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Microgrid (MG) technologies exhibit attractive features such as high power quality, reliability, sustainability and
environmental friendly energy to the consumers using control and energy management system (EMS). However,
renewable energy sources integrated with MGs are intermittent due to their stochastic behavior. Therefore, a
proper control technique is essential to ensure a smooth transition of MG power to sensitive loads and the main
grid. This study comprehensively reviews MG control strategies and their classiﬁcations in terms of protection,
energy conversion, integration, advantages, disadvantages, and EMS. It focuses on conventional and advanced
control methods that are used in MG applications for sustainable energy utilization. The algorithms, advantages,
and disadvantages of conventional and advanced control methods are explained, and possible improvements or
hybridization for future grid control applications is highlighted. Maximum Power Point Tracking control algorithms are also highlighted to maximize the power generation of renewable sources in the MG system. The
rigorous review indicates that existing control technologies can be used for MG operation; however, further
technological development of control methods is needed to achieve sustainable MG operation and management
in the future. This review also underscores many factors, challenges, and problems related to the sustainable
development of MG control technologies in next-generation smart grid applications. Thus, this review will
strengthen the eﬀorts to develop economic, eﬃcient, and long-lasting MGs for future smart grid use.

1. Introduction
Distributed energy resources (DERs) are electricity-producing resources or controllable loads. Examples of DERs include solar panels,
combined heat and power plants, fuel cells, electric vehicles, electricity
storage, and wind power. These energy sources are directly connected
to local distribution systems or host facilities within local distribution
systems. The adoption of DERs changes the manner of energy transmission through utility power grids, which provide ﬂexibility in energy
utilization. A high penetration of distributed generation (DG) into grids

⁎

brings challenges to the operation and stability of power systems.
Hence, proper microgrid (MG) architecture and control techniques for
DERs are important to ensure the stability, safety, and eﬃciency of
power systems [1]. One of the most attractive features of MG technology is its capability of operating under grid-connected and autonomous modes [2,3]. In recent years, substantial research has been conducted on the design, control, management, and operation of MGs. In
an MG system, an energy management system (EMS) is used to manage
the power and energy between sources and loads and to provide high
quality, reliable, sustainable, and environment-friendly energy to

Corresponding author.
E-mail address: hannan@uniten.edu.my (M.A. Hannan).

https://doi.org/10.1016/j.apenergy.2019.02.070
Received 24 October 2018; Received in revised form 9 February 2019; Accepted 12 February 2019
Available online 20 February 2019
0306-2619/ © 2019 Elsevier Ltd. All rights reserved.

Applied Energy 240 (2019) 583–607

M.F. Roslan, et al.

with consideration of all constraints of integrated systems. These constraints were considered in [13–15]. The EMS also provides MG systems
with the ability to resynchronize the responses to the operating transition between interconnected and islanded modes on the basis of realtime operating conditions and status of the MG systems [16,17]. Harmonics may be generated due to the intermittent energy generation of
DER units and thus interfere with controller performance. This interference can be minimized by introducing a supervisory control system,
such as SCADA and Zigbee devices, which are able to control, monitor,
manage, and direct the ﬂow of energy among various sources to ensure
the eﬀective use of such resources [18–21].

consumers [4]. The EMS is a vital supervisory controller in an MG
system. Therefore, its voltage and frequency in the MG system, especially during autonomous operations. must be regulated.
Although MGs can function in grid-connected and islanded modes,
their conﬁgurations are mainly classiﬁed as alternating current MG
(ACMG), direct current MG (DCMG), and hybrid MG. A hybrid MG
consists of AC and DC networks and a power converter located between
both networks that regulates power ﬂow to the grid; it combines the
advantages of AC and DC networks provide good system features [5].
Several features, such as adequate power sharing of renewable energy
sources (RESs) and energy storage system (ESS) units, voltage and
frequency stability, optimal power exchange between grids and MGs,
and operational control and transition for both modes of MGs, were
reviewed in [1,6].
MGs comprise various DGs such as photovoltaic (PV) systems, wind
turbines, fuel cells (FCs), ESSs, and loads. Energy production based on
these sources is intermittent due to their stochastic behavior. Therefore,
a proper control technique is essential to ensure a seamless transition of
power in MGs, especially after disconnection from the main grid. A
proper control technique also improves the power quality of MGs and
keeps the voltage and frequency ﬂuctuations and phase angles within
acceptable levels because once MGs are disconnected from the grid,
they keep the voltage and frequency stable in order to supply and
sustain electricity generation to consumers properly. Conventional
methods have been utilized for both modes of MG systems to ensure
their eﬃciency and robustness [7].
In an MG system, integrating numerous DG results in diﬃculties in
system control, which in turn lead to poor power quality, security,
stability, and reliability [8]. The improper control of MGs leads to the
instability of the dynamic and transient response of the entire grid
because a power sharing method emerges in MGs, especially when the
grid is on islanded mode in cases of power disturbance. For example,
the control of voltage source inverters (VSIs) for MG systems is necessary for proper power management because of the power sharing parallel inverters in MGs. Hence, several studies on power sharing methods
indicate that the integration of DG units into MG systems aﬀects transient stability [9]. Frequency, voltage, and power quality are the three
main parameters that need to be considered in stability analysis and
require a proper control scheme to meet acceptable standards [10]. In
recent studies, the reliability of MG systems was assessed by considering the constraints of reactive power compensation to achieve
voltage control, reduction of power loss, and spinning reserve to support generation outages; such consideration exerts a positive impact on
distribution networks [11]. The present study aims to review and
brieﬂy discuss the evolution of controllers and their applications according to need, classiﬁcation, implementation, stability, and protection of MG systems toward the enhancement of reliability, eﬃciency,
and power quality.

2.1. Classical method-based MG EMS
According to extensive critical reviews, many strategies have been
developed and solved by researchers to provide eﬃcient and optimal
solutions to the application of EMSs to MGs. Ref. [22] proposed a
mixed-mode EMS strategy for MGs to operate at a low cost. This method
combines the continuous run mode, which is assigned to FC operation
to continuously deliver output power to meet load demands; power
sharing mode, which is characterized by power trading with the main
grid; and on/oﬀ mode, which covers the connection status of the main
grid, FCs, and ESSs. The sizing of ESSs is also considered in these
strategies because this factor inﬂuences the operating cost and EMS of
the MG system. In a previous study, an optimized EMS was proposed to
control the MGs of a remote military base [23]. These classical methods
are considered to improve the size of ESSs in MGs according to the days
of operation with power electronic interfaces for bidirectional power
ﬂow decisions. In another study, a mixed integer nonlinear EMS model
was proposed for the optimal operation of diﬀerent generation technologies with consideration of islanded MGs [24]. The minimization of
the generation cost of electricity from a dispatchable DG unit is formulated as an objective function, and the active and reactive power of
AC-side DG units have droop control as a constraint in the proposed
model. These MG EMS strategies are mostly used in a centralized supervisor control architecture, which focuses on DG optimization in
MGs.
2.2. Energy box-based MG EMS
The energy box is a central control unit that provides an EMS for an
electrical power system that coordinates and manages electricity use,
storage, and energy trading with the main grid for small consumers of
electricity [25]. In other words, the energy box is capable of coordinating net electricity consumption time scales in seconds and
minutes to provide energy savings for consumers and facilitate the
creation of a smart demand management application to fulﬁll consumer
requirements (comfort, load shedding, and ﬁnancial savings). The automated synchronization system of an energy box is a major concern in
grid management because it is used to coordinate and respond to the
oscillation prices of electricity and to control the net electricity consumption in demand management [25]. Hence, this automated response system requires a sequential decision-making process to balance
the net electricity consumption between consumers and the grid. This
system covers scheduling and shifting electricity consumption in DG
units for consumers and comprises local storage devices to achieve a
global optimum controller in EMSs. Approaches such as stochastic dynamic programming and communication infrastructure have been
presented to provide reliable and ﬂexible EMSs. One proposed algorithm is integrated in an energy box system as a decision-making
strategy under uncertain conditions to determine an optimal control
signal for using, storing, and selling electricity among consumers and
grids based on forecasting methods [26]. An active distribution network
fully integrated with demand and DERs provides a framework for the
energy box system by integrating it with the aggregator level of controllers to provide a smart EMS to consumers. This approach focuses on

2. Energy management system of MGs
The EMS of MGs determines the optimal dispatch and schedules of
DERs and is responsible for their economical and reliable operation [2].
The management of MGs as multi-generation sources ensures an uninterrupted power supply to the load. The EMS of MGs is comprehensively discussed according to the various types of management because
the proper management of energy from diﬀerent sources must be
guaranteed and scheduled to satisfy demands. The EMS of MGs comes
in the form of supervisory controllers that provide the necessary functions of power quality control, optimization of operation, and economic
analysis through the enhancement of their intelligence level [12]. Fig. 1
shows a typical conﬁguration of an EMS in an MG system.
The EMS is aimed at attaining an economically feasible MG and
maximizing the reliability of the operation of the MG system for consumer satisfaction. The recent research on EMSs developed accurate
algorithms to optimize DERs while minimizing the objective functions
584
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Fig. 1. Energy management system of an MG.

2.3.2. Islanded mode
In islanded mode, the MG is separated from the upstream distribution grid and provides a reliable power supply to consumers on the
basis of DG bids. With the integration of a BESS into the MG system, the
reliability and eﬃciency of the system increases, and the system is able
to smooth out power ﬂuctuations in renewable energy generation. In
emergency situations, such as the disengagement of the MG from the
main grid due to faults at MV networks, the MG operates autonomously
in islanded mode with the help of DG and the BESS to maintain its
integrity [37,38]. The main aim is to control and maintain the voltage
and frequency of the system. After islanding, the synchronization of the
reconnection of the MG is achieved autonomously using frequency
diﬀerences between the islanded mode and the utility grid [36,39–42].
Fig. 3 shows the conﬁguration of the islanded mode of an MG with
static switch for transition purposes.

domestic and small commercial consumers with consideration of active
demand response and provides a smart control of the net electricity of
consumer levels via a signal associated with average power consumption and power ranges over a speciﬁc period [27]. The design and
implementation of the presented framework were also addressed in the
study associated with smart communication methods. Another researcher presented a concept of a virtual power plant as an energy box
controller, which aggregates small capacity generation, storage, and
demand units into one large system that operates as a single entity. In
this concept, the energy box controls the electricity generation from
RESs and the storage and consumption of each consumer. This approach presents a real-time EMS framework, which can control distributed generators, loads, and devices for local electricity storage [28].

2.3. MG mode of operation
3. Classiﬁcation of microgrids

According to the Consortium for Electric Reliability Technology
Solutions (CERTS), MGs consisting of clusters of DERs, storage systems,
and loads can operate in two modes, namely, grid-connected and islanded modes [29]. In this section, these modes are discussed in detail.

According to the modes of operation stated by CERTS in [29], the
MG system is classiﬁed into three types. As shown in Fig. 4, the classiﬁcations are alternating current MG (ACMG), direct current MG
(DCMG), and hybrid ACDC MG.

2.3.1. Grid-connected mode
In the grid-connected mode, the MG can supply or draw power from
the local grid contingent upon the generation and load demand of the
system [30]. Typically, an MG is connected to the main grid via a single
point of common coupling (PCC) regarded as the point of interconnection and is usually linked to a distribution system at low or
medium voltage (MV) levels. The integration of battery energy storage
systems (BESSs) in MGs considerably beneﬁts operations because BESSs
act as a power supply under discharging mode and as a load under
charging mode [31,32]. BESSs in MGs are able to maintain voltage and
frequency ﬂuctuations within acceptable limits to ensure the sustainability of MG systems. In general, BESSs are utilized in combination
with RESs in MGs to provide backup generation and peak load operation during prolonged grid outages, grid stability services to control
voltage and frequency regulations, and demand responses under gridconnected mode. Several attempts have been made to solve issues such
as BESS sizing, optimal scheduling, energy management strategy, and
control of MGs in grid-conned modes to achieve eﬃcient generation
[31–36]. Fig. 2 shows the general conﬁguration of the grid-connected
mode of an MG, which consists of a PCC.

3.1. Alternating current microgrid (ACMG)
The power sources and load in an ACMG are connected [43]. An
ACMG is connected to a utility grid through a PCC or point of interconnection (POI), in which switches transition the modes of the MG.
DERs that generate a DC voltage in the system, along with storage
systems, require a power electronic interface to connect to an AC bus
system. Fig. 5 shows a general conﬁguration of an ACMG system connected to a utility grid through PCC modes.
An ACMG is easy to integrate to existing power systems to provide
reconﬁgurable systems. The loads, generator, and storage device must
be compliant with the grid because the latter contains the same feeders.
The main drawback of the ACMG system is its requirement of large and
complex power electronic interfaces to synchronize DERs with the
utility grid and thereby prevent harmonic impact on the system [44].
However, parameters such as frequency, phase angle, and voltage
magnitude need to be matched and balanced with the grid. This requirement limits the application of ACMGs to power systems. In general, ACMGs involve more conversion steps than DCMGs do [44,45].
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Fig. 2. Grid-connected mode of MG conﬁguration.

3.2. Direct current microgrid (DCMG)
MICROGRID

A DCMG is a system that is connected to DC power sources and
loads. This system can be easily incorporated with DG units because it
only controls DC voltage. Energy storage and RESs operate in DC mode.
The DCMG is connected to a utility grid via a PCC at a distribution
system. In this mode, the PV, DC loads, and energy storage can be easily
connected to the DC bus via a DC–DC converter. Wind turbines and
diesel generators are connected to DC buses via AC–DC converters.
Fig. 6 illustrates the conﬁguration of a DCMG system.
This type of MG has a simpler structure than an ACMG does because
it does not require the grid synchronization of DERs, harmonics, and
reactive power ﬂow. This conﬁguration results in a simple structure and
control requirement and can thus improve system eﬃciency [44]. Reliability issues arise in this type of MG because of the use of a power
electronic converter, which is serially connected to the system and leads

AC
Microgrid

Hybrid ACDC
Coupled Microgrid

DC
Microgrid

Fig. 4. Classiﬁcation of microgrids [42].

Fig. 3. Islanded mode of MG conﬁguration.
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Fig. 5. Typical ACMG architecture [1].

to the ineﬃcient handling of the power ﬂow from/to the distribution
grid [46].

4. MG control methods
The MG is the most interesting system in renewable energy generation because it can minimize consumption and cost in a speciﬁc
geographical area by providing cheap and green energy to users.
Therefore, a proper control technique is essential to meet the above
objective in terms of power ﬂow between MGs and the main grid to
ensure a seamless transition and automation in cases of sudden disconnection. Furthermore, a proper control method is needed to control
the stochastic generation behavior of DG units in MGs. The conventional control described below can be classiﬁed into a few methods that
are applied to MG systems to enhance their eﬃciency and reliability
and thus meet consumer satisfaction. Fig. 8 presents a detailed classiﬁcation of MG control methods commonly used in MG operations
[7,49–51].

3.3. Hybrid AC–DC microgrid (HMG)
A hybrid microgrid (HMG) consists of connected ACMG and DCMG.
Generally, an ACMG is directly connected to the PCC, and a DCMG uses
a bidirectional AC/DC converter to connect to the AC bus [5]. The
controller for various converters in the HMG is essential to ensure the
stability and eﬃciency of the MG system. As shown in Fig. 7, the
controller is located between the utility grid and the system bus because
an AC–DC converter acts as the main converter in the architecture to
manage the power ﬂow between the ACMG and the DCMG and the
voltage of the DC bus. The major advantages of this HMG are listed in
Table 1. The issues concerning the control strategies of the HMG are
discussed in [6].
Table 1 presents the comparison of diﬀerent MG infrastructure with
respect to the type of operation. A few experimental studies on MGs
corresponding to the type of operation in several countries have been
carried out, as described in [47].

4.1. Conventional MG control method
Conventional control methods have been widely applied in MGs to
maintain voltage and frequency stability and regulation, especially

Fig. 6. Typical DCMG architecture [1].
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Fig. 7. Typical HMG architecture [6].

[2,53–55]. Many droop control schemes have been proposed for linear
load sharing in MGs [42,53,54,56]. However, they are limited by their
slow transient response that requires a low-pass ﬁlter, unbalanced
sharing of harmonic currents, and the inherent trade-oﬀ of voltage and
power sharing [42,53]. In the droop control method, each unit uses
frequency to control the active power ﬂows instead of the power or
phase angles because of the uncertainties of the initial phase values
among the units in the stand-alone system. A block diagram of the
droop control strategy is shown in Fig. 9. The frequency and terminal
voltage deviations are measured in the input controller. The drop
characteristic is selected to rate the unit capacity to prevent overloading.

during network events. In general, MG voltage and frequency are
regulated with power generation dispatch in a hierarchical control level
structure [52]. Hierarchical control comprises tertiary, secondary, and
primary control levels. Primary control levels are considered to be the
most challenging because of the need to ensure real-time frequency and
voltage stability upon disturbance [52]. The following section describes
the conventional control methods for obtaining voltage and frequency
within acceptable levels in MG applications. Table 2 provides a summary of the conventional control methods in MG applications.
4.1.1. Droop control method
The conventional droop control method aims to adjust active and
reactive power (power quality, PQ) output on the basis of frequency
and voltage deviations to avoid using communication links among
parallel-connected converters. In grid-connected mode, the main objective is to ensure the eﬃciency of the EMS in organizing energy
production or dispatch and scheduling each DG unit. In islanded mode,
the goal is to control or maintain the voltage and frequency of the
system within a speciﬁc desired limit or level. Hence, the output voltage
frequency and amplitude of the inverter must be able to independently
compensate for active and reactive power imbalance via load sharing

4.1.2. Virtual output impedance
Several droop control techniques have been proposed to overcome
the limitations of conventional droop control techniques and to improve the performance of parallel-connected inverters in DG systems.
The virtual output impedance method was introduced to increase
power sharing accuracy in MGs [57,58]. This control scheme is aimed
at improving the steady state and transient response of parallel-connected inverters while providing good active and reactive power

Table 1
Summary of MG classiﬁcations.
Type

Protection scheme

Voltage conversion

Integration

Advantages

Disadvantages

References

ACMG

Over current relays;
reclosers;
sectionalizers (SCB);
miniature circuit breaker
(MCB);
fuses

Uses AC/DC/AC converter for
stable coupling;
AC load directly connected to
bus line;
requires AC/DC converter for
DC loads

Easy reconﬁguration by
existing grids;
required synchronization of
DG units

Utility protection;
fuses;
molded-case circuit breaker
(MCCB);
power circuit breaker (CB);
static switch (SS);
isolated case (CBs)
AC and DC links connected
through two transformers
and two four-quadrant
operating three-phase
converters

Bidirectional DC/DC and DC/
AC (inverter) power converter
connected to bus line

Diﬃcult synchronization with
host grid while maintaining
frequency, phase angle, and
voltage magnitude;
low eﬃciency and reliability;
complex architecture and
controller
Voltage is not standardized;
required additional power
stage to generate AC voltage;
cannot be reconﬁgured from
existing grid;
protection is complicated

[1,48]

DCMG

Requires conversion
levels to integrate with
DCDG units;
AC needs
synchronization;
integrated with high
frequency ACDG units
Easy to integrate with
PV cells, wind turbines,
and FCs

HMG

Uses a transformer for the AC
side for voltage conversion;
uses DC–DC converter for the
DC side for voltage
conversion

Direct integration;
suitable for DC-based
generation
(examples: PV, electric
vehicles, FCs, energy
storage);
does not require power
converters

588

DC loads can connect directly
to DC bus;
low number of power
converters required

Direct connection to the grid;
does not require
synchronization of DG units
because it can directly connect
to the AC or DC network;
controllers are simpliﬁed;
reduces energy loss

Low reliability;
complex controller and
management, especially in
islanded mode;
combined architecture of
ACMG and DCMG

[1,46,48]

[5,6]
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Fig. 8. Classiﬁcation of MG control methods in terms of their technique formations.

sharing capabilities [53,54]. This technique is implemented by dropping the output voltage references to the output current proportionally
and ﬁxing the phase and magnitude of the output impedance. The
output and line impedance of DGs involves the consideration of inductive and damped oscillation [54,55]. Other extensive research on
virtual output impedance in droop control methods is available in
[42,59,60].

mode, the grid works as the master, and the master converter in the MG
acts as the slave, with the central command unit generating reference
control signals. In islanded mode, the master DG operates as a voltage
control source while all slave DG units operate in current controlled
sources. Therefore, a reliable and fast communication link is important
for a centralized controlled unit to send command control signals to all
DG units eﬃciently [62].

4.1.3. Master–slave control method
The master–slave control method has been widely used in MG systems, especially in controllers comprising microsources (MSs) as a
major element in coordinating the operation of the interface converter
for each DG unit. Once the MG is connected to the grid, all MSs contain
a master converter, which provides voltage and frequency references.
For example, when the main power supply is lost or when a power
outage event occurs, the slave takes voltage references from the master
and works in PQ mode. The control of low voltage MGs with the
master–slave architecture, which governs the interaction between utility and MGs at the PCC, was proposed [61]. In the grid-connected

4.1.4. Multi-agent system (MAS)-based control method
MAS-based control methods have been widely used in MGs because
they are fully rooted in decentralized control, in which two or more
interacting agents follow their own rules and goals and perform functions autonomously [63]. An MAS can control and stabilize voltage
output, frequency, and power with a changing environment and load
with uncontrollable RESs. One strategy is to coordinate power sharing
between ultracapacitors and batteries distributed in the DCMG [64]. A
decentralized coordinate control scheme based on an MAS has also
been proposed to improve the stability and security of MGs [65]. A
similar control strategy based on frequency is employed in islanded
589
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[70]

[1,71]

MS behaves as master controller under voltage mode control and
provides voltage and frequency references to other MSs of each DG
unit
Allows each MS or load to represent an agent that can exchange
information with neighboring agents to collaborate on mutual
objectives and controlling components
The DC/DC converter inserted between the PV panel and the batteries
can control the seeking of MPP and typical functions
Voltage;
frequency;
microsources (MS)
Voltage;
MS

DC/DC converter; irradiance; ambient
temperature; load proﬁle

Master–slave control

Multiagent system (MAS)-based
control

Maximum power point tracking
(MPPT) control

Deals with economic power coordination and voltage coordination in EMS;
improved control characteristics of MG with high reliability, security, and
ﬂexibility; solves coordination control in MGs
To locate the maximum power generated by output RESs based on irradiance,
temperature, and load proﬁles; acts as a converter to modify the duty cycle
and input impedance of control signals; enhances eﬃciency of RES systems

Summation of virtual output impedance to balance reactive and Q
power sharing
Voltage reference;
voltage impedance;
active, P power; reactive, Q power
Virtual output impedance

[1]

[1,42,51]

Provides power sharing based on MG to eliminate communication link in
decentralized control;
increases system reliability and ﬂexibility by allowing active power sharing of
DERs
Provides proper transient response of active and reactive power sharing
without frequency deviations;
excellent current sharing with minimized harmonic circulating current in
parallel-connected converters of DG system
Adjusts violation of voltage and frequency of DG units; can operate in
centralized and decentralized control
Balanced load current sharing by adjusting output voltage and
frequency under voltage v/s current droop characteristic
Voltage and frequency of the inverter;
active, P power; reactive, Q power
Droop control

[51]

References
Advantages
Technique
Parameters
Control method

Table 2
Summary of MG control methods.

M.F. Roslan, et al.

Fig. 9. Droop control strategy [2].

MGs to eliminate the ﬂuctuations of frequencies in outage events [66].
The advantages include the ability to overcome uncertainty disturbance, improvement of eﬃcient information sharing in a decentralized manner, and fast decision-making process and operation. Further architecture and level control of MAS methods are presented in
[64,67]. The framework of the MAS-based MG is shown in Fig. 10. The
agents include electrical equipment, such as battery energy storage,
wind turbine, gas turbine, and loads. These agents monitor the status
and control operations of electrical devices under the coordination by
the MG central controller (MGCC).
4.1.5. Maximum power point tracking (MPPT) control
Generally, energy generation, such as that in PV cells and wind
turbines, are stochastic or ﬂuctuating and totally depends on environmental factors, including solar irradiance and ambient temperature.
Based on nature, the MPPT takes action to harvest maximum energy
from the output of installed PV arrays and acts as a controller located at
local converter levels operated by embedded DC–DC converters. The
MPPT method takes the maximum value of the power generated by PV
cells and extracts it. The MPPT method is based on moving operational
PV voltage or current to obtain maximum power. This method is also
applied to other RESs, such as FCs and thermoelectric devices. Several
studies were reviewed in [69]. The classiﬁcations and diﬀerent MPPT
techniques were also analyzed in [70]. The behavior of PV power can
be written as Eq. (1) [70]. The general PV system scheme with the
MPPT system is shown in Fig. 11.

PPV (t ) = F (VPV (t ), IPV (t ), γ (t )),

(1)

where γ denotes the variables other than the current and voltage and t
is the time of the power curve that depends on PV parameters and
climatological variables.
The strategy of developing PV panels to absorb maximum power has
emerged in the literature because PV panels have been widely used in
stand-alone and grid-connected systems of MGs. The tracking methods
are categorized according to their techniques and are divided into ﬁve
groups [70].
4.2. Advanced MG control techniques
Advanced control techniques have been widely applied to MG
control systems to enhance control performance. Such techniques are
intelligent and adaptive techniques for optimizing the parameters involved in control systems to provide robust controllers. The following
section discusses the MG control techniques.
4.2.1. MG supervisory controller
MG supervisory controllers are categorized into two groups,
namely, centralized and decentralized management. The aim is to
provide necessary functions, such as power quality control, and to optimize system operation by enhancing the intelligence level. The following section discusses the corresponding group of supervisory
590
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Fig. 10. Framework of MAS architecture [67,68].

system, the controllers may be centralized or decentralized. In
centralized control, microsource controllers (MCs), as shown Fig. 12,
also act as intelligent controllers [73]. To provide load capabilities,
local controllers (LCs) are installed at controllable loads. LCs are
commonly used for distribution management systems (DMSs). In each
MG system, MGCCs optimize the MG operations. The MCs and LCs
follow orders and are dependent on the MGCC during grid-connected
mode and perform their own control autonomously in islanded mode
[74]. As part of the utility in MG systems, a DMS or distribution
network operator also interfaces with the MGCC to manage the
operation of medium and low voltage areas if multiple MGs exist. The
architecture of centralized MG control is shown in Fig. 12.

4.2.1.2. Decentralized MG. Decentralized MG management, which
enhances ﬂexibility and expandability, has emerged in MG systems.
This controller allows for great ﬂexibility of operation and avoids a
single point of failure because of the plug-and-play functionality.
Frequency and voltage regulation, DER coordination, and energy
management can be realized in a decentralized manner because of
the level of decentralization. In decentralized control, MCs are mainly
responsible for maximizing their production for demand satisfaction
and exportation to grids given current market prices. The purpose is to
automate MSs and loads maximally. One interesting research on this
supervisory controller is the employment of an MAS-based EMS. A MAS
is a system that consists of multiple intelligent agents that provide local
information and interact with one another to achieve multiple global
and local objectives with autonomy [67,71,72]. Furthermore, a MAS for
real-time MG operation is established with a focus on generation
scheduling and demand side management, as presented in [75].
Hence, many approaches for the MAS method for the decentralized

Fig. 11. General scheme of a PV with an MPPT system [70].

controllers with respect to EMS. Table 3 summarizes the comparison of
centralized and decentralized management in terms of characteristics,
advantages, and disadvantages.

4.2.1.1. Centralized MG. Centralized control management provides
strong supervision, which includes straightforward implementation
and real-time observability of the whole system. It requires data for
the MG component and external grid to execute the optimization
procedure for eﬃcient operation. Secondary control for a centralized
MG controller was reviewed in [72]. A centralized control of MGs can
be explained on the basis of hierarchical control, which consists of
primary, secondary, and tertiary system levels. In this hierarchical
Table 3
Comparison of advantages and disadvantages of MG supervisory controllers.
Characteristic
Centralized

Local controller (LC) dependent on central
controller for decision making

Decentralized

LC provides own decision making

Advantages

Disadvantages

controller allows economic
• Central
implementation and is easy to maintain
observability of the whole system
• Real-time
implementation
• Straightforward
strong supervision and wide control of
• Provides
the entire system
by a control unit
• Protected
computational burden
• Reduces
single point of failure
• Avoids
realization of plug-and-play functionality
• Easy
maximum autonomy for DERs and loads
• Provides
at LC
• Increased reliability and robustness
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ﬂexibility and expandability
• Low
single point of failure
• Entails
• Requires high data interchanges

eﬀective synchronization
• Requires
strong communication to
• Requires
achieve synchronicity
• Requires fast periodical reconﬁguration

References
[72,73]

[49]
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Fig. 12. Architecture of centrally controlled MG [73].

hierarchical control of MGs composed of levels and their functions.
Further studies based on the literature and characteristics are discussed
in detail in the following sections.

control of MGs exist, as further detailed and described in [76,77].

4.2.1.3. Hierarchical control of MG. Hierarchical control has been
introduced in MG systems. It operates in ACMG and DCMG and is
composed of tertiary, secondary, and primary control. Its main purpose
is to provide control over the production of power from renewable
sources. In grid-connected mode, the MG operates on the basis of IEEE
1547-2003 with proper implementation of the detection algorithm for
the system to transition smoothly into islanded mode [78]. In islanded
mode, the MG supplies the required active and reactive power with
stable frequency and can operate within speciﬁed voltage ranges and
limits [59]. Fig. 13 shows the most relevant classiﬁcation of

4.2.1.4. (a) Primary control. As DG and ESS units are integrated into
MG systems to generate stable electricity for consumers, the current and
voltage performance of the interface controller should be controlled.
Ensuring voltage and frequency stability is important for this system to
obtain optimal power management and power sharing. In the literature,
three types of primary level control, namely, grid-forming, grid-feeding,
and grid-supporting control, are distinguished [6]. The primary control
studies usually focus on ACMG and DCMG and the interface converters

Fig. 13. Hierarchical control of MG [79].
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Simple communication network
Provides plug-and-play connection
Requires strong communication to achieve synchronicity
Requires fast periodical reconﬁgurations

Techniques

Performs management of MG at MGCC
Droop-based control

Performs management of MG at MGCC
Distributes secondary control
Decentralized secondary control

Centralized

Noncentralized

4.2.1.6. (c) Tertiary control. The tertiary control level strategy, which is
also called grid level control, is performed to manage the active and
reactive power ﬂows between the MG and the utility grid and to
regulate the voltage and frequency of MGs. This technique can be
implemented in centralized and distributed control strategies.
i. Centralized management: In centralized management, the
power value is measured and compared at the PCC, which interfaces
with the utility grid. In addition, the power quality, eﬃciency, and
economic beneﬁt are optimized on the basis of diﬀerent variables. Some

Levels

Table 4
Summary of secondary control level.

Advantages

i. Centralized management: The variables of active and reactive
power of DG units, ESS units, and loads under this management are
collected to manage MGCC. In this centralized management, communication networking is essential and is linked to all hierarchical
control levels [49]. The secondary centralized control aims to
compensate for voltage and frequency variations in primary control
levels on the basis of references from tertiary control levels when
operating in grid-tied mode. A study presented an approach to
hierarchical multilevel control to ensure the smartness and ﬂexibility of MGs; the approach was composed of the droop method and
output impedance virtual loop for ACMG and DCMG [59,84]. A
reactive power management in islanded MGs was presented in another study to develop an algorithm for reactive power sharing and
thereby achieve a balanced system and MGs with improved reliability [85].
ii. Non-centralized management: In this strategy, the power management of MGs is realized in the MGCC integrated with a local
controller by avoiding the communications network with tertiary
control level. During a disturbance event, the MG can operate normally after disconnection from a faulty unit of the grid. This strategy
oﬀers a simple communication network such as a plug-and-play
approach toward the integration of MGs at the power distribution
level [6,49,74]. In this strategy, two techniques without communication and integrated communication networks are combined.
These techniques are called distributed secondary control and decentralized control.

[74,86,87]

Requires communication network in all levels
High penetration of connected devices
Cannot share interest among connected devices

4.2.1.5. (b) Secondary control. The purpose of this control level is to
compensate for voltage and frequency deviations in MG networks.
During islanded mode, this control level ensures the resynchronization
of the transition mode to regulate voltage and frequency references.
This control strategy is categorized as centralized or noncentralized [6].
The summary of control categories for this level is provided in Table 4.

Provides high plug-and-play capabilities
Suitable for small-scale MG management
Integrates a small number of controller devices
MG can operate normally during faulty events
Integration of MG at power distribution level
Provides a high level of ﬂexibility

Communication

i. Grid-following control: The voltage and frequency of MGs are
controlled by utility grids in grid-connected mode. Hence, the purpose of grid-following control is to optimize the power sharing
strategy of the network because the LCs of RESs operate under
current control mode to extract maximum power from energy resources. An overview of distributed power generation systems based
on renewable sources was discussed in [80]. The grid synchronization method was also reviewed in this study in case of AC-based DG
units; examples include zero-crossing method, ﬁltering grid voltage,
and phase locked loop technique. An extensive review covered the
hierarchical control of MGs from power generation through RESs to
achieve synchronization with the main network in islanded mode
[81–83].
ii. Grid-forming control: An optimal active and reactive power control should be realized to provide adequate power sharing between
DG and ESS units and thereby stabilize the voltage and frequency of
the AC and DC networks of MGs, especially under islanded mode.
Two conﬁgurations have been identiﬁed for this control strategy:
single grid-forming and multiple grid-forming units [6].

Disadvantages

References

between them. The following section discusses the types of primary
control level.

[6,49]
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[71,134]
Long calculation time; uncertain behavior leads
to diﬀerent results

Automatically tunes gains of PI controller in the droop control method;
optimizes DG placements composed of PSO and clonal selection algorithm;
utilized to determine the optimal position of DGs to degrade power loss
Starts with random generation of initial population, followed by selection,
crossover, and mutation operations that are performed until the best population
is determined
Particle Swarm Optimization
(PSO)

Genetic Algorithm (GA)

Trains and optimizes control gains in real time; trains system parameters
inserted with enough active power from batteries to eliminate load ﬂuctuations
Neural Network (NN)

Optimized with continuous or discrete variables; deals
with numerous variables; optimization done with
encoded variables

[131]
Near optimal; requires time to compute
optimization

[7,133]

Comprises various parameters for adjustment;
requires time to train data;
many actual implementations are equivalent to
look-up tables’ interpolation schemes
Sensitive to the distribution of membership;
comprises various parameters for adjustment

Can solve nonlinear systems;
eﬀective for small-scale systems;
combines regulation algorithm and logic reasoning,
allowing for integrated control schemes
Can solve nonlinear systems in oﬄine/online and realtime applications;
eﬀective for small-scale and large-scale systems
Simple and easy to implement; can solve nonlinear
systems; adjustable parameters
Selects an appropriate parameter of distributed controller; utilized to determine
the required performance of four area systems with proportional integral
control

[7,191]

References
Disadvantages

Fuzzy Logic Control (FLC)

Table 5
Summary of the main features of intelligent control techniques.

4.2.2.1. Homeostatic control and exergy management in sustainable
energy. The concepts of high service quality, customer diﬀerentiation
and choice, and system reliability have become contributing factors to
the cost of installation of MGs, especially in rural and urban areas [97].
Hence, control strategies, such as EMSs, which comprise power
electronic interfaces and supervisory controller systems, bring costeﬀective and aﬀordable solutions. Homeostatic control (HC), artiﬁcial
intelligence, and data acquisition are another set of cost-eﬀective
options for EMSs and remote monitoring systems [98]. HC is
designed for MG systems to provide sustainable energy equilibrium to
customer demand strategies by maintaining an eﬃcient equilibrium
state under diﬀerent circumstances and conditions, especially in the
grid-connected mode of MGs [99–101]. This approach provides utility
system eﬃciency in power supply, especially for large industrial and
commercial customers [99]. HC was ﬁrst introduced by Schweppe and
his group at MIT; they linked homeostasis to the ﬂexibility and stability
of electric power systems under an eﬃcient equilibrium state between
energy supply and demand while considering the time based on
customer demand response management through real-time
communication [102,103]. In the grid-connected mode of MGs, the
system supplies energy to consumers who can access relevant
information about grid condition and energy usage dynamics,
resulting in eﬃcient and reliable EMSs in MG applications [99].
Moreover, the HC mechanism is implemented in an electric power
system to enable consumers to manage their own decision making in
terms of supply capacity and power dispatch of RESs in electric power
infrastructure. This exergy is certainly needed in electric power
systems, especially in the use of MG systems, to allow consumers to
manage electricity economically and provide a ﬂexible and eﬃcient
equilibrium state between supply and demand at any circumstance and

Applications

4.2.2. MG intelligent techniques
Various intelligent techniques have been implemented in power
system applications to enhance the control system performance and
stability of DG units by adjusting system parameters during the whole
operation. Moreover, as DG units in MGs increase, the parameters in
control systems become diﬃcult to adjust or tune. Hence, several
powerful techniques were also explored to control such parameters in
MGs with consideration of economic load dispatch for load sharing in
MG systems [7,92–96]. The following section discusses an intelligent
technique and control approach in sustainable energy and MG applications to improve system performance. The summarized structure of
corresponding techniques is provided in Table 5.

Technique

approaches involve distributed EMSs to achieve an optimal power ﬂow
for MGs with consideration of the underlying power distribution network and associated constraints [88]. In this review, the energy management of MGs was formulated as an optimal power ﬂow problem,
along with the MGCC and LCs, to compute an optimal schedule of MGs.
The proposed EMS is eﬀective in grid-connected and islanded modes of
MGs. Another study provided a new hybrid distributed network based
on a power control scheme using a centralized strategy to address the
power sharing problem in a distributed manner [6,89,90].
ii. Distributed management: The tertiary level is normally located
at the MCC of the main grid (e.g., in SCADA). Some studies suggested
that the tertiary control level is located in a distributed manner in an
MG system. An existing work observed the power quality disturbance in
the generator side and the local bus during the implementation of
distributed management to compensate for voltage imbalance in the
critical bus [91]. The study developed an agent that implemented the
optimization process using the dynamic consensus algorithm for global
information discovery to exchange information through a communication network that links neighboring agents. The simulation showed
that hierarchical control can maintain an unbalanced level in the critical bus while ensuring the acceptability of power quality in the local
bus.

Advantages

M.F. Roslan, et al.
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SHES’ exergy

Utility grid

level index
Power supply

Power supply

Grid-connected
Sustainable Hybrid
Energy System (SHES)

Energy storage,
usually large size Liion battery bank

Homeostatic control system
with predictive homeostasis
triggering plus the exergy
index function

Sustainable loads energy consumption
is monitored and adjusted to make the
entire block sustainable. Economic
benefit is available to all users thru Net
Billing

Power supply is adjusted based on
reactive homeostatic responses and
exergy indices based on peak
aggregate demand of the entire
apartment building

Fig. 14. Homeostatic control based on reactive and predictive homeostasis mechanism of sustainable energy system [105,106].

distribution has led the potential work on decentralization of energy
grid to customize the operation of EPS, DG integrated MG systems are
installed in residential buildings in Chile [100,105,106]. Incorporating
intelligent control in DG with smart grid provides convenient solution
to electric utilities in socially and economically to diﬀerent region and
localities as in Chile and mitigates the intermittent of renewables stochastic problem. Thus, intelligent control strategies in DG integrated
residential building could be a promising approach in EPS that can
promote and potentiate energy eﬃciency, thriftiness as exergy drivers
and high capabilities between the building energy users and the utilities.

condition. Meanwhile, exergy expresses the quality of energy sources,
which satisfy the demand for electricity and maximize energy
production, thus ensuring system sustainability [101]. This intelligent
mechanism strategy has been widely discussed and reviewed in the
literature to obtain a sustainable, ﬂexible, and stable energy system for
consumer satisfaction [104–107].
4.2.2.2. (a) Sustainable energy systems for residential building users and
utility grids. Today, decentralized power generation with more resilient
and robust control of DG integrated MG system is important to mitigate
the power outage and transmission line failure in eﬀected area as well
as provide a reliable electricity supply to consumers [107,108]. The
sustainable energy system is adjusted by the homeostatic control and
exergy indices based on aggregate energy demand of the building.
However, the homeostasis in sustainable energy system requires an
intelligent and eﬀective control mechanism in determining the
generalized state of energy equilibrium between supply and demands
[109].
Fig. 14 illustrated the reactive and predictive homeostatic control of
energy management from set of customers with DG solution incorporated in apartment building community with ESS and a supervisory controller operated by ENEL Distribution [106]. The reactive
homeostatic control is driven by energy generation and supply versus
consumption or expenditure of energy employed with sensing system
and intelligent algorithm. The predictive homeostatic control manages
energy of the building integrated with smart metering, PV generation
and ESS to provide an optimal eﬃciency and cost eﬀectiveness through
communication between the customer demand and grid supply. The
existing literature also demonstrated that the grid-connected MG is
capable to maintain stable and eﬃcient equilibrium with self-regulated
system for the social and environmental sustainability [99,105,110].
The recent literature presented that the tremendous earthquake
stroked on Chile in 2010 resulted a big disaster to the electric infrastructure especially on the operation of telecommunication network
and electric power system (EPS) [104]. The centralized power generation and distribution system in Chile was attempted a vulnerable and
ineﬀective system which resulted the large populated area was in
complete darkness for several hours with less economic beneﬁt, power
quality and stability to consumers. To solve the issues, ENEL

4.2.2.3. MG artiﬁcial intelligence techniques. An artiﬁcial intelligencebased method for EMS strategies in MG applications has been used to
enhance the eﬃciency and performance of MG systems and thereby
meet load demand with maximum electricity production. Ref. [111]
presented an EMS model with fuzzy logic-based EMS to smooth the grid
power proﬁle with consideration of RESs and ESS units for gridconnected MGs. The generation and demand forecast anticipates the
future behavior of MGs to smoothen the power proﬁle exchange with
the grid. The battery state of charge (SOC) was also considered in this
approach, which maintained a level close to 75% of its rated capacity to
increase its lifetime. A fuzzy genetic algorithm (GA) paradigm was
introduced for EMSs in grid-connected MGs [112]. The hierarchical GA
was tuned on the basis of a fuzzy inference system to obtain the
minimal fuzzy rule set of the EMS model. The main aim was to provide
an eﬃcient power ﬂow and maximize the energy trading proﬁt with the
main grid. The performance appears to be better than that of the
classical fuzzy GA, which yields 67% of the account proﬁt. The
Lagrange programming neural network was presented to obtain the
optimal scheduling of MGs and thus provide an eﬃcient EMS with
minimum cost function and maximum power generated by renewable
sources [113]. The proposed approach shows that the best solutions
obtained from this method are more eﬃcient than those obtained by
particle swarm optimization (PSO). Ref. [114] presented an intelligent
dynamic EMS for MGs. The method generates energy dispatch control
signals to maximize the generation of RESs and ESS units for critical
load and strictly improve battery life. The performance of the proposed
approach was better than that of a decision tree-based EMS. Fuzzy logic
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Fig.15. General architecture of fuzzy logic control (FLC) [118].

energy production cost and provide optimal scheduling of DERs in MGs.
The comparison showed that the performance of the proposed strategy
is better than that of the GA, PSO with inertia factors, and PSO with
constriction factors. With both modes of MG operation considered, a
regrouped PSO was formulated as an EMS strategy for the economical
operation of industrial MGs with high penetration of renewable energy
[115,125]. The validation of performance proved that this approach
can determine an optimal solution with less computation time than that
needed by GA-based methods. This analysis of genetic and swarm
optimization approaches is provided to solve EMS strategies in MG
systems. An extensive review of these methods was presented in [126].

and neural networks are widely utilized for MG EMSs to provide an
eﬃcient operational solution for MG applications. These approaches
consider forecasted values and improve battery lifetime and energy
trading with grid.
Fuzzy logic control (FLC)
Fuzzy logic controllers have been incorporated in distributed control systems for the selection of appropriate parameters of distributed
controllers for MG system performance [7]. Fuzzy logic control (FLC) is
an interesting technique in MG systems. Substantial research applying
fuzzy logic techniques to solve the parameters in MG systems has been
conducted [7,115]. In [116], an automatic deﬁnition of a fuzzy rule for
a fuzzy controller based on the Tabu search algorithm scheme was
presented. Hybrid techniques have also been widely investigated in MG
systems; for example, a study presented a GA-based fuzzy gain scheduling approach for the load frequency control of power systems, in
which a fuzzy system is automatically designed by the GA to reduce the
eﬀort toward fuzzy system design and the number of fuzzy rules [117].
In general, three steps are involved in FLC design: fuzziﬁcation, fuzzy
inference process, and defuzziﬁcation [118] (Fig. 15). FLC works on a
formulated base rule to control an output similar to the “if–else” rule
that is preceded by a condition and then followed with a conclusion
[115].

Particle swarm optimization
PSO has been widely applied to MG systems due to its contribution
to the extension of uncertain parameters in optimization problems. PSO
is an iterative algorithm that identiﬁes the solution for a given objective
function within a predeﬁned space. It was ﬁrst developed by Kennedy
and Eberhart in 1995 [127]. In islanded mode, the MG must sustain the
control performance of all DG units and the power quality during severe
conditions [128]. An optimal allocation for DG units in a distribution
system involves a hybrid technique that combines PSO and clonal selection algorithms to optimize diﬀerent objective functions [129]. The
optimum location of DG units is speciﬁed by introducing power losses
and voltage proﬁles as variables into the objective function. The proposed hybrid technique is able to improve the accuracy of solutions and
is considerably faster than previous techniques are. A detailed survey of
hybrid PSO and other optimization techniques that deal with the economic dispatch problem in MG applications was presented in [7,130].
The basic concept of PSO was explained in [127,131]. The velocity and
position of particles, which are updated at the end of each iteration, can
be expressed in Eqs. (7) and (8), respectively [131]. The general
ﬂowchart of a PSO algorithm is shown in Fig. 18.

Neural networks
Neural networks (NNs) have attracted much attention in the research ﬁeld. NNs are one of the most eﬀective techniques that can
optimize, control, and identify system parameters in online or oﬄine
applications [7]. Moreover, NNs can solve problems with nonlinear
data approaches in large-scale systems in MG systems. The scope of NN
applications covers solving fault tolerance, stability system, prediction,
parametric optimization and identiﬁcation, self-learning, and load
sharing. In addition, in grid-connected mode, the nominal voltage and
frequency of the entire system are determined and sustained by the
main utility grid. In islanded mode, MGs adjust and balance the voltage
and frequency values to sustain the loads that are evenly incorporated
with the storage system [7]. Despite this condition, the NN can fully
determine and optimize system parameters by adjusting the active
power to eliminate load ﬂuctuations in the MG system. A literature
survey on NN applications was also presented in [119–121]. Mathematically, an NN can be represented as weighted directed graphs. The
architecture of NNs is shown in Figs. 16 and 17 [115].

k
k
Vik + 1 = wVik + C1 r1 [X pbest
− Xik ] + C2 r2 [Xgbest
− Xik ]

(7)

Xik + 1 = Xik + Vik + 1

(8)

Genetic algorithm (GA)
The GA is widely applied in MG operations to address optimization
problems. The GA is an adaptive heuristic search algorithm based on
evolutionary ideas of natural selection and genetics. It mimics the
metaphor of natural biological evolution and consists of ﬁve components, namely, an initial random population generator, a “ﬁtness”
evaluation unit, and genetic operators for “selection,” “crossover,” and
“mutation” operations [127]. The “selection” operator selects a predeﬁned set of ﬁt solutions. The “crossover” operator ﬁnds new solutions
to produce high ﬁtness values relative to their predecessors. “Mutation”
enables the algorithm to escape the local minimum problem. The steps
are repeated until the desired convergence is achieved. The general
structures of GA operations are shown in Fig. 19. Many GA algorithms

4.2.2.4. Metaheuristic techniques. A novel scheduled algorithm was
proposed with consideration of battery lifetime to reduce MG
operational cost [123]. The method is based on goal programming
approaches that assign diﬀerent weights of fuel and battery use cost.
The overall operational cost of MGs can be reduced by increasing the
battery lifetime. Ref. [124] also proposed an EMS strategy for MG
systems that uses a memory-based GA among several DERs to minimize
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Fig. 16. Architecture of neural networks: (a) single-layer neural network; (b) multi-layer neural network.

the frequency in MG systems; their control output is expressed in Eq. (9)
[136]. The general structure of the PID controller process is shown in
Fig. 20.

have been applied to MG operations [71,132].
4.2.3. MG adaptive techniques
Adaptive control techniques have become an interesting topic for
research in recent years. These techniques can be applied to MG applications to sustain system stability, robustness convergence, and optimization. Moreover, these techniques are mainly used to solve and
cater to the uncertainty parameters and disturbance events in MG applications. The following section discusses a few adaptive techniques
that are commonly utilized to tune the voltage and frequency ﬂuctuations in MG applications and thereby obtain optimum values for power
generation. The comparison of corresponding techniques is presented in
Table 6.

u (t ) = Kp [Δf +

1
τI

∫0

t

Δfdt + τD

d Δf
]
dt

(9)

4.2.3.2. Adaptive sliding mode controller. MGs are exposed to various
uncertainty controls to maintain power generation and loads, especially
in islanded MG. When the MG becomes islanded during a power
disturbance, sustaining the uncertainty parameters and constraints of
the DG units and loads becomes a considerable challenge. The adaptive
sliding mode controller (SMC) has become a beneﬁcial technique for
MG systems due to its reliability and eﬀectiveness in catering to such
issues. In grid-connected mode, the SMC is utilized as PQ control in the
main bus to regulate the active and reactive power. This controller has
also been used to stabilize voltage and frequency output in case of
disturbance events. An adaptive sliding mode controller (ASMC) has
been presented to mitigate generator power and load ﬂuctuations for
wind turbines. An ASMC was used to control the pump displacement
while back-stepping a stroke piston controller to track pitch angle
errors [137]. MG management is greatly aﬀected by robust control and
management. Hence, one of the ASMC approached of inverter for smart
MG. The control structure that is based on an inner adaptive three-order
sliding mode closed loop, immediate virtual output impedance loop,
and outer power control loop was reviewed in [7,138,139], and [140].

4.2.3.1. Adaptive proportional–integral–derivative controller. In the
proportional–integral–derivative (PID) technique, the PID controller
must automatically regulate power disturbance or load variation
events, as shown in the example in [135]. In this controller, the
parameters are selected by trial and error or some other
methodologies, such as those of Ziegler and Nicholas [136]. An
improvement of load frequency control for small-scale MGs, which
properly tunes the controller to reduce the mismatch between real
power generation and load demands and to obtain minimum power and
frequency deviations, has also been presented [136]. The proposed
methods of Ziegler and Nicholas and the integral squared error tune the
gain of the PID controller to obtain the frequency bias of the power
system dynamics. In general, most PID controllers are used to regulate

Fig. 17. Back-propagation algorithm [122].
597

Applied Energy 240 (2019) 583–607

M.F. Roslan, et al.

Fig. 19. General structure of genetic algorithm.

decisions and provides the best objective function to improve system
performance [142].

4.2.3.4. Model predictive control. A model predictive control (MPC)
technique has been widely used in power electronic converter control
to regulate the inverter output voltage and thereby ensure stability in
power sharing among DG inverters in MG operations during islanded
mode. The MPC technique has remarkable advantages over traditional
linear control techniques as it can handle multi-objective optimization
problems and easily manage system constraints. Moreover, fast
microprocessors have made MPC techniques eﬀective and popular
among grid voltage source converters (VSCs). The power electronic
interface is an important element of MG systems as it handles
interconnections with utility grids and the connection of diﬀerent MG
modules. Hence, the proper control of power electronic converters is
most crucial in MG applications to guarantee good voltage and
frequency stability for local loads that would satisfy international
standards (IEEE Std. 1547.4) for islanded MG performance
requirements [143]. Traditional control techniques, such as PI-based
approaches, direct power control, and internal control-based models,
suﬀer from a slow dynamic response and require the retuning of
parameters in case of parameter changes [144]. Hence, MPC
techniques have the potential to eliminate the aforementioned issues.
Generally, an MPC consists of three layers, namely, extrapolation,
predictive model, and minimization of cost function (Fig. 22). MPC
provides a control action sequence for the system by optimizing userdeﬁned cost functions. The application of MPC to power electronic
converters for MG operations has been extensively studied [145,146].

Fig. 18. Flow process of particle swarm optimization.

4.2.3.3. Reinforced learning. The reinforced learning technique has
been widely introduced to MG control systems to control the
uncertainties of parameter constraints in islanded mode. For example,
reinforced learning has been utilized to handle load ﬂuctuations in MG
systems. Additionally, reinforced learning can handle optimal policy
decisions, enhanced management processes, stabilization of DG
generation, and voltage and frequency regulation, especially in
islanded MG. A speciﬁc reinforced learning algorithm is called Qlearning. The literature on reinforced learning applications in MG
control systems was extensively discussed in [7]. Fig. 21 shows a
simple reinforced learning scheme [141]. Reinforced learning has also
been applied to several operations, such as power management and
economic issues. Reinforced learning can determine optimal policy
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[71,134]
High computational requirement

5. MG architecture
An MG is a cluster of DER units consisting of a DG unit and a storage
unit. It supplies electrical energy in dual operation mode to end users,
such as residential, commercial, and industrial consumers. The MG
system is interconnected to MV distribution networks and can work
independently in case of grid disturbance or fault [36]. Each integrated
DER unit is associated with the main grid at one point, which is known
as the PCC, and it consists of a low voltage network, DG, storage device,
loads, and hierarchical type of management. The structure of MG architecture systems is shown in Fig. 23.
5.1. Distributed generators
DG units are normally connected from medium to low voltage grids
within a distributed system. By integrating all DG units, storage and
loads form an MG. DG sources, such as diesel engines, fossil fuels,
biomass, PV arrays, wind turbines, and hydro turbines, are small-scale
power generators with minimal cost, low voltage, robust reliability, and
ability to reduce emissions within the scale of MGs [36,147]. Storage
systems in MG applications have become important elements as they
operate as backup systems for PV and wind turbines due to the uncertainty of generation and attachment to DG units at any of the MV or
LV side of a distribution network. A block diagram of DG units is shown
in Fig. 24 to demonstrate the interconnection of DG units; it consists of
primary energy sources, interface medium, and inverters at a point of
connection. In a conventional DG unit, the rotating generator converts
the power from primary energy sources to electrical power and then
interfaces with the MG, whereas in an electronically coupled DG unit,
the converter provides conversion or control, such as voltage and frequency control, and then interfaces with the MG [2,36]. The primary
energy sources are connected to the electrical system through power
electronic interfaces to analyze energy characteristic generation and
convert one form of energy into another MG classiﬁcation. A DG power
system provides environmental beneﬁts and an eﬃcient way to generate and distribute electricity.

Load frequency control;
reactive power control
Reinforced Learning

An ESS acts as an energy buﬀer to mitigate the impact of the ﬂuctuating outputs of RESs and to provide marginal economic performance
and good operational eﬃciency [148,149]. An ESS improves transmission capability, power imbalance, power quality, MG islanded operation, electric vehicle technologies, and active distribution systems; it
may also improve dynamic and transient stability, voltage support, and
frequency regulation to provide an eﬃcient power system [72]. Fig. 25
illustrates the storage unit replaced as the storage medium at primary
energy sources. An ESS can be categorized as (1) mechanical system
(pumped hydro, compressed air energy storage, ﬂywheels), (2) electrical system (capacitors, ultracapacitors, superconducting magnetic
energy storage), and (3) chemical/electrochemical system (metal–air,
ﬂow batteries, Li-ion batteries, NaS battery, hydrogen energy storage)
[148,150]. A detailed comparison of ESS applications in power systems
in terms of their types and classiﬁcation was carried out in [151–155].
An ESS in MG applications can maintain and improve voltage and
frequency ﬂuctuations within an acceptable range and may be able to
perform many charge or discharge cycles and recharge with minimum
energy in a short period of time. Storage units can be combined with
nondispatchable DER units, such as wind and solar energy, to become
dispatchable units.

VSC; droop control
technique

Voltage and frequency;
power quality control
Adaptive Sliding Mode
Controller

5.2. Energy storage system (ESS)

5.3. MG loads
Loads exert considerable impact on MG performance, including its
voltage, frequency, and transient stability. MGs are responsible for
controlling and understanding the characteristics of loads and can

MPC

Voltage source
converter (VSC)
Adaptive PID Controller

Based on changing the control structure that lets the
method track the system output in predeﬁned limits;
low steady-state tracking error
Describes how one or more agents achieve an optimal
or near-optimal control policy by interacting with
their environment to reach the goal
Regulates inverter output voltage references of power
electronic converters in MG operations for stable
power sharing

Fast dynamic response; can incorporate constraints;
no modulator and varying switching frequency;
does not require pulse width modulator

[131]
Finite set of state and action called Markov decision process

[7,133]

Unable to eliminate steady-state errors for sinusoidal
signals; cannot guarantee the robustness of PID closed-loop
systems; not robust to ﬁt load variations
Proper transient and zero steady-state error; chattering
phenomenon

Easy implementation;
does not require system dynamics for realization;
only three parameters to optimize
Robustness under system parameter changes and
external and internal distortions; fast dynamic
response; nonlinear controller
Can determine optimal policy decisions; provides a
robust system performance
The gain parameter of an adaptive PID controller
depends on optimal tuning

[7,119]

References
Disadvantages
Advantages
Applications
Parameter
Techniques

Table 6
Comparison of adaptive techniques for MGs.
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Fig. 20. General structure of PID controllers.

5.4. Exergy in distributed generation
Exergy, also known as available energy, can be obtained from the
energy ﬂow produced during operation as it reaches equilibrium with
the reference environment [156]. The quality of an energy carrier in
energy management is measured by exergy, especially in thermodynamics, to determine the accuracy and eﬃciency of the system. Exergy analysis exposes the magnitude and location, as well as the source,
of energy sources that are wasted in the system. Exergy analysis was
introduced to obtain the available functions and operations of a given
system and its energy capacity [157]. The authors presented an exergy
analysis with a focus on the power generation system of a proton exchange membrane (PEM) FC and PEM-based combined heat and power
(CHP) system at diﬀerent operating parameters while considering the
energy eﬃciency of the system. Another recent analysis also discussed
the generation of an integrated system that combines heating, cooling,
and high-temperature PEM FCs to assess exergy eﬃciency while considering the eﬀects of temperature, net power consumption, cell performance, pressure, and cathode and anode ratio eﬃciency [158].
Several studies performed an exergy analysis of a power generation
system for building environments [156,159,110]. An optimized operation strategy for a DG system was also discussed in the literature to
reduce the total energy cost and exergy loss during energy conversion
for DERs and to provide a high-quality system to end users [156,160]. A
comparative approach to exergy assessment in DG system design optimization for waste energy reduction and increase in exergy eﬃciency
was proposed in [161]. The method reduces 20%–30% of the total
annual cost and primary exergy input relative to conventional energy

Fig. 21. Reinforced learning scheme [141].

provide thermal and electrical loads to users. A typical MG shown in
Fig. 25 comprises radial feeders that consist of critical and noncritical
loads [36]. Feeder A has no local generator represented as noncritical
load and could fail to balance the system during islanded mode. The
critical loads are present as Feeders B, C, and D, which have local
generators and sensitive loads. These sensitive loads are isolated during
grid disturbance or fault and continuously operate by using local voltage and currents. The MS is responsible for acting as a reliable DG to
supply energy in critical feeders continuously [36].

Fig. 22. General architecture of MPC system.
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Fig. 23. Microgrid structure [2,36].

6.1. Power quality

systems.

In grid-connected mode, PQ is the most important aspect because
improper control strategies yield poor results on grid electricity pricing,
especially in market sensitivity. Intermittent operations in DG units,
switching devices, and sensitive and nonlinear loads in MGs inﬂuence
PQ and strictly aﬀect system performance. Adopting advanced control
technologies is desirable to reduce intermittency elements, especially
from DG-connected grids. The existing literature discusses a scheme for
controlling the intermittency issue in MGs to enhance the PQ and reliability of the system [162–164]. MGs should be able to operate under
unbalanced and nonlinear load degradation, which is due to the lack of
voltage and frequency from the utility grid, leading to a PQ problem. In

6. Issues and recommendations
According to CERTS, MGs can be deﬁned as a micro power system
that consists of multiple DG units and local storage to meet power
quality and reliability requirements. When penetration obtained from
distributed resources increases, the direct interconnection with the
distribution system becomes diﬃcult to control due to their intermittency. The protection system of MGs should be able to react when
faults occur in the grid-connected and islanded mode of MGs [162].
Moreover, a suitable control strategy is necessary to anticipate the
diﬀerences in the increased number of MGs.

Fig. 24. Block diagram of DG units [2,36].
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reliable power system. A reliable system is important as it minimizes
interruptions and cost in power systems to meet consumer satisfaction.
6.4. Protection and safety
Protection is the most crucial challenge for MGs because it refers to
both modes of operation. Fault current magnitude in a system depends
on the MG operation mode and changes considerably between gridconnected and autonomous operations [170]. Therefore, MGs require a
protection scheme to prevent faults, such as short circuit, which may
harm components and consumer equipment. Protective relays have to
be installed in power systems to detect abnormal conditions automatically and initiate circuit breakers to isolate faults [171]. Protection
schemes that change relay settings online to ensure that the MG system
is protected have been proposed [172]. Another solution involves coordinating DG units and noncritical loads to avoid tripping problems in
MGs based on a central control unit [173]. Several studies have presented protection schemes for MGs [174].

Fig. 25. Feeders in a typical MG [36].

islanded mode, each DG unit should be able to supply a certain amount
of total load that equals a power rating by considering power sharing
among DG units. Power sharing has several issues, such as accuracy and
voltage deviation, unbalanced harmonic current sharing, and high dependency on line impedances. Hence, the proper control of VSIs can
yield various voltage imbalance and harmonic compensation capabilities [163].

6.5. Integration of distributed energy resources
DERs help solve the performance problem of distribution systems
during MG operations. Distributed resources are always operated in
parallel with utilities and supply-sensitive loads, which can be shut
down as required, e.g., in case of power disturbances. When a power
system disturbance occurs in the distribution system due to line faults,
momentary voltage sag happens in the distribution lines [174]. The
fundamental characteristic of DERs is that they contain generation resources, such as PV systems, wind energy systems, FCs, CHP-based
microturbines, and storage systems. The integration of DERs also involves dynamic active and reactive power control, including load side
control [174–176]. Emerging generation technologies, with the proposed MG concept to provide eﬃcient and reliable power systems for
utilities and consumers, were reported in [3]. The power electronic
interfaces introduced to interface with the power network and its loads
help cater to MS issues by providing rapid control of voltage magnitude
in the conversion sector. Clusters of microgenerators could be designed
to operate in islanded and grid-connected modes to provide some form
of storage that can balance initial energy production and ideal system
frequency [3,174]. The feasibility of MGs is required in industrial applications as the evolution of the MG concept rapidly increases.

6.2. Stability issues
The general architecture of an MG system can be connected to the
main grid via AC and DC connections. In an MG system, some RESs
generate DC output, and some operate at AC mode with variable frequencies. Given such structure, a power electronic converter is needed
to adjust and balance the MG frequency output to match the electrical
network. Hence, VSIs are widely implemented to such a parameter
bounded with proper control schemes. An appropriate control method
for VSIs for MG systems is important to obtain a proper management of
energy and power balance in systems. The improper control of MGs
leads to the instability of the dynamic and transient properties of the
entire grid [9]. Many studies have explored MG instability, especially
when MGs are islanded in case of disturbances, via power sharing
methods and integration of DG units [9,165,166]. A few researchers
have studied the eﬀects of transient stability on the integration of DG
units in MG systems. Hence, a proper control method for VSIs is required to control and maintain grid stability and thereby supply the
load demand with appropriate reactive power. Power sharing among
DG units in an MG system is necessary to supply the load demand efﬁciently, especially when disturbance occurs. Thus, DG units need to be
connected in parallel to match the loads.

6.6. Power electronic interfaces
Power electronic interfaces are the most crucial components of MG
operations. Related devices are designed and integrated with the main
grid voltage to control the interfaces among DER units, DC links, AC
links, and surrounding power systems operated in both MG modes. This
component has become a master device in MG operations because it can
cause critical failure to the system, with most MSs being based on
power electronics. This component also provides a ﬂexible controlled
operation as a single aggregate system [177]. All energy resources and
storage systems can produce and deliver power according to their
natural characteristics regardless of the eﬃciency and optimal supply of
voltage and current. The improper management of control operation
and distribution results in low performance, poor power quality, low
reliability, power loss and abuse, unexpected explosions of storage and
other forms of damage, restricted behavior, and life loads [178]. The
power electronic interface is necessary in MG applications, including
storage systems for handling power conditions, power ﬂow control,
power conversion, energy management control, charging balance, and
safe operation, as it optimizes the power durability and eﬃciency of the
system [179]. The existing power electronic interface system is constrained by its size, eﬃciency, voltage stress, ﬂexibility, and cost [151].
Moreover, complex high switching frequency interfaces may generate
electromagnetic interferences, which degrade system eﬃciency.

6.3. Reliability and economic issues
DG is the best approach to enhance the performance and reliability
of power systems. A major element of smart power system technologies
is the balance between supply and demand. Hence, DG integration
constitutes an MG system. The integration of DG units in an MG system
not only reduces power loss and voltage proﬁles but also increases the
reliability of the system, especially during a power outage. When disconnected from the main grid, DG units can sustain electricity generation, meet load demands, and reduce the cost of power taken during
a high electricity process. Evaluating and maintaining power system
reliability are important in enhancing customer satisfaction and providing sustainable electricity generation because the cost of interruptions and power outages leads to severe economic impact on utility and
consumers. Diﬀerent techniques have been used to conduct reliability
analyses and ensure economic eﬀectiveness [167–169]. Reliability assessment is a major aspect of distribution systems as a modern distribution network presence for utilities and customers in order to obtain
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Accordingly, in some cases, a simple electronic circuit such as a single
stage converter could be a suitable option to convert RESs in MG operations [180]. Further research is necessary to optimize power use and
eﬃciency by reducing losses of power electronic interfaces.

involved in the design, control, energy management, and operation of
MGs to provide quality, reliable, and sustainable energy to consumers.
Therefore, a proper control technique is essential for regulating voltage
and frequency to ensure a seamless transition in MGs, especially during
autonomous operations. However, RESs, adequate power sharing, voltage and frequency stability, optimal power exchange between grids
and MGs, operational control and transition for both modes of operation, and others remain as challenging issues. Moreover, energy production by RESs and intermittency due to their stochastic behavior is
diﬃcult to predict. Integrating various DG units also leads to diﬃculties
in controlling the MG system, which in turn result in the lack of PQ,
security, stability, and reliability. This review highlights the diﬀerent
control methods for MGs, their architecture, control strategies, algorithms, and advantages and disadvantages to provide a concrete overview that should ensure the sustainability of future MG systems. These
control methods enhance the eﬃciency and reliability of MG systems,
can satisfy consumer demands, and solve environmental and global
economic problems. Conventional control methods, such as droop
control, virtual output impedance, master–slave, multiagent-based, and
MPPT control methods, are explained in terms of their control operation and capability of maintaining the voltage and frequency of MG
systems. In advanced MG control methods, supervisory control and
intelligent and adaptive techniques are investigated to show how these
techniques optimize MG operation and enhance the control system
performance and stability of DG units by adjusting system parameters
in the entire MG operation. Among these control techniques, supervisory control (centralized, decentralized, and hierarchical control),
intelligent control (FLC, NNs, PSO, and GA), and adaptive control (PID,
sliding mode, reinforced learning, and MPC) are discussed. Moreover,
MGs consisting of DG units, ESS units, and load characteristics are
analyzed to mitigate the impact of ﬂuctuating RESs; improve transmission capability in terms of power imbalance, PQ, islanded operation,
and active distribution system; and enhance dynamic and transient
stability, voltage support, and frequency regulation for an eﬃcient MG
power system.
This rigorous review suggests that a reliable advanced control
method requires minimizing interruptions and cost, controlling and
maintaining grid stability, supplying appropriate reactive power in the
load, and anticipating the number of MGs. Furthermore, a fast and
satisfactory communication system updates the information of the MG
operating mode and avoids the potential damage of MGs. To obtain
superior performance with a reliable operation, this study also reveals
that suitable control methods can make the MG concept increasingly
attractive in terms of sustainable energy management in diﬀerent applications. Accordingly, this review highlights various factors, challenges, and possible solutions and suggestions for next-generation smart
MG applications, which might help the academe, researchers, and industries in modifying and improving existing MGs. Thus, the key contribution of this research is the comprehensive analysis of diﬀerent
control methods in MG applications that is aimed at providing a comprehensive idea about the deployment of advanced and future MG
networks. This review proposes some important and selective suggestions for the further technological development of control methods in
MG applications.

6.7. Communication system
The integration of RESs with storage systems and distributed loads
requires eﬀective communication and coordination to monitor, analyze,
and stabilize the grids at various hierarchical levels. The National
Institute of Standard and Technology uses a standard communication
technology for smart grids, including power line communication technology, IEEE 802.15.4 (ZigBee); IEEE 802.11 (WLAN or Wi-Fi); and
IEEE 802.16 (WiMAX), GSM, GPRS, and DASH7 [148]. These wireless
technologies have been improved in terms of their security capabilities,
and their low robustness has become an interesting solution to distributed MG communication links. A distinct group of wireless technologies in power system applications was reviewed in [181,182].
Communication technologies must be cost eﬃcient and must have good
transmittable range, security features, bandwidth, PQ, and minimum
number of repetitions, especially in smart meter systems for power
grids [183]. Traditionally, wired communication is employed to
transfer information due to its good performance, reliability, security,
and bandwidth properties in electrical grids, although it entails high
deployment cost for installation. In addition, the network scheme has
become considerably complex and unable to provide decentralized
communication in a reliable manner [184]. Wired technologies that are
commonly used in MGs have been reviewed [185]. Other categories of
communication networks in MG applications were discussed in
[186,187]. The unsatisfactory performance of a communication system
leads to potential damages to the grid system and limits smart grids
from achieving full energy eﬃciency and service quality [189,190].
6.8. Data management
An MG is a cluster of DG units, energy storage, and loads, which are
interconnected by a network of feeders, and can operate in grid-connected and islanded modes. In grid-connected mode, network voltage
and frequency regulation are ﬁxed by the grid, and DG units can control
their corresponding power supply. Hence, the mismatched power generation by each DG and load requirements are ﬁxed by the grid. During
islanded mode, voltage and frequency regulation are not ﬁxed; hence,
DGs must regulate the feeder voltage and frequency within acceptable
limits [191]. Therefore, a proper control and communication scheme is
needed in MGs for each LC of each DG unit to update the information of
the MG operating mode. The parameters in MGs, such as voltage
magnitude, phase angle, root mean square, frequency, and active/reactive power, should be monitored and controlled. Moreover, the SOC
of energy storage should be within real-time measurements. Ref. [191]
stated that traditional monitoring methods, which collect and send data
through a computer via a serial port, have many shortcomings and fail
to serve multiple users. This drawback causes the instability of MG
systems. Wireless technology communication has been widely considered in power system applications because it provides low installation cost, is suitable for remote areas, and is ﬂexible for future expansions [20,191–195]. As renewable energy penetrates systems well, the
integration of wireless power transfer technology could be eﬀective in
the harvest of renewable energy to meet the power demand of future
generations, and the rate of penetration can be further increased [196].

• Advanced research is required to improve next-generation control
•

7. Conclusion and recommendations
MGs are a promising technology that can increase the reliability and
economy of energy supply to sustain customer satisfaction. The integration of MGs with RESs has emerged in power generation, transmission, and distribution. Accordingly, many researchers have been

•
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methods for MG applications. Some issues on MGs pertaining to
EMS, control interface, reliability, sustainability, RESs’ stochastic
behavior, and environmental impact need to be addressed to
achieve proper system functionality and market acceptance.
A control technology should be adopted to decrease DG intermittency and thus enhance PQ and reliability under unbalanced and
nonlinear load degradation, which is due to the lack of voltage and
frequency in grid-connected and islanded modes of operation.
An investigation into wireless power transfer techniques and control
methods is necessary to harvest renewable energy for future
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sustainable small and medium power applications.

• An advanced and simple power electronic control circuit may be
•
•
•
•
•
•
•
•

[8]

developed to overcome complex switching and reduced circuitry
robustness and thereby address reliable RES conversion in eﬃcient
MG operations.
An appropriate control method for converters is required to control
and maintain grid stability and supply the load demand with appropriate reactive power during disturbances.
An advanced power electronic control system may be developed to
overcome switching challenges and safety circuitry issues and to
address overheating and RES conversion in eﬃcient MG operations.
A thorough investigation should be undertaken to develop a reliability assessment and economic impact analysis model to enhance
customer satisfaction and sustainable power generation and to
forecast economic impact on utility and consumers.
Protection is a crucial challenge in MG operations. Thus, an advanced protection scheme should be prioritized to prevent faulty
conditions in MGs and to coordinate between protective devices to
avoid tripping problems in grid-connected and islanded modes of
MG operations.
Further research needs to be conducted on the integration of DERs
to solve the performance problem of distribution systems and
thereby obtain eﬃcient and reliable active and reactive power
control for the utility grid and consumers.
An advanced research on power electronic interfaces is necessary to
optimize power use for handling power conditions, power ﬂow,
energy conversion and management, and safe operation; and to
improve the size, eﬃciency, voltage stress, ﬂexibility, and cost of
MGs.
An advanced internet of energy based on an eﬀective communication and coordination model is required to monitor, analyze, and
stabilize the grids at various hierarchical levels. Good transmittable
range, security features, bandwidth, PQ, and minimum number of
repetitions for MG operations must be considered.
Further studies on MG data management system should be performed for proper control and communication. Remote area data
transmission and future extension of stable MG systems for utilities
and consumers should be considered.

[9]
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[14]

[15]

[16]

[17]

[18]
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[21]
[22]

[23]

[24]

[25]

[26]

These suggestions would be remarkable contributions toward the
maturity of MG technologies, which will dominate the electricity
market in the future. Advanced research based on this review may
overcome the shortcomings of existing MG technologies to meet the
requirements of sustainable energy utilization in the future.
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