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ABSTRACT Due to the sheer global energy crisis, concerns about fuel exhaustion, electricity shortages, and
global warming are becoming increasingly severe. Solar and wind energy, which are clean and renewable,
provide solutions to these problems through distributed generators. Microgrids, as an essential interface
to connect the power produced by renewable energy resources-based distributed generators to the power
system, have become a research hotspot. Modern research in the field of microgrids has focused on the
integration of microgrid technology at the load level. Due to the complexity of protection and control of
multiple interconnected distributed generators, the traditional power grids are now outmoded. Microgrids
are feasible alternatives to the conventional grid since they provide an integrating platform for micro-
resources-based distributed generators, storage equipment, loads, and voltage source converters at the user
end, all within a compact footprint. A microgrid can be architected to function either in grid-connected
or standalone mode, depending upon the generation, integration potential to the main grid, and consumers’
requirements. The amalgamation of distributed energy resources-based microgrids to the conventional power
system is giving rise to a new power framework. Nevertheless, the grids’ control, protection, operational
stability, and reliability are major concerns. There has yet to be an effective real-time implementation
and commercialization of micro-grids. This review article summarizes various concerns associated with
microgrids’ technical and economic aspects and challenges, power flow controllers, microgrids’ role in smart
grid development, main flaws, and future perspectives.

INDEX TERMS Distributed energy resources (DERs), distributed generation (DG), electrical energy storage
devices (EESDs), frequency control, micro-resources, microgrids (MGs), microgrid control, power quality,
power system stability, PQ droop, renewable energy resources (RERs), smart grid (SG).

I. INTRODUCTION

In recent years, the rapid modernization of countries has
tremendously increased the electricity demand. Conventional
energy resources like coal, diesel, gas, etc., cannot meet
the power demands. Also, these resources have harmful
environmental effects. Scientists are trying to switch the
current conventional energy resources-based power system
to renewable-energy-based systems to cater to the energy
demands. So, the implementation and popularity of renew-
able energy resources (RERs) is increasing due to exten-
sive utilization, and more and more technologies are being
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developed to utilize RERs [1]. Table 1 lists the statistics
of the top ten countries producing electricity from RERs in
2019. Fig. 1 depicts the percentage of power generation by
various RERs in 2016 by International Renewable Agency,
Abu Dhabi [2]. Fig. 2 and 3 graphically show the current
and future pace of energy output and entire generation from
RERs, respectively. So, the conventional power system is
becoming more and more complicated and prone to reliability
and stability issues due to increased penetration of RERs-
based power plants [3]. The proliferation of electric grid net-
works, the deterioration in the generation of primary energy
resources, and the use of traditional electrical transmission
and distribution networks make the system less reliable [4].
So, new solutions such as distributed generation (DG), RERs
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based microgrids (MG), and energy storage systems (ESS)
emerged in recent decades as feasible solutions. A statistical
survey shown in Fig. 4 depicts that MGs are predicted to grow
significantly in this decade, with annual capacity installation
and spending expected to climb fivefold from 2018 to 2027.

A microgrid consists of DG’s, Energy Storage Devices
(EESDs), and local loads to provide energy to critical loca-
tions. The principal purpose of MG is to provide system
stability during various network disruptions [5], [6]. Numer-
ous definitions [7] and functional classification schemes [8]
have been cited for MGs in the literature. One of the precise
definitions given by the MG Exchange Group at the US
Department of Energy is as follows:

“A microgrid is the system-concept of multiple but coor-
dinated loads and generation units, and of islanding from the
grid, that operates as a controllable structure to the main grid
and constrained within well-defined electrical boundaries.”
An MG may connect/disconnect to the utility grid, enabling
it to serve in both grid-tied and autonomous modes [9].

TABLE 1. Top ten countries with maximum power production from RERs
in 2019 [10].

Country Generation (GW-h)
China 82,250
United States 63,149
Brazil 54,920
Germany 50,221
UK 37,303.38
Thailand 31,980.148
Japan 27,208
India 20,026.514
Italy 19,562.583
Finland 13,291
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FIGURE 1. Power production from several resources 2016 [2].

Injection of an MG into the power sector has several func-
tional edges over the conventional system like:
1. Reduced carbon emissions
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FIGURE 2. Future rate of increase of power production from RERs [2].

2. Continuous and independent supply of power to all
micro-resources and loads in isolated mode

3. Helps sustainable operation of the local grid, thus
improving overall power system’s quality

4. Plug-and-play capabilities for switching between grid-
connected and isolated modes

5. Operates as a backup power source in the case of a power
outage on the main grid.
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FIGURE 3. Total power production from renewables [2].

Conventional distribution networks imply unidirectional
power flow from the substation to load [12]. The incorpora-
tion of an MG in the distribution network, on the other hand,
transforms the prototype of unidirectional power flow into a
bidirectional one. If not engineered carefully, MG integration
to the conventional system could also face negative implica-
tions, such as protection, control, quality, supply dependabil-
ity, outage resynchronization time, and safety. [13]. Further
research and careful technical designs could successfully
avoid the adverse effects of MG integration on electric supply
systems. In addition to these challenges, there are still several
concerns about MG operation that must be addressed for an
overall optimal system.
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FIGURE 4. Annual microgrid capacity and spending, base scenario
2018-2027 [11].

Solar photovoltaic, fuel cells, gas engines, windmills, and
internal combustion engines (ICE) are just a few of the prime
mover technologies that make up an MG [14]. However,
to enable flexible operation, photovoltaic systems, fuel cell
technologies, energy storage systems, and wind technolo-
gies necessitate voltage source inverters and adequate con-
trollers. The purpose of this article is to review the technical
and economic aspects of MG, summarize the recent control
strategies, give an overview of technical challenges and their
possible solutions, MG’s limitations, and future prospects.
This review paper is organized as: Section 2 discusses tech-
nical aspects of MGs. Section 3 summarizes economic and
market considerations. Section 4 reviews various controllers
for power flow. Section 5 highlights the technical challenges
and their possible solutions. Section 6 addresses the signif-
icance of MG in the realization of smart grid deployment.
In Section 7 and 8, the limitations and prospects of MGs
are examined, respectively. Finally, Section 8 concludes this
survey.

Il. TECHNICAL ASPECTS OF MGs

This section reviews technical aspects related to MG inte-
gration to the power system. Fig. 5 shows an MG’s design
and associated components, such as distributed generators,
storage system, and local loads.

A. HARMONICS

Optimization of MGs’ standalone and grid-connected opera-
tion is essential to achieve a high degree of reliability [16].
Harmonics pose a threat to the electrical network’s ability
to operate reliably and consistently if no precautions are
taken into account [17]. The heat dissipated by the charging-
discharging of capacitors deteriorates the harmonics in case
of a DC MGs’ DC-link. As a result, the safety of elec-
trical energy storage systems is jeopardized since they are
more responsive to harmonics [18]. Power electronic devices
are the major cause of harmonic appearance in the power
system network. In literature, several harmonic reduction
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FIGURE 5. Design architecture of an MG [15].

techniques are classified as active or passive power filtering.
Active filters are used to remove harmonics of any order,
while passive filters are employed to attenuate higher-order
harmonics. [19]. Halim et al. proposed a selective harmonic
elimination method for a single-phase cascaded H-bridge
(CHB) multilevel inverter. The proposed method efficiently
eliminates the lowest-order harmonics and gives a better har-
monic profile of output voltage [20]. The frequency adaptive
multistage harmonic oscillator (MSHO) control is an efficient
strategy for selective elimination of the harmonics demanded
by the non-linear load connected at the distribution side [21].

B. POWER IMBALANCE AND VOLTAGE FLUCTUATIONS
While functioning as a load or source, switching an MG sys-
tem from grid-tied to standalone mode causes power imbal-
ance and voltage fluctuations in the system. This could also
happen due to slow dynamic response and low inertia of
the micro-resources. Storage and FACTS devices are viable
solutions to the aforementioned problem. Elmetwaly et al.
proposed an adaptive-switched filter compensator (ASFC)
with a developed PID-controller and a D-STATCOM with
optimal tuned PID controller by using the grasshopper’s opti-
mization algorithm (GOA) to improve the overall dynamic
performance of the MGs [22]. Paredes et al. have reviewed
the resilient operational behavior of MGs and its close rela-
tion to flexible AC transmission systems (FACTS) technol-
ogy [23]. Paredes et al. also proposed a D-STATCOM device
with smart FACTS technology to improve the operational
resilience of the MG. The simulation results show that the
proposed technique efficiently responds to the reactive power
supply to the system [24]. The voltage level with regard to the
synchronizing devices must be equivalent for the standalone
MG to revert to grid-connected mode. Static switches with
high acceleration and precise sensing capacity are required
for disconnection [25]. Hong and Cabatac presented a fault
detection, classification, and localization method based on an
artificial neural network. The proposed method is more effi-
cient in classifying and locating the faults than the traditional
neural network. [26].
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C. POWER QUALITY

Power quality is the measurement, analysis, and enhancement
of bus voltage to maintain a sinusoidal waveform at a nominal
voltage and frequency [27]. It is a key component that must
be handled in a grid-connected MG. Power quality issues in
distributed power systems arise due to increased penetration
of power electronic-based switches and non-linear loads. The
presence of intermittent DGs (solar and wind) also affects the
power quality of a microgrid. So, a significant decision must
be made to implement advanced control techniques to miti-
gate the adverse effects of DG-connected MG. In the future
power quality-sensitive market, poor power quality will result
in poor on-grid electricity prices. Generation decentralization
and keeping the adequate demand to supply ratio can improve
power quality [28].

D. STABILITY
The challenges to power system stability arising due to MGs
and DGs’ diversified operational characteristics are high-
lighted in this section. Three main reasons behind the stability
issues are [29]:
1. Decreased system inertia, resulting in angular instability
and frequency instability.
2. Lower voltage stability as a result of reduced energy
distribution; and
3. Lower frequencies’ oscillations as a result of a shift in
the power-sharing ratio.
Decentralizing the supply and maintaining a proper demand-
to-supply ratio can improve power quality and stability [28].

E. CHANGES IN TOPOLOGY

MGs can be installed in a variety of locations, including
factories, high-rise apartments, communities, houses, and
countryside farmland. Various forms of MGs can be designed
depending on the users’ needs, the robustness of the network,
and the DERs available [30]. The continuous connection and
disconnection of micro-resources, loads, and EESD is the pri-
mary cause of topological changes in low voltage networks.
Another cause is the intermittent RERs such as solar and
wind [31], [32].

F. ELECTRICAL ENERGY STORAGE DEVICES

Although DERs like renewable energy and diesel power
can meet the rising electricity demand, managing energy
storage and uninterrupted distribution is problematic. Diesel
engine-based DERs are intermittent and not eco-friendly.
Fluctuations caused by unstable micro-sources (wind, solar)
and non-linear loads significantly impact the MG’s normal
operation. By isolating the generation source from the load,
ESS provides improved stability to MGs. Storage devices
provide power during catastrophic circumstances like rain
and storm and reduce the time to begin recovery actions.
They help reduce oscillations, increasing the system’s power
factor, voltage regulation, synchronizing the erratic behavior
of RERs, and achieving generation-demand balance. Emerg-
ing energy storage technologies include sodium-nickel-based
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batteries, superconductive magnetic storage, molten salt, ice
storage [33], and Hydrogen storage [34]. A most recent devel-
opment for large-scale energy storage for solar/wind-energy-
based MGs is Vanadium Redbox Flow (VRF) battery. Though
the capital cost of VDF batteries is high, they are a hot spot
of research due to their scalability, fast response time, high
storage capacity, and efficiency [35].

G. CONTROL OF STORAGE DEVICES

MGs rely on energy storage devices to effectively bal-
ance the power between RERs and loads. Precise charge-
discharge control schemes are required to meet this target.
Various control strategies are available in the literature.
Mu-ti et al. described the strategy to increase the wind
farm’s output power rate using fuzzy control for an ESS [36].
Tan et al. gave a comprehensive review of the advance-
ments of storage systems for MG applications, topologies,
power electronics interfaces, control schemes, and emerging
issues [37]. Other strategies include the Monte Carlo sim-
ulation method [38], neural networks (NN) [39], hysteresis
current controller, Proportional-Integral and Proportional-
Integral-Derivative control, sliding mode controller (SMC),
and H-infinity controller [40].

H. ENVIRONMENTAL CONCERNS

The hazardous CO, emissions and pollutants, which pro-
duce the greenhouse effect, global climate change, and
environmental threats, are major disadvantages of conven-
tional power plants [41], [42]. Conversely, RER-based micro-
resources are environmentally friendly [2]. Subsequently,
it is critical to switch from fossil fuels like oil and coal
to renewable energy resources. Here, the Micro-Hydro gen-
eration and monthly consumptions are 7.440 MWh and
233.7946 MWh, respectively. A power source emits 381 g of
CO,, per kilowatt-hour. The intensities are calculated based on
the life-cycle analysis, including emissions from manufactur-
ing, work, smashing, and disposal. Table 2 shows mitigation
in CO, emissions due to RER-based MGs. Fig. 6 shows
a monthly graph of CO, emissions from the MGs, micro-
hydro, and wind farms. The data shows that when each source
is used to give electricity to the load, the CO;, emissions
lower down significantly. Installing these RER- based MGs
in remote rural regions indicates a positive environmental
impact.

TABLE 2. Mitigation in CO, emissions due to RER-based MGs [43].

CO, Emissions Micro-hydro Wind Solar
(Tons/month) Generation Turbines  Photovoltaic
Main Network - 92 -

Restricted from Energy 2383 11.75 491
Resource
Mitigation due to DERs 30.8% 19% 53.4%
Using Microgrids - 1.2 -
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FIGURE 6. Comparison of CO, emissions from MGs and conventional
power plants per month [2].

1Il. ECONOMIC AND MARKET CONSIDERATIONS

The DERSs’ active power, voltage, and current at the interface
bus of a Voltage Source Inverter (VSI) and Current Source
Inverter (CSI), respectively, govern the economics of an
MG [44]. It is mandatory to control these variables to achieve
optimal operation and power distribution, maximum utiliza-
tion of RERs, and cost-effective operation of the entire MG.
The effective regulation of MGs’ output in the grid-tied mode
controls the current and voltage losses caused by transformers
and feeders. Furthermore, the power policies must incor-
porate the proper utilization of EESDs, since they impact
the economics of MGs across their whole life span [45].
MGs must surmount economic, commercial, and regulatory
constraints to be integrated into the utility grid. Economic
hurdles include investment reduction, cost analysis, and the
design of appropriate financing mechanisms [46], [47].

The participation of MGs in the market to offer their
services is one of the market problems. Backing for some
business models may be beneficial in the short term. How-
ever, in the long run, technical advancements, regulation,
and finance policies should be such that to make them
more competitive. Hence, allowing for the development of
more sophisticated models of MG [48]. MG-setup, opti-
mization techniques, and the standard model are consid-
ered significant parameters that control the optimal cost of
MG [49], [50]. Development Cost and Distribution Network
Operator (DNO) Costs estimate the total cost of an MG. Con-
trol and protection schemes, types of EESDs, and installation
and operational cost of the equipment contribute to develop-
ment cost. Voltage balance, frequency regulation, equipment
maintenance, over/ under-loading, and adaptive fault limits
sum together to make the DNO cost [51].

IV. POWER FLOW CONTROLLERS

The unified power flow controller (UPFC) realizes real-time
control over power flow in transmission lines by adjusting
the line parameters, like node voltages, phase angle, and
line impedance, covering all adjustable parameters of other
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FACTS [52]. The MG control system plays a critical role
in accommodating its reliable operation in both operating
modes. The MG control system can adopt either a centralized
or distributed control structure. The distributed control struc-
ture has more advantages than the centralized one regarding
reliability and resilience [53].

The voltage droop control strategies are commonly
adopted to control the power-sharing between parallel energy
storage units in islanded DC microgrid for its low cost on the
control and communication system. However, a large number
of voltage and current sensors are needed in the traditional
droop control method [54]. The Droop approach for power-
sharing control means controlling techniques that function
without inter-unit communications to direct the production of
individual DGs matching a specific load [55]. However, the
widespread implementation of the droop schemes over coor-
dinated power-sharing based on communication technology
is due to complexity, exorbitant prices, and the supervisory
system’s limited reliability. The control mechanism used for
inverters located in remote places is essentially drooping con-
trol. The droop technique has no inter-unit communication
and coordination during load sharing, which improves system
reliability, stability, and layoff during service [56]. Further-
more, the plug-and-play features allow a single module to
be replaced or disconnected without shutting down the entire
system. Table 3 summarizes several control approaches and
their benefits and drawbacks. Moreover, Table 4 summarizes
recent studies on MGs’ different aspects.

A. PQ DROOP APPROACH
The shaft torque and field excitation variation regulate real
and reactive power in a synchronous generator. In addition,
the generators are connected and synchronized with the grid’s
frequency and voltage. The mechanical input power to the
shaft controls the output power regulation, which varies the
torque angle without altering rotor velocity or generation
frequency. The approach is applied when a specific generator
directly provides power to a load in an islanding situation.
However, the decoupling characteristic does not exist in this
islanded operation, causing the frequency to vary signifi-
cantly. Similarly, the generator bus voltages can be used to
control the reactive power delivered to the load. But, due to
a large X/R ratio, the regulation collapses in the distribution
stage. In a high reactance distribution feeder, the drawn power
at the bus with PQ Droop inverter control based is presented
as [57]-[59]:

VE; . ]

X, e ey
VE;cosp — V2

O=—"— @)

P;

where,

X; = Reactance of output power
E; = Inverter's peak magnitude

V = bus voltage
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And, ¢ is the phase difference between bus and inverter
voltage.

The inverter frequency (f;) is regulated following the aver-
age actual inverter power. The inverter’s average reactive
power Qj is also modified by varying the amplitude of the
inverter voltage (Ej). This relationship may be written as
[58], [60], [61]:

fizfr_mp(Pi_Pr) 3
Ei=E, — ng Qi —0r) 4)

where, m;, and nq are real and reactive drooping slopes and
subscripts ‘t” and ‘i’ represent the rated values and index of
the inverter, respectively.

Furthermore, the optimal values of m, and nq decide the
improved system stability and efficient load sharing. Droop
slope values are typically selected so that inverters share
apparent power according to their ratings. The slope con-
stant values in this study are determined using the following
formula.

ﬁmax - ﬁmin

my, = Lmax —Jimin )
r P imax — P imin

ng = Pz.max — lemt-n ( 6)
imax imin

Fig. 7 visually depicts the characteristics of PQ droop rep-
resented by (5) and (6). The output voltage of the inverter is
drooped with reference to the reactive power, and the inverter
frequency is drooped w.r.t. the active power. Resultantly, fre-
quency is an active power control variable, whereas inverter
output voltage is the reactive power control variable.

Fig. 8 depicts a control strategy for a single inverter in
a drooping topology with real and reactive power. Local
samples from that specific inverter are inputs to control the
inverter using this control scheme exclusively. The relevant
active and reactive powers are compared to reference val-
ues to produce a respective error signal. The inverter rating
determines the real and reactive power reference values. Then
these two error signals are compared to the inverter’s nominal
frequency and voltage, and then the inverter’s operating volt-
age and frequency are determined for optimal load sharing
based on the inverter’s rating.

Frequency
Inverter Voltage

Real Power Reactive Power

FIGURE 7. PQ droop characteristics [14], [28], [58], [59], [62].

B. VID CONTROL STRATEGY

For strong PQ coupling, virtual impedance drooping (VID) is
implemented [62]-[64]. It implies that the feeder resistance
has a nominal value, neither high nor low. This feeder is used
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FIGURE 8. PQ droop control scheme.

in medium voltage AC systems with approximately equal line
resistance and reactance, giving a unity X/R ratio. In these
instances, frequency and voltage regulation cannot control
real and reactive power separately, and the VID scheme is
used to achieve proper load sharing. The inverter frequency
(fi) is controlled using the PQ-droop scheme as described
above. VID’s control method is depicted in Fig. 9. The voltage
regulation formula is as follows [57]:

Viee =V* —Zyp (s) .io (7
Or
Vyer = V* — Lp—— g ®)
s+ w,
where,

V* is the output Voltage at no load
Zyp (s) is virtual impedance

we, highpass filter's cutoff frequency

C. V-P DROOP AND F-Q BOOST SCHEME

The standard PQ droop scheme operates well for the high
voltage MG. On the other hand, the VID scheme works effec-
tively in a medium voltage MG having strong PQ coupling.
However, traditional PQ and VID control schemes fail for a
low voltage MG with a high impedance feeder. Equation (13)
shows that the increase in the inverter voltage (E) increases
active and reactive power. In this case, reactive power rises
with the rise in power angle (¢), while active power reduces
with the rise in ¢. Fig. 10 shows the electrical connection
based on the decoupled output impedance between a common
AC bus and an inverter. The following equations express the
injected real and reactive powers to bus [65], [66].

P = C cos6 + D sin6 O]
Q = C sinf 4+ D cosf (10)
where,
EV v? EV .
C=—cosp —— and D = —sing
Z Z Z
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E, V is Voltage amplitude and Bus Voltage, respectively,
©, 0, Z are the power angle, phase angle and magnitude
of output.

Assuming the impedance to be purely resistive, (9) and (10)
can be recast as:

EV V2
P=— - — 11
R P R (11)
EV .
0= —?smtp (12)

The complex power can be expressed by combining (11)
and (12), as:

1 .
S = E(—Vz +EV.e /%) (13)

In actual cases, ¢ is so small

Equations (11) and (12) become:

enough that the

1%
P=E(E—V) (14)
_ is)
0= Y (

Resultantly, P and Q can be controlled by adjusting the ampli-
tude of the output voltage (E) of the inverter. The control
signal can be expressed as [58]:

fi=fr —mg(Qi — Or) (16)
Ei = E, —np(P; — Py) (17)

FIGURE 9. VID control scheme [67].

Exw ino
F.Q, JX P., 0

FIGURE 10. Equivalent circuit of a DG unit connected to the common AC
bus [62], [65], [68].

Fig. 11 graphically elaborates the characteristics of
voltage-real power and frequency-reactive power boost.
Fig. 12 shows a block diagram of the control scheme. Here,
the inverter’s output voltage (E) is drooped against real power,
and the inverter’s frequency (f) is boosted w.r.t. reactive
power. This control method makes it easier to control a low
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voltage AC MG with high resistance transmission lines [65].
Only local samples for the particular inverter are needed as
inputs to perform this control system. The error signals are
generated by calculating P and Q from the input samples and
comparing them to the reference P and Q, respectively.

The P and Q reference values are the critical parameters
that are dependent on the inverter rating. Based on the load
demand and the inverter’s rating, the operating voltage and
frequency of the particular inverter may be calculated by ana-
lyzing these error signals to the inverter’s nominal frequency
and voltage.

Inverter Voltage
Frequency

Real Power Reactive Power

FIGURE 11. Characteristics of V-P droop and F-Q boost.

V,

spwv B oo

< L
E, n, P
(B | Power(P/Q)
Calculations
-
fi % * % Q
8 m, Q,

FIGURE 12. V-P droop and F-Q boost control scheme [69].

V. TECHNICAL CHALLENGES AND POSSIBLE SOLUTIONS
A. CHALLENGES

1) OPERATION

Since MGs can switch from grid-tied to the islanded mode
of operation, large discrepancies between generation and
demands emerge, causing significant frequency and voltage
control issues [133]. The “plug and play” functionality can
cause substantial problems if the connect-disconnect opera-
tions simultaneously include many generators [134].

2) COMPATIBILITY

An MG could include a range of components, like diesel
engines, wind turbines, energy storage, combined heat and
power, inverters, electrochemical capacitors, information and
communication devices, software applications, etc. Each
component’s generation potential, startup time, shutdown
time, inertia, operational cost, charging/discharging rate, con-
trol, and communication limits are different. These differ-
ences in the parameters give rise to compatibility issues [135].

3) INTEGRATION OF RERS
RERSs’ uncertainty, unreliability, and climate dependency are
significant impediments to their integration into the power
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TABLE 3. Several control strategies’ benefits and limitations.
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Reference Control Strategy Benefits Limitations
L. Jia et al. [54] Sliding Mode Control Strong power-sharing. The amount of load charge, filter
Fast dynamic response. capacity, and the capacity of DG
Small steady-state error. units should be considered in the
Ability to maintain DC link. design domain of the controller.
M. C. Chandorkar et al. [70] PQ Droop Simple implementation. Inadequate V-F regulation.

F. Katiraei and M. R. Iravani [71]

Greater flexibility and expandability.

Poor dynamic response and
harmonics.

Effect of physical parameters on
performance.

J. M. Guerrero et al. [57], [65]
Y. Liand Y. W. Li [72]
X.Yuetal [73]

V-P Droop and F-Q
Boost Scheme

Simple implementation.
Applicable to high-resistance TL.

Poor V-F regulation.
Dependence on physical variables.

K. De Brabandere et al. [58]

A. Moawwad et al. [74]

J. C. Vasquez et al. [75]

H. Hanaoka et al. [76]

G. Yajuan et al. [77]

Y. A.R. I. Mohamed and E. F. El-
Saadany [78]

Complex Line
Impedance Droop
Control

Better voltage regulation.

A pre-knowledge of line impedance
is required.

R. Majumder et al. [79], [80]

Angle Droop

Better frequency regulation.

Requires smart information
communication based on GPS.
Inadequate power-sharing.

R. Majumder et al. [81],

Constant Power Band

Within the permissible voltage limits.

Affects the overall efficiency due to

T. L. Vandoorn et al. [82], [83] Based Droop In line with the parameters of a micro-resource. the requirement of a separate
MPPT based efficient Energy usage. controller at each stage.
J. M. Guerrero et al. [57], [63] VID Control Independent of physical parameters. Voltage regulation is not assured.

W. Yao et al. [62]
T. L. Vandoorn e al. [84]

Better system stability.

J. M. Guerrero et al. [85]

Optimized Virtual

Non-linear load’s power-sharing.

A pre-knowledge of physical

Impedance Reduction in point of common coupling’s harmonic  parameters is required.
voltage. Low-bandwidth communication.
C.T. Lee et al. [86] VFT Method Decoupled PQ Control. No guarantee that all DGs have the
J.Heetal. [87] same transformation angle.
K. De Brabandere et al. [58] A pre-knowledge of physical
Y.Liand Y. W. Li [72], [88] parameters is required.
Y. Liand Y. W. Li [89] Adaptive Voltage Better stability and power-sharing. A pre-knowledge of physical

Droop Control

parameters is required.

E. Rokrok and M. E. Golshan [90]
J.Heand Y. W. Li [91]

Synchronized Reactive
Power Compensation

Better power-sharing.
Independent of physical parameters.

Low bandwidth communication is
needed.

T Heand Y. W. Li [92]

Coordinated
operations based on
Droop Control

No communication delay.
Independent of physical parameters.
Better power-sharing.

Low bandwidth communication is
needed.

Jiang and Y. Fei [93]
. Lee et al. [94]

B.
C.T
C. X. Zhang and Y. Zeng [95]

Q-V Dot Control

As simple as conventional droop control.

Prone to de-stabilization.

The steady-state solution is critical
to calculate.

Depends upon the initial conditions.

C.T. Lee et al. [96]

C. K. Sao and P. W. Lehn [97],
[98]

Q. C. Zhong [99]

A. Tuladhar et al. [100]

D. J. Perreault et al. [101]

Single Variable
Control

Independent of physical parameters.
Perfect for both linear and non-linear loads.

Voltage harmonics.
Challenges in voltage measurements.

M. Fusero [102]

Virtual Generator
Mode (VGM) Primary
Control

Guarantees fast V/ F dynamics in an autonomous
mode of operation.

Gives rapid control actions during the grid-tied
mode, too, enabling V-F support (GSM-FV).
Provides power control by reference signals from
the secondary level control (GSM-PQ).

Stability issues while transitions
between the two operating modes.

S. M. Ashabaniand Y. A.R. L.
Mohamed [103]

Proportional Resonant

Better performance due to current controller.
Zero steady-state error.

Poor harmonic profile.
Complex system.

J. C. Vasquez et al. [75]

Hysteresis Current
Control

Simple implementation.
Fast-transient response

Resonance issues.
Power imbalance.
Harmonics  and
regulation.

poor  voltage

X. Xu et al. [104]

Fuzzy Logic Control

Simple implementation.
Independent of parameter variation.
Beneficial for non-linear systems.

Slow controlling response.

Y. Liu et al. [105],
H. H. Huang et al. [106]
S. Augustine ef al. [107]

Adaptive Droop

Simple implementation.
Better voltage regulation and power-sharing.

System parameters are affected.

C. X. Dou and B. Liu [108],
A. Anvari-Moghaddam et al. [109]

Multi-Agent System
(MAS)

Robust control action.
Better performance under uncertain disturbances
Better flexibility and efficiency.

Communication delay.
Poor performance
communication links.

without

F. Habibi e al. [110]

H-Infinity Controller

Applicable to both linear and non-linear systems.
Robust control action.

Complicated mathematical model
Slow dynamics.
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TABLE 4. A summary of recent studies on MGs’ different aspects.

Discussion’s Subject

Summary

Building MGs

Several merits and demerits of hierarchical control strategies for MGs’ design are described in depth. The three layers
structure of hierarchical control is explored, with the significance of each control layer in designing MGs [111].

Control of inverters

The survey focuses on MGs’ unplanned islanding with inverter control presenting basic architecture and regulation
schemes [112].

Demand-side management

The authors have tabulated the demand-side management strategies, optimization objectives, and cost optimization
strategies [113].

Distributed
generation systems

The hierarchical control structure for MGs, significant innovations in RERs-based DGs, and power converters parallel to
the grid responsible for voltage and frequency formation are investigated [114].

DERs, energy storage methods, and emerging controllers using soft computing algorithms in islanded and grid-
tied modes are summarized [115].

Energy management systems

A comprehensive review presenting several control schemes, classification, and comparative analysis of MGs’ EMS has
been given [116].

Frequency regulation

This research reviewed various frequency control approaches and strategies in microgrids and classified them into
distinct groups based on available literature [117].

Hybrid energy storage
system (ESS)

Hybrid ESS for MG applications, economic analysis, and design methodology, by investors and engineers' perspectives,
are studied [118].

The recent control strategies are shown in terms of their advantages and disadvantages. The novel local RERs-based
power distribution system with energy storage is investigated [119].

Technical developments in the battery-supercapacitor-based Hybrid ESS in standalone MG, control schemes, and energy
management system (EMS) are analyzed [120].

Layers structure

An analysis of both research and industry documents and a comparison of several definitions provided by notable
authors have been conducted to establish a strong foundation for the MGs paradigm. Layer structure facilitates the ability
to analyze, search, and compare MG data. Subsequently, this work expands on previous research by including the
environment concept as an essential determinant of the MG [121].

Microgrid technologies

MGs’ typical design structure, protection and control strategies, and power quality are studied [122].

Model predictive control

The study examined model predictive control in independent and networked MGs, encompassing converter- and grid-
level control algorithms performed on the hierarchical control structure [123].

Power
electronics converters

The authors gave a literature survey for the power electronics converters to incorporate DERs with ESS to MGs [124].

Power quality
improvement

The most commonly used power quality techniques and FACTS devices for system stability are studied [125].

Reactive power
compensation

An MG is modeled based on real-world scientific information, and power quality issues are studied by several
controllers and devices [126].

grid. Subsequently, the output power of these resources
might fluctuate dramatically and often, making MG unsta-
ble [136], [137]. Also, increasing RERs’ integration may
generate congestion in distribution systems [138].

4) PROTECTION

The most difficult technical issue of DGs integrated into
MG is system protection. For MGs working in either grid-
connected or islanded mode, the protection system must be
robust enough to respond to all forms of faults [139]. The
protection system should be capable of quickly disconnecting
the MG from the main grid during any abnormality, ensuring
the DGs, lines, and loads’ protection. The following factors
should be considered for the protection issues [140]:

1. Integration of distributed generators with the distribu-
tion system

Current fault level fluctuations

Unexpected relay trips

Discoordination or reduced position of relays
Accidental disconnections.

bl

166510

Thus, the protection strategies must be up to the mark to
have an improved and continuous supply. Fault current detec-
tion, isolation from the grid network, and an automated
re-coordination must all be done with smart devices [141].
Since the fault currents’ magnitudes depend on the MGs’
operating mode, they can differ drastically between grid-
connected and standalone modes of operations [142]. For
radial distribution systems, traditional power systems were
developed with unidirectional fault current flow. However,
when DGs are integrated into the main grid through MGs,
the fault currents flow bi-directionally. A rapid static switch
interfaces the MG to the main grid to protect it from all types
of outages in both operating modes [134]. Table 5 summa-
rizes the most recent surveys on the protection of MGs.

5) REGULATION

MGs’ regulation is an important challenge since it directs
and facilitates DERS’ penetration and integration into the
utility grid. However, regulations for MG deployment are
constrained, making proper usage of MGs problematic.

VOLUME 9, 2021



M. H. Saeed et al.: Review on Microgrids’ Challenges & Perspectives

IEEE Access

TABLE 5. A summary of recent studies on MGs’ protection.

Reference

Summary

D. Gutierrez-Rojas et al.

The review addresses the advancements in protection, a comparison of the optimization methods, and information

[127] and communication technologies (ICT) with a prospective outlook on communication technology's implementations, and the
potential of 5G wireless systems and multi-connectivity to enable adaptive protection.

L. Zhang et al. [128]

S. Mirsaeidi et al. [129]  and earthing options.

Existing protection schemes and principles, fault detection techniques are presented in detail along with protection devices,

A. Chandra et al. [130]

Topological changes in DC MGs’ architecture have substantial impacts on existing protection schemes. The increased fault

currents are a barrier to MG protection in the short term. This paper reviews and discusses the protection issues associated with

DC MGs.

L. Cheetal. [131]

Different protection challenges associated with MGs and possible solutions for relay coordination have been discussed. It is shown

that the hierarchical protection strategy based on the communication-assisted directional OC relays and the localized differential
scheme would provide efficient protection schemes for the microgrid in both grid-connected and island modes.

A. Dagar et al. [132]
standards for AC, DC, and Hybrid Microgrids.

The authors have comprehensively reviewed protection strategies, current interruption approaches, protection devices, and

Furthermore, interconnection schemes for MGs and the util-
ity systems are developed to standardize and optimize the
effects of MGs’ integration, so the main grid’s performance
and safety are not compromised [143]. In the event of any
faults or breakdown, these protocols must promptly disen-
gage the MG from the grid. However, the most frequently
voiced concern about MGs’ integration into the utility grid
is the high connection expenses [144].

6) SMART CONSUMER

Members of the future smart grid are smart consumers who
play a significant part in balancing demand and supply. They
are primarily concerned with lowering the electricity cost or
at least sustaining current comfort levels, accessibility, and
usage simplicity [145]. Utilizing ICT devices in residentials
has become ubiquitous due to customers’ active participation
in demand management [146]. In the coming days, energy
management systems (EMS) will be an integral part of smart
homes to optimize energy utilization, reduce utility bills, and
meet supply challenges while maintaining the required degree
of comfort for users [147].

B. POSSIBLE SOLUTIONS
The following are some of the potential solutions for MGs’
technical challenges proposed in the literature:

e FACTS devices such as the static VAR compen-
sator (SVC), static synchronous compensator (STATCOM),
unified power flow controller (UPFC), static series syn-
chronous compensator (SSSC), alleviate stability and relia-
bility challenges caused by the integration of RERs to MGs.
Moreover, filters embedded into these devices attenuate
harmonics caused by power circuits [137]. Shuai et al. exam-
ined the stability classifications and analysis methodologies
for MG [148].

e Zamani et al. [149] proposed a microprocessor-
based MG protection technique using overcurrent relays
and directional elements for both modes of opera-
tion. Differential Protection Schemes [150], Symmetrical
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Component Theory [151], and Adaptive Protection [152] are
some of the other techniques.

e External protection devices, e.g., fault current limiters,
fast static switches, and ESS, are used to protect from fault
currents [153].

e Novel algorithms have been investigated to reduce sys-
tem costs. Khodayar et al. used a high-reliability distribution
system (HRDS) to evaluate economic indices in microgrids
and compared it to traditional distribution systems [154].
Wang and Wang implemented the rolling-horizon optimiza-
tion method to minimize the operational costs in the normal
operation mode of MG [155]. To minimize the MG’s total
operation cost, Khodaei proposed a novel islanding criterion
(T-7 islanding criterion) [156]. Mahmoodi et al. presented a
distributed economic-dispatch-strategy for MGs with multi-
ple ESS to achieve the minimum cost operation equivalent
to centralized dispatching [157]. Khodaei and Shahidhepour
proposed a mixed integer programming optimization method
to reduce the total system costs [ 158]. A decentralized voltage
control technique with two control layers was proposed by
Ahn and Peng [159].

e A proposal for the implementation of an intelligent
hybrid automatic transfer switch (HATS) for islanding detec-
tion method (IDM) is given by Papadimitrious et al. This
technique can detect and manage MG operation modes and
status [160].

VI. MGs’ SIGNIFICANCE IN SMART GRID REALIZATION
The advancement of power grids is referred to as smart
grids [161], [162]. “An SG is a power system that can effi-
ciently implement the behavior of all users connected to it—
generating units, clients, and those who do both—to ensure
economic efficiency and sustainable power” [163].

The following factors distinguish SG from traditional
grids [136], [164]:

1. Integration of autonomous RERs to achieve emission-
reduction.

2. Bilateral information and power exchange, advanced
sensors, and distributed computing technology.
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(O8]

Optimization of resources utilization.
Provision of reliable energy by demands.
5. Smart enough to self-heal in the event of a network
failure.
6. Customer-oriented.
7. Immune to both electrical and cyber-attacks helps to
optimize the use of assets.
8. Environment-friendly.
9. Improve power delivery and use efficiency, dependabil-
ity, and safety.
Aside from these benefits, smart grids confront several chal-
lenges, such as bidirectional communications, grid integra-
tion with RES, inefficient DG deployment, and insufficient
existing power infrastructure and storage. Handling genera-
tion, storage, and loads as a localized group is one technique
for optimal DG use [161], [165]. MG is an integral part of
the SG concept. Being a part of a larger grid, it includes all
of the utility grid’s components. MGs are smaller and can
operate independently from the larger utility grid, whereas
SGs serve at a higher utility level, such as the national grid
system.

»

VII. LIMITATIONS OF MICROGRIDS
This section summarizes some of the MGs’ significant limi-
tations, which include the following [166],

1) The power quality, voltage, and frequency control
should be such that the indices fall within specific limits.

2) The utilization of unstable DERs may fail to supply con-
tinuously, necessitating the addition of more EESDs, which
require more area and regular service.

3) Resynchronization and coordination of MG to the main
grid after fault removal is a big challenge.

4) The implementation of a robust protection system is one
of the primary technical challenges.

5) MGs may be hampered by net metering and idle costs.

6) Suitable connecting standards must be established.

VIIl. MGs’ FUTURE TRENDS AND COMMERCIALIZATION
This section reviews the future trends that will be expectedly
carried out for MGs’ advancements [167]:

1) For both grid-tied and autonomous modes of operation,
frequency and voltage schemes should be properly designed,
tested, and examined experimentally.

2) Transition period from grid-tied to autonomous mode
and high penetrations of DERs need to be researched more
deeply.

3) For power quality, protection, control, and management,
the occurrence of black-starting needs to be focused on.

4) Provision of reliable, stable, and secure power, the trans-
formation of modern MGs to more robust, unique, smart,
and dynamic power delivery network still needs practical
research.

5) Harmonics produced due to non-linear loads like power
electronic devices, induction motors, and electric vehicles
must be mitigated. So, further researches are needed to reduce
harmonics for better performance of MGs.
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6) Due to the extensive penetration of DERs to MGs,
demand response and load management are critical chal-
lenges in distribution networks.

7) Artificial intelligence-based approaches need to be
extended for smarter communication schemes in MGs.

8) The performance of MG management schemes can be
improved for better stability and more reliable and controlled
power flow.

9) The AC-MG protection strategies face network and
communication channel faults. These have to be improved
further to provide a more reliable solution.

Societies and parks will likely be the major contribu-
tors to MGs, as they will employ them to save operational
costs while also generating revenues by selling electric-
ity to the main grid during peak demand hours. Markets
are the most effective methods of balancing demand and
supply. Demand response aggregators are feasible solutions
for the consumers’ market since they allow for loads’ cus-
tomized control [168], [169]. The aggregators perform the
role of bridging the information and technical gaps that
electrical energy networks face. Furthermore, these aggre-
gators can be used to integrate DER technology and as
respondents in the growing power market. They aid in
the development of products, thus encouraging and assist-
ing consumers in collaborating to the electricity markets
by incorporating recent developments in advance meter-
ing infrastructure (AMI) and information communication
technology (ICT) [170], [171]. Local Energy Communities
(LECs) and MGs are also important in developing distribu-
tion networks, contributing to energy conservation, driving
the grid more flexible, and providing benefits to consumers
and utility.

IX. CONCLUSION

MGs serve as critical interfaces between RERs-based DGs
and utility grids/loads. As the primary phase of modern grid
systems, they have the potential to become a prominent
building block for future SGs. They have many advantages
over traditional energy systems, including improved control,
flexibility, increased reliability, higher power quality, eco-
nomic viability, environmental friendliness, and adaptability.
Depending on the architecture, energy potential, economics,
integration constraints, and utility or consumer requirements,
MGs can be designed to operate autonomously or in grid-
integrated modes. When in autonomous mode, an MG may
experience control and protection issues due to the intermit-
tent behavior of RER and non-linear loads. When operating
in grid-tied mode, MGs encounter integration issues, which
lead to control and protection issues. Grid integration and
power-sharing mechanisms are critical to an MG’s effective
operation due to system protection, control, and stability. This
review attempts to summarize various technical aspects of
MGs, as well as economic and market considerations for
commercialization. This article also discusses recent MG
control schemes, technical issues related to MG integration to
utility grids, and feasible solutions. Researchers have recently
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become more concerned about the use of droop control strate-
gies. It is worth noting that there is not a strong consensus on
MGs’ switching and control schemes. This article also dis-
cusses the importance of MGs in implementing future Smart
Grids and their limits and potentials. MGs are gaining traction
as a superior alternative to meet the growing demand for
reliable, environmentally friendly, and cost-effective power.
MGs will contribute significantly to remote and rural electri-
fication in the near future.
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