows
to prioritize the HMGs of same owner or sister concern of a
PMG over the competitors to get the support.
If simultaneously two or more PMGs exist within the MMS
that have contrary issues (i.e., one experiencing excessive
generation while the other is overloaded), their coupling and a
power exchange between them can be very useful as they will
be supporting each other. Thus, exchanging power between
two PMGs is deemed voluntary (and free of energy transaction cost). Therefore, as seen from (9), OF tx only focuses on
the provided power support by the HMGs.
OF env in (5c) is used to prioritize the presence of those
HMGs within a CMG that have lower emissions, to improve
the MMS’s sustainability, and to indirectly encourage the
operators to move in that direction. It is derived by
X
HMG
∀i ∈ HMGCMG (11)
OF env =
Ptx
HMG,i Emi
in which EmHMG is the largest emission of the DGs in an
HMG within the CMGs.
Eq. (5) will then be solved using the weighted sum method
to determine the best alternative, satisfying all OFs while
considering the following constraints:
VDI ≤ VDI max
FDI ≤ FDI max
Ii ≤ Iimax ∀i ∈ LINECMG

(12a)
(12b)
(12c)

HMG
− ALC HMG
< Ptx
i
i < UGC i

X
i

Ptx
HMG,i +

X

∀i ∈ HMGCMG ,

j

Ptx
j +

X
k

∀i ∈ HMGCMG
(12d)

Ploss
=0
k

∀j ∈ PMGCMG ,

∀k ∈ CMG
(12e)

Constraints (12a) and (12b) show the maximum allowed
VF deviation in the ILs of the CMG while constraint (12c)
represents the maximum thermal limit of those lines, denoted
by I max . Constraint (12d) denotes the maximum power support level available in an HMG for exporting and importing,
respectively based on its UGC and ALC. In addition, a CMG
should not be formed by only HMGs. Similarly, a CMG
should not consist of only PMGs. Constraint (12e) shows the
power balance required within the network of ILs forming
the CMGs. If any of these constraints are not satisfied for an
VOLUME 9, 2021
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TABLE 4. Cost functions of (15).

TABLE 5. Boundaries of the control variables in the MGs.

alternative, Penalty in (5c) will be assigned with a very large
value to disregard that alternative from the search space.
Generally, the MMSC needs to determine the weightings
of ω1 to ω3 , as well as the weightings of the weighted sum
method, when solving (5) to satisfy its key performance
indices, such as minimizing the operational cost or improving
technical factors, reliability or sustainability. Since there is
no mathematical approach to define the weightings for complex systems and real-world problems like electrical systems,
an acceptable method to define them can be a survey from
the experts or MG operators and using their experience and
outlook, as suggested in [17].
B. OPTIMIZATION OF AN HMG WITHIN A CMG
(FUNCTION-4)

Upon receiving the support command from the MMSC,
the MGCC of the HMG will optimize its local resources
to facilitate the required power exchange through its LSC.
The optimization will determine the droop parameters
of the DDGs, the output power of BESs, and the status
of the switches of the MG’s RLs. To this end, an OF is
formulated as

0

OF tech in (13c) is defined by
0

OF tech = VDI + FDI + (1 − SRI )

(14)

in which VDI and FDI are the MG’s VF deviation indices
while SRI is the MG’s spinning reserve index, all described
in Table 3.
0
OF op in (13b) represents the MG’s operational costs and is
calculated as
0

OF op = Cgen + CBES + Csw + Closs

(15)

where Cgen , CBES , Csw and Closs are respectively the cost of
generation, BES life loss, switching of RLs, and line loss,
as described in Table 4.
0
OF rel in (13b) is derived similar to (8) as
0

OF rel = Cost ENS ×

X
i

(1 − Avi ) |Pi | ∀i ∈ DG, BES
(16)

(13c)

in which Av is the availability of a DG and BES within
the MG.
OF 0env in (13c) is used to optimally reduce the overall environmental impact of all DDGs in the MG, and is calculated
similar to (11) from
X
0
DG
OF env =
PDG
∀i ∈ DG
(17)
i Emi

MG
MG are respectively the techwhere OF MG
1 , OF 2 , and OF 3
nical, operational and environmental aspects of the MG’s OF
0
0
while ω1 and ω2 are the assumed weightings for the various
MG
factors of OF 2 , reflecting their importance. Also, Penalty is
again a factor to disregard the alternatives that do not satisfy
the assumed constraints, discussed below.

in which EmDG is the emission level of a DG.
The OFs in (13) will then be minimized using the weighted
sum method to determine a set of control variables (i.e.,
mDDG
, PBES
, QBES
, Nsw ) within their boundaries (given
i
i
i
in Table 5), subject to the technical constraints listed in
Table 6.

0

OF MG
= OF tech + Penalty
1
OF MG
2
OF MG
3
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0

0

0

(13a)
0

= ω1 OF op + ω2 OF rel
0

= OF env

(13b)

i
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TABLE 6. Constraints of the OFs of (13).

FIGURE 7. MPSO’s particle for (a) CMG formation in the MMS, (b) HMG within a CMG (Function-4) and (c) PMG without external support
(Function-3).

C. OPTIMIZATION OF A PMG WITHOUT EXTERNAL
SUPPORT (FUNCTION-3)

If a PMG receives the MMSC’s command to proceed with
DR or RC (illustrating the lack of available support in the
MMS), the PMG’s MGCC will optimize its local resources
considering the possibility of DR and/or RC. To this end,
an OF, focused on the DR and RC, formulated as
OF MG
= CDR + CRC ,
4

(18)

will be added to those of (13). In (18), CDR is the cost of
controlling loads under DR and calculated as
shed 
shed
X 
CDR =
1PDR
Cost DR
i
i
i
add 
add
X 
+
1PDR
Cost DR
j
j
j

∀i, j ∈ DR

(19)

where DR is the set of the loads with DR feature; 1PDR

is the
amount of loads modified under the DR in which superscripts
shed and add respectively denote the shedded and the added
loads while Cost DR represents the corresponding costs.
CRC in (18) is the cost of RC, defined by
X
RC
CRC =
1PRC
∀i ∈ NDDG
(20)
i Cost i
i

where 1PRC and Cost RC are respectively the level of RC and
its associated cost while NDDG denotes the set of NDDGs.
D. SOLVER

To solve the above optimization problems, a modified particle swarm optimization (MPSO) solver has been chosen
78090

FIGURE 8. (a) Considered MMS topology and (b) Structure of each MG.

in this research, which has a proven capability to solve
non-linear and mixed-integer problems with acceptable convergence and stability within a multidimensional space [49]
(see Appendix-A). Fig. 7a-c illustrates the assumed MPSO’s
particles for the above three optimizations. In each iteration
of the solution, the power flow algorithm (PFA), proposed
in [50], is employed over each set of particles to determine
the corresponding VDI , FDI , Ptx
HMG and Ploss in the CMGs
when solving (5), and VDI , FDI , SRI , PDDG
and Ploss in each
i
HMG or PMG, when solving (13) or (18). The validation of
the utilized PFA is discussed in Appendix-B.
IV. PERFORMANCE EVALUATION

To evaluate the performance of the proposed technique, several case studies are analyzed in MATLAB, a few of which
discussed below. To test the capability of the proposed technique in handling the most complex scenario, the MMS of
Fig. 1d has been considered with 4 MGs, as depicted in Fig. 8a
with 6 ILs between the MGs. Each MG within the MMS
VOLUME 9, 2021
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FIGURE 9. (a) The schematic representation of the MMS and CMG, for Case-1 to 3, (b) VDI of the MGs, (c) FDI of the MGs, before and after applying
the proposed technique, and (d) DDGs’ contributions in each HMG.

is assumed as a 10-bus system with the structure shown
in Fig. 8b, consisting of 2 NDDGs, 3 DDGs, 2 BESs, and
2 RLs. Even though in reality, each MG may have dissimilar
con-figurations and numbers of resources, for the sake of
simplicity, all the MGs are assumed to have the same number
of resources and configuration in the studies of this paper.
This assumption is valid as the main aim of this section is
to demonstrate the performance of the proposed technique,
which is independent of the MG configuration and number of
resources. However, the nominal power demand of each MG,
the generation capacity of its DDGs and NDDGs are assumed
different. Also, the cost of energy offered by each MG, when
trading power within a CMG, as well as their ownerships are
assumed to be different. In the study cases, the VF’s desired
regions for the MGs are supposed as 1 ± 0.05 pu and 50 ±
0.5 Hz. Hence, an MG would be considered as a PMG when
its VF fall outside of these desired regions.
Table 7 lists 5 sample cases in which either of VDI or
FDI or both of them in at least one of the MGs of Fig. 8a
becomes very large and the VF falls beyond the desired
region. This table also lists the total demand of the MGs while
the offered energy transaction costs are presented in Table 8.
In these case studies, it is assumed that MG−1 and 3 have
the same owner while MG−2 and 4 are their sister concerns,
which is reflected by the value of γijMG in Table 8. It is also
assumed that the all the MGs are willing to support each
other within the MMS (i.e., βiHMG = 1, as given in Table 8).
The other parameters of the MMS and MGs are provided in
Appendix-C.
A. PERFORMANCE IN SOME EXEMPLARY SCENARIOS

MG-1 and MG-3 are assumed overloaded PMGs in Case-1
(denoted by PMGOL ) respectively with 1.1 and 0.9 pu, resulting in a VF violation given by the VDI and FDI shown
in Table 7. The MGCC of each PMG optimizes its operation
to prevent the VF problem. It is found that MG-3 can be
VOLUME 9, 2021

TABLE 7. Demand and corresponding VDI and FDI in different case
studies prior to applying the proposed technique.

TABLE 8. Cost and relevant coefficients prior to applying proposed
technique.

converted to a HMG only by local actions (e.g., adjusting
the droop coefficients of its DDGs) while MG−1 needs to
import 0.032 pu power from the HMGs on top of the local
actions. As soon as the MMSC receives the external power
support request from the MGCC of MG-1, it finds that MG-4
(i.e., the nearest HMG) is the optimum choice to form a CMG
with MG-1, by exporting the required power of 0.032 pu. The
MMSC then sends the signal to the LSCs of MG-1 and 4 to
energize IL-3. At the same time, the MGCC of the MG-4
optimizes its operation to accommodate the power export.
The energized ILs and the formed CMG are demonstrated
schematically in Fig. 9a(i) while Fig. 9b-c(i) depict that,
the VF of MG-1 to 4 are within the desired regions with the
proposed technique. To accommodate the required support
for the PMG, the dispatch of DDGs of HMG (i.e., MG-4
in this case) within the CMG are adjusted while the operation of the isolated HMG (i.e., MG-2) remains unchanged,
as depicted in Fig. 9d(i).
In Case-2, MG-1 and MG-3 are both overloaded equally
(with 1.07 pu). Thus, each of them require an external power
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of 0.016 pu to overcome their VF problem. The MMSC finds
it optimal to form two CMGs: the first CMG consisting of
MG-1 and MG-4, and the second one composed of MG-2 and
MG-3. Fig. 9(ii) demonstrates the outcome before and after
applying the proposed technique in Case-2, showing that all
the MGs are within the desired regions.
In Case-3, MG-1 is again assumed overloaded while
MG-3 is experiencing severe excessive generation by the
NDDGs and low demand (denoted by PMGEG ) with only
a demand of 0.14 pu. Hence, their MGCCs determine that
MG-1 requires an external power support of 0.032 pu while
MG-3 needs to export 0.022 pu. As soon as the MMSC
receives these support requests, it determines the most optimal solution as forming a CMG consisting of MG-1, 3 and
4 in which MG-3 will supply 0.022 pu to MG-1 while
MG-4 will provide the remainder of the required power to
MG-1 (i.e., 0.001 pu). Hence, the CMG formation converts
each PMG into an HMG, as depicted in Fig. 9(iii). The
transaction cost of MG-2 and MG-4 (i.e., HMGs), their reliability and emissions are exactly same (see Table 8 and C1);
however, as MG-4 is closer to MG-1, the MMSC prefers MG4 to be a building component of the preferred CMG.
Case-4 is exactly same as Case-3 with a difference that the
energy transaction cost of MG-4 is twice higher than that of
MG-2 (see Table 8). As such, as depicted in Fig. 10a, MG-2
has been selected instead of MG-4 to be included in the CMG
to support MG-1 and MG-3.

FIGURE 10. Schematic of the MMS and CMG for (a) Case-4 and (b) Case-5.

Now, let us consider Case-5 same as Case-2 but with a different energy transaction cost for the HMGs (i.e., MG-4’s cost
is assumed twice higher as that of MG-2) as seen from Table 7
and VIII. Thus, as MG-4 is more expensive, the MMSC
prefers to form one CMG consisting of MG-2 and the PMGs
(see Fig. 10b), instead of two CMGs that were formed in
Case-2. In this situation, each PMG imports 0.016 pu from
MG-2.
B. DEMONSTRATION OVER A SAMPLE TIME PERIOD

Now, let us consider the operation of the MMS of Fig. 8a,
over a period of 60 minutes, with the assumed variations in
the MGs’ demand and NDDGs’ output powers, as shown
in Fig. 11a-b. The costs and relevant coefficients of Case-1
are considered in this study. The variations of the MGs’
frequency and VDI , with and without the proposed technique,
are depicted in Fig. 11c-d over this period. During the study
period, the MMS has formed a CMG three times, as seen from
Fig. 11e, which also shows the power exchanged between the
MGs in the formed CMGs. In this figure, a positive power
depicts the exported power while the imported powers are
78092

FIGURE 11. Performance of the proposed technique during a 60-min
period.

shown as negative quantities. The slight difference between
these two powers represent the power loss in the ILs.
As seen from Fig. 11, at t = 20 min, the frequency
and VDI of MG-1 and MG-3 fall outside of their desired
regions as both the MGs are overloaded by 1.095 pu. The
MGCC of these PMGs, start to discharge their BES; however,
similar to Case-2, an external power support is needed for
both of them. As a result of which, two CMGs are formed
by the MMSC. As such, MG-4 transfers 0.016 pu power to
MG-1 (in the first CMG) while MG-2 exports 0.016 pu to
MG-3 (in the second CMG), as depicted in Fig. 11e. As a
result, both MG-1 and 3 recover from their VF problems (see
Fig. 11c-d). Again at t = 34 min, MG-1 and 3 experience VF
problems. The proposed technique finds that the local actions
of each PMG are enough to address the VF problem. Thus,
no external power support request is sent out to the MMSC.
Then, at t = 41 min, MG-1 is further overloaded while
MG-4 starts to experience excessive generation from the
NDDGs and low demand (see the corresponding frequency
and VDI in Fig. 11c-d). Since the MGCC of MG-1 and 4 cannot recover their VF problem through local resources, they
send an external support request to the MMSC. The MMSC
determines the most optimal solution is forming a CMG
consisting of MG-1, 2 and 4 where MG-4 exports 0.016 pu
power to MG-1 while MG-2 draws 0.005 pu from MG-4 (as
depicted in Fig. 11e). This helps the PMGs to recover their
VF problems. Another VF violation occurs at t = 55 min
where MG-2 starts experiencing excessive generation by its
NDDGs (see Fig. 11a-b). As depicted in Fig. 11e, the MMSC
determines forming a CMG consisting of MG-2 and 4 as the
most optimal solution in which MG-4 draws 0.021 pu power
from MG-2 to remedy the over frequency problem in MG-4.
VOLUME 9, 2021
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V. SENSITIVITY ANALYSIS

An HMG’s willingness to support the PMGs and the relationships between the MG operators (respectively denoted
by βiHMG and γijMG in Section III.A) can affect the overall
power exchange costs, which eventually has an impact on the
numerical outcomes of the proposed technique. Hence, this
section analyzes some scenarios when these coefficients are
varied.
A. HMG’S WILLINGNESS TO SUPPORT

In the studies of Case-2 in Section IV.A, it was assumed that
all the MGs are willing to support each other (i.e., βiHMG = 1)
while MG-2 and 4 offered equal energy transaction costs.
It is to be noted that other aspects of the HMGs (e.g.,
AvHMG , EmHMG ) are assumed similar (see Appendix-C);
hence, the energy transaction cost dominates the decision
making in these case studies. To observe the impact of
β HMG on the outcome of the proposed technique, let us
assume that β2HMG is varied from 1 to 5 in steps of 1 (denoting
a reduction in this MG’s willingness to support the other
MGs within the MMS). Let’s also consider β4HMG = 2. The
changes in the CMG formation and corresponding values of
OFs and line losses, with varying β2HMG , are listed in Table 9.
When β2HMG = 1 (i.e., β2HMG < β4HMG ), the MMSC
determines the most optimal solution as a CMG consisting
of MG-2 and the PMGs (i.e., MG-{1, 2, 3}). However, with
β2HMG = 2, as both of the HMGs’ costs become identical,
two CMGs are formed, similar to the Case-2. Then, as MG-2
keeps on increasing its reservation to support any PMG (i.e.,
with the increase in β2HMG ), the MMSC determines the most
optimal CMG consisting of MG-4 (which has a lower energy
transaction costs versus MG-2), as depicted in Table 9. It is
noteworthy that, as seen from this table, since the MMSC
optimally determines the formation of the CMG while β2HMG
is varied, OF CMG along with the cost of power exchange
within the CMGs remain unchanged because the same CMG
is formed for 3 ≤ β2HMG ≤ 5.
TABLE 9. Sensitivity analysis results for the MMS of Fig. 8a for
1 ≤ β2HMG ≤ 5.

TABLE 10. Sensitivity analysis results for the MMS of Fig. 8a for
MG = γ MG ≤ 2.
0 ≤ γ14
34

TABLE 11. Comparison between forming single CMG and multiple CMGs.

TABLE 12. Considered technical and cost parameters of MGs in
numerical studies.

MG = γ MG = 2). The outcome of this study is shown
(i.e., γ14
34
in Table 10, and illustrates that as the ownership of MG-4
changes, the formation of CMG changes accordingly. When
MG-1, 3 and 4 have the same owner, the CMG is formed
among them since such a CMG yields in the least energy
transaction cost. On the other hand, when all MGs are sister
MG = γ MG = 1), the cost of HMGs (i.e.,
concerns (i.e., γ14
34
MG-2 and 4) are identical, and therefore, forming two CMGs
is optimal, as shown in Table 9. However, to minimize the
energy transaction cost, the MMSC selects the most optimal
CMG consisting of MG-2 and the PMGs when MG-4 is the
competitor of the PMGs. Hence, it is evident that the proposed
technique seeks for the optimal option to result in least cost.

VI. COMPARATIVE ANALYSIS

B. HMG’S OWNERSHIP

In the studies of Case-2 in Section IV.A, it was assumed that
MG-1 and 3 have the same owners while MG-2 and 4 are
their sister concerns, as was reflected by γijMG in Table 8.
To demonstrate the impact of varying the ownership of the
MGs, the relationship between the owner of MG-4 with
that of MG-1 and 3 (i.e., the PMGs in this case) is varied,
MG = γ MG = 0) to competitor
from same owner (i.e., γ14
34
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As was discussed in the Introduction, the methods in the
existing literature usually form a single CMG to resolve the
problem of all the PMGs, irrespective of the MMS topology [16], [17], [30], [31]. The proposed technique in this
paper has the capability to form multiple CMGs, when expedient (e.g., in the case of Fig. 1d), as forming multiple CMGs
can result in more optimal solutions. To demonstrate the
benefit of forming multiple CMGs, let’s consider Case-2 of
Section IV.A, where two CMGs were formed to remove the
VF problem of the PMGs (i.e., MG-1 and 3). Now, if the
option of forming multiple CMGs is disabled, either MG-2 or
4 would form a CMG with the PMGs (as both of them has
similar features and costs). Table 11 shows the results when
single and multiple CMGs are formed. As depicted in this
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TABLE 13. Considered technical and cost parameters of DDGs in each MG
in numerical studies.

TABLE 14. Systems considered for time complexity analysis.

the individual MGs and CMGs are optimized independently,
an important factor as different MGs within an MMS can be
operated by different authorities and under different control
techniques. The proposed technique considers the technical,
operational, environmental and reliability aspects, as well as
the willingness of the MGs in supporting each other and the
financial relationship between their operators. It is also network topology independent; hence, it works for any kind of
topology of the MG and MMS. Several study cases have been
conducted, which demonstrate the effective performance of
the proposal in remedying the VF problem by forming suitable CMGs at the least operational cost. The studies also
show that forming multiple CMGs can be an effective way
to increase the flexibility and efficiency of the system when
the network topology allows that.
In future, a robust optimization technique will be developed to precisely consider the uncertainties of the renewable
energy sources and loads to determine the support required
by a PMG as well as the ability of a HMG to provide support.
APPENDIX
A. UTILIZED MPSO

FIGURE 12. (a) Probability density function and (b) Cumulative density
function of 100 runs of MPSO, (c) MPSO’s convergence over iterations in
one sample run.

FIGURE 13. The time complexity of the proposed technique.

table, although most of the OFs are almost equal for both
conditions (because most parameters are assumed similar in
both HMGs), there is a 34% reduction in power loss when
two CMGs are formed in this study case. For a very large
MMS with complex network topology, this reduction in line
loss can be very significant. Thus, the proposed technique
improves the overall efficiency of the system by considering
and allowing the formation multiple CMGs, when practical
and optimal.
VII. CONCLUSION

This paper has presented a new technique to manage the
MGs’ undesirable VF deviation problem within a remote
areas MMS. The presented technique is a two-level optimization approach, which optimizes the operation of an MG
locally at the first stage, and if required, it then proceeds to
select suitable neighboring MGs to provide external support.
This is attained by forming appropriate CMGs in which
78094

In this study, the optimization problems of (5) and (13) are
solved by an MPSO-based solver, which is a metaheuristic
approach and uses random numbers as the inputs of the optimization. PSO is 31 times faster than Benders decomposition
with the same final solution, and it is 19% more efficient
than linear programming [51]. The idea of mutation from the
genetic algorithm is included in PSO to form the MPSO with
enhanced solution accuracy [52]. It has the ability to solve
non-linear and mixed-integer problems with acceptable convergence and stability within a multidimensional space [49],
[53], [54]. The performance of MPSO against three wellknown heuristic methods of original PSO, genetic algorithm,
and simulated annealing for distribution network planning
demonstrates a better accuracy and robustness [55].
It is important to note that, same as other metaheuristic
solvers, the MPSO does not necessarily yield the same result
if it re-runs multiple times for the same study case. However,
its outcome in each run should be close to the average value
of all runs. To exhibit this, the MPSO is re-run 100 times for a
sample event (i.e., HMG optimization in Case-1). The probability and cumulative density functions for the least OF MG
(i.e., the best solution in each run) are depicted in Fig. A1a-b.
This figure shows that in 80% of the runs, the defined least
OF MG are close to each other, showing a normal distribution.
In addition, Fig. A1c shows the convergence of MPSO for a
sample run, which illustrates that the convergence occurs well
below 100 iterations.
B. UTILIZED PFA

The frequency of an islanded MG varies around the nominal
value by the DDGs, according to their droop equation of (1b),
mainly be-cause of the absence of a slack bus. Therefore,
conventional PFA techniques, used for regular power system,
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cannot be employed for islanded MGs, Thus, a modified
approach is required to calculate the frequency. In this study,
the PFA technique of [50] has been used within the developed technique to determine the frequency, power loss, and
the voltage magnitudes in the MGs and the CMGs at each
stage of optimization. To illustrate the accuracy of the used
PFA, another study has been conducted to compare the PFA
realized in MATLAB with the PSCAD results for the sample
6-bus network of [50]. This study demonstrates a maximum
deviation of 0.01% for voltage magnitudes and a maximum
of 0.34% for voltage angles of the buses, yielding a maximum of 0.12% deviation in the powers, and confirming the
accuracy of the employed PFA function.
C. ASSUMED PARAMETERS OF THE MGs

The assumed technical and cost parameters for the MGs in
the numerical analyses are provided in Table C1 and C2.
D. TIME COMPLEXITY

The complexity of the optimization problem increases as
the number of decision variables (i.e., the number of BESs,
DDGs, NDGs, loads, etc.) increases in the MG. As such,
this complexity increase is in line with an increase in the
number of buses of the network to which these components
are connected. Furthermore, as the number of buses increases,
the PFA calculations within the optimization solution become
more time-consuming. Therefore, a study is conducted to
demonstrate the impact of the increasing size of the MG (i.e.,
its number of buses) on the calculation of the required support
for an PMG or identifying the available support of an HMG.
Table D1 lists seven systems, in which the number of buses of
the MG in Fig. 8b increases from 10 to 63. As multiple PFA
iterations take place inside each PSO iteration, the number
of PFA iterations is considered as the basic operation. The
total number of operation is monitored when the proposed
technique is applied to each of these systems. Fig. D1 shows
this relationship, which is a logarithmic time complexity
(denoted by O (logn)) [56]. Hence, the operation time to
calculate the required support for an PMG or identifying the
available support of an HMG increases as the size and number
of decision variables of the system increases. However, it is
noteworthy that, with the ongoing advancements in industrial
and real-time processors, it is expected to have access to
superfast platforms that satisfy the required processing speed
even for extremely large MGs, in the near future.
NOMENCLATURE

N
f
V
f max
V max
mDDG
nDDG

Number of MGs in the MMS
Frequency
Voltage
Frequency droop set-point
Voltage droop set-point
Frequency-Power droop co-efficient
Voltage-reactive power droop
co-efficient
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P DDG
QDDG
f nom
V nom
P tx
P tx
HMG
Qtx
UGC HMG
ALC HMG
UGC
ALC
OFtech
OFop
OFrel
OFtx
OFenv
VDI
VDI max
FDI
FDI max
P loss
Cost loss
Cost ENS
Av
AvHMG

Active power of DDG
Reactive power of DDG
Nominal frequency
Nominal voltage
Required active power exchange to resolve
a problem in a PMG
Active power exchange by HMG
Required reactive power exchange to resolve
a problem in a PMG
Unutilized generation capacity of an HMG
Available loading capacity of an HMG
Total unutilized generation capacity
of the MMS
Total available loading capacity of the MMS
Technical objective function
Operational objective function
Reliability objective function
External power transaction objective function
Environmental objective function
Voltage deviation index
Maximum allowable VDI
Frequency deviation index
Maximum allowable FDI
Power loss
Per unit cost of power loss
Per unit cost of unmet energy
Probability of a element/asset being available
The minimum availability of DDGs
within an HMG

EmDG
i

Emission of a DG in an MG [Kg/KW]

EmHMG
i

The maximum emission of the DGs in
an HMG
Coefficient reflecting the ownership of
the HMG-PMG pairs within the CMGs
Flexibility factor, by which the HMG
operators represent their willingness to
provide support
Per unit cost of power transaction
Total number of PMG-HMG pairs within
the CMGs
Relationship between a PMG and an HMG
Line current
Maximum allowable line current
Spinning reserve index
The amount of loads modified
under the demand response
Level of renewable curtailment
Per unit cost of demand response
Per unit cost of renewable curtailment

γ CMG
β HMG
Cost tx
M
γ MG
ij
I
I max
SRI
1P DR
1P RC
Cost DR
Cost RC
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