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a b s t r a c t

Modern utility grid is experiencing a transition from conservative centralized generation structure to a
more distributed and decentralized structure. To achieve this transition, decentralized energy sources
and loads must be seamlessly integrated and isolated from main grid structure. Realization of one such
approach is termed as ‘‘Microgrid’’. Microgrids (MGs) are a source of clean, efficient, and an economical
way to integrating renewable energy sources and loads to the main grid. Higher penetration levels of
MG would lead to significant perturbations with time periods being lower than conventional dynamic
responses. This may pose problems of stable operation for the entire utility grid. For addressing this
problem, this paper gives an in-depth literature review on the different control structure of MGs. As
control dynamics required vary significantly, depending upon the integrated source, connected loads
and ratings of the MG, it is important to understand the different structures of MG. Thus, categorization
of MG based on different criteria such as distributed energy resources (DERs), type of distribution
systems, modes of operation, and types of communication links used are first studied. As modern
control structures are layered to achieve dynamic responses at different time constants, hierarchical
controls are implemented. To address this concern, different levels of hierarchical controls are also
discussed along with the control strategies of integrating various renewable energy resources in MGs.
Different methods of controls are analyzed and assessed in each category and the major issues faced
in the current infrastructure are noted. As the grid is moving towards optimal design of microgrid
structures this manuscript reviews a number of optimization techniques along with their benefits and
drawbacks.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

As the demand to switch from fossil fuels to renewable ener-
ies is increasing day by day, the need to set up a reliable and
obust system which integrates alternative energy resources is
ising. A MG is a group of distributed generators (DGs), energy
torage systems (ESSs) and loads that operate in coordination
ith one another to provide reliable electricity. Each of these
omponents form an important part of the MG and its control is
herefore necessary. For example, all renewable sources, except
ind energy, provide DC power which is fed to the main grid
fter converting it to AC. The frequency and voltage at which
his power is transmitted must therefore be controllable. For
rid connected mode of operation the grid dictates the values
f voltage and frequency (the energy source acts as a current
ource). In islanded mode, however, the loads control the voltage
agnitude (as the source operates as a voltage source). Therefore,
mong many other challenges MG controls and protection are the
ost critical for efficient and reliable performance.
MGs have variables based on which it can be categorized into

ifferent types. These categories could be based on: a) Generation
ources b) Type of control strategy c) Type of distribution (AC
nd DC MGs) and d) Modes of operation. These classifications
re as shown in Fig. 1. The manuscript describes these categories
f MGs and explains various control as well as optimization
echniques used within these categories. A separate section titled
‘Optimization based control techniques in MGs’’ further explains
ow optimization techniques are used to enhance the modeling
s well as controls of MGs. The current power systems is facing
any problems due to voltage and line overloads. These can
e resolved by introducing DGs which can then take part in
oltage as well as frequency regulations. MGs are advantageous
ver conventional grids as they can be grouped together as DGs,
4086
storage systems and controllable loads. Also, it can operate in
both islanded as well as grid connected mode. MGs can provide
electricity to not only rural communities which are far away from
the grid but can also make industrial areas independent from the
main grid. MGs also have the advantage of being beneficial to
not only utility companies but to consumers as well. Customers
of MGs can take part in electricity markets as well as deliver
ancillary services (Vandoorn et al., 2013c).

Due to the stochastic generation from renewable energy
sources, their power output shows sudden discontinuities. This
highlights the need of advanced optimization and control meth-
ods that design an optimal MG system. The increasing research on
the development of standalone hybrid renewable energy systems,
calls for an optimal layout of many renewable energy sources.
The control, optimization, and design of MGs comes with a lot
of complexities. Currently, a number of advanced algorithms
are being implemented to improve the layout of MGs and to
provide optimal sizing of its components. Therefore, optimization
techniques coupled with control aspects for the design of MGs
is a rising area of research. This manuscript discusses a number
of control strategies as well as optimization methods for MG
designs.

MG has been an emerging concept, deeply embedded with
other concepts such as distributed generators, emerging pre-
dictive control models, internet of things, and digitalization of
industry. For optimization of energy cost, reliability and cyber-
security of MG, there is a growing consensus to study the overall
factors contributing to efficient operation, optimal control, and
reliability of MGs. In the existing literature, review of MG has
been presented in the following categories: (a) AC microgrids
(MGs) (Rajesh et al., 2017; Kaviri et al., 2017; Mohammed et al.,
2019), (b) DC microgrids (Meng et al., 2017; Bharath et al., 2019;
Jian et al., 2013), (c) PV systems (Jordehi, 2016), (d) wind en-
ergy systems (Menezes et al., 2018; Jena and Rajendran, 2015),
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Fig. 1. Different types of MG structures based on type of generation sources, distribution system, operation modes and control strategies.
e) hierarchical control strategies (Yamashita et al., 2020; Pa-
adimitriou et al., 2015; Bidram and Davoudi, 2012) and (f)
ptimization methods in MGs (Dawoud et al., 2018; Fathima and
alanisamy, 2015). Although these reviews are extremely helpful
o the readers, but they lack in providing a complete overview
f MGs. This paper reviews the MGs as an entity consisting
f various types, their respective control strategies, impact of
istributed energy sources on the conventional MG performance,
merging optimization-based control leading to performance im-
rovement. Finally, the authors have identified the key chal-
enges/opportunities capable of shaping, improving and increas-
ng reliance of future MGs. With this comprehensive approach,
he authors believe this manuscript will provide better insight
o the readers and help in identification of existing MG issues
elated to different segments of the MG.

In this paper, Section 2 covers all types of MGs whereas in
ection 3 the controls of various types of MGs is reviewed. In
ection 4 droop controls which are an important method of
ontrol in MGs is analyzed. Later, in Section 5 control strategies
or various DERs is seen and Section 6 discusses the different
ptimization techniques used in modeling and control of MGs.
ection 7 gives a summary on the recent advances in MGs and
he challenges it is facing in the present world.

. Types of MGs

.1. Control methods in a MG

Control methodologies of MGs are classified as centralized, de-
entralized, and distributed as shown in Fig. 2. Following is a brief

escription of centralized and decentralized control structures.

4087
2.1.1. Centralized controls
Centralized controls use a central controller which is linked

to sources and loads through communication networks. A cen-
tralized control uses a MG central controller which obtains and
then assesses information from all controllers so that optimal
solutions can be reached without iterations (Li et al., 2018). A
centralized controller is simpler as it controls power delivery
from a single point. Larger MGs adopt a hierarchical control setup
as opposed to smaller scale MGs where the units are attached
to the central controller using a master slave scheme (Dragiče-
vić et al., 2015). Centralized control comprises of various levels
of control which are explained in detail later. In one study, a
central controller makes decisions on the basis of generation and
load status (Manas et al., 2015). Another research introduced the
development of central controller for an intelligent MG (iMG)
lab in Aalborg university. A hierarchical setup is carried out to
regulate any imbalances in voltage and restore voltage/frequency.
Primary control loops are simulated in MATLAB and compiled in
dSPACE whereas secondary and tertiary level controls are carried
out in LabVIEW (Meng et al., 2015). Centralized control using
communication links is discussed in Lopes et al. (2006). This
method has an advantage of keeping the output voltage and
frequency close to their ratings (Vandoorn et al., 2013a). Cen-
tralized control systems have issues for MGs in remote locations
where it is not only unrealistic to have such a setup but also
quite expensive (Mohamed and El-Saadany, 2008). However, a
centralized scheme is not quickly scalable and distribution losses
increase substantially at lower distribution voltages (Nasir et al.,
2019).

2.1.2. Decentralized controls
In this scheme, a central controller is absent. Therefore a num-
ber of control centers have different control commands (Wu et al.,
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Fig. 2. Control structures of MG classified as Centralized, Distributed and Decentralized.
018). A decentralized control uses only local information to find
ptimal solutions through iterations. Coordination techniques are
sed by local controllers (Dragičević et al., 2015). DC bus signaling
s one of the popular decentralized schemes for DC MGs. Dou and
iu (2013) suggested a two-layered multi-agent system using de-
entralized control systems. This strategy tried to balance out any
nstabilities caused by external disturbances in the MG. Although
ecentralized control structures are advantageous as they do not
ely on communication systems, however, their performance is
ot very high due to absence of information from other units.
comparison between centralized and decentralized schemes is

hown in Table 1. gives an overview on the economic aspect of
entralized and decentralized controls (Fiorini and Aiello, 2019).

.1.3. Distributed controls
Distributed controls for systems that require power system ap-

lications, communications amongst various subsystems would
ecrease performance significantly. Hence, distributed control
echniques are significant for such purposes. These control tech-
iques allow interaction amongst subsystems, keeping in mind
he limitations on sharing of data amongst different units. MGs
re separated into areas where each area contains renewable
nergy resources, power lines as well as loads (Wan et al., 2016).
herefore, in distributed control approach, each operator works
ndependently. Another advantage of this technique is better
sage of computational facilities due to the smaller size of each
ubgroup (Yazdanian and Mehrizi-Sani, 2014; Khan et al., 2019).

.1.4. Comparison between different control structures
Due to the rising number of DERs, MGs are now being con-

idered as controllable systems. Today, MGs are getting highly
ependent on controls as well as communication systems to
rovide optimal operations while meeting system constraints. For
eduction of computational as well as communication burdens
ue to rising number of renewable resources, MG controls are
oving towards a more distributed set of controls. Distributed
s well as centralized controls have the advantage of being more
eliable and can be used in changing infrastructures. On the other
and, although centralized controlled systems provide an opti-
ized solution, they require point to point communication which

ncreases their computational requirements. Table 1 provides this
omparison amongst the three structures of control.
4088
2.1.5. Key features of MG controls
The main concept of MGs revolves around its controls. In fact

the main difference between a MG and a distribution system is
the concept of control abilities of the two (Hatziargyriou, 2014).
The main aim of controlling MGs is to maintain the MGs fre-
quency and voltage, and also sharing its power. The main features
that are most desirable for a MG are:

1. Control of output: The voltages as well as currents must
limit themselves around their reference values. Alongside
any oscillations should be damped.

2. Demand side management(DSM): Any portion of the load
must be controllable by designing proper DSM mecha-
nisms. Also cost effective DSM techniques must be de-
signed for remote locations with the help of effective
participation from locals of the community which would
then help in frequency and load control designs.

3. Power Balance: DER units should be able to balance out
any changes caused by active power unbalances. These un-
balances if unchecked would lead to voltage and frequency
exceeding the predefined values.

4. Transition between modes of operation: A MG should be
able to work in standalone as well grid connected mode.
Transition between these two modes must be achieved
with minimal transient.

5. Economic dispatch: If DER units are dispatched appropri-
ately, this would not only lower overall costs but may
also increase profits. Additionally, it would also reduce the
backup capacity (Olivares et al., 2014).

2.2. Type of distribution systems in MGs

MGs can be differentiated based on distribution systems, i.e.,
either AC or DC as shown in Fig. 3. Since the 19th century AC
power has been chosen as the means to transmit energy to com-
mercial as well as residential loads. Most influencing factor in the
selection of AC mode of transmission is the simple and efficient
operation of transformers. With transformers, it is possible to
step-up or step-down the voltage with ease. The power produced
from generating stations is first stepped up to higher voltages
to achieve high voltage ac transmission. This results in lower



S. Ishaq, I. Khan, S. Rahman et al. Energy Reports 8 (2022) 4085–4103

n
p
a
s
o
p
a
s
A
c
a

Fig. 3. AC and DC MGs structures with different sources and power converters.
Table 1
Advantages and Disadvantages of various MG structures.
Types Output Advantages Disadvantages

Wind AC -Power can be generated throughout the day and night
-Well developed RES

-Expensive
-Requires storage of energy

PV DC
-Clean and quiet source of energy
-Can be setup according to electricity needs and space available
-Is movable in case of changed electricity requirements

-Only available in daytime
-Requires storage devices
-High upfront cos

Fuel Cell DC
-Environment friendly
-Can be used for heat or electricity needs
-Extremely silent RES

-Hydrogen extraction is extremely expensive
-Infrastructure is expensive

DC MG
-Less complex
-Easier to control
-Low power losses and voltage drops

AC MG -Can step up or step down voltage
-More advanced technology -Requires both Active and Reactive power control

Islanded
-Works independent from the main grid
-Can provide power to rural areas as well as critical loads
-Allowable lower set point of frequency is relaxed

-Generation of DGs should be enough to meet demand

Grid Connected MG -Host grid controls frequency and voltage
-Grid can provide deficiency of generation from MG

-Synchronization with the grid is required
-Can participate in cascading failures which can lead to blackouts

Centralized Controls -More optimized solution
-Can be easily synchronized to the main grid

-Less reliable
-Requires point to point communication
-Time consuming
-Expensive computationally

Distributed Controls
-Computationally less expensive
-Better reliability and security
-Considers interaction between subsystems

-Increases complexity of system

Decentralized Controls

-Does not depend on one central unit
-More reliable
-Plug and play ability
-Useful for changing infrastructure
transmission losses. Also, for distribution side consumption, the
voltage level can be stepped down, to reach the desired load cur-
rent level. However, with the advent of modern power electronic
improvements, it is possible to achieve desired dc voltage step-
ping with good accuracy. High Voltage DC (HVDC) transmission
is now popular compared to HVAC for longer distances. With
this background, now both AC and DC types of distribution are
becoming quite competitive. It is even possible to have both AC
and DC types of lines in a hybrid MG. Table 1 summarizes the key
benefits and draw backs of both systems.

2.2.1. AC system
AC MGs requires all the connected devices to be synchro-

ized at a given voltage and frequency. In three-phase systems,
hase sequence also becomes a priority. This helps in preventing
ny unwanted power flow among the connected sources. AC
ystems, due to its lengthy experience of operation has devel-
ped into a more mature technology in terms of standardization,
rotection, control, and stability aspects. Continuous research
nd development on different aspects of ac MG has made the
ystem more reliable and economic. For example, cost of simple
C circuit breakers is comparatively less when compared to dc
ircuit breakers which requires additional circuitry for making
nd breaking dc current. DC systems, on the other hand, requires
4089
converters which are more complicated as well as costly (Justo
et al., 2013). Research methodologies for the control of AC MGs
is detailed in Section 3.2.

2.2.2. DC system
The research to integrate DC power into the existing AC power

systems is still underway. MG combined with DC power systems
is a more attractive alternative for local generation and synchro-
nization with the utility grid (Siraj and Khan, 2020). This is due
to dc nature of power generation of renewable energy resources,
electric vehicles, and energy storage systems. DC systems are eas-
ier to control and manage as compared to AC power systems. Due
to absence of reactive power, DC systems have the advantage of
lower power losses as well as voltage drops and a higher capacity
of lines (Asad and Kazemi, 2012). DC systems connection to the
grid only requires control of active power whereas AC systems
need reactive power control as well. Different approaches used
in the control of DC MGs are described in Section 3.1.

2.2.3. Hybrid AC/DC system
MGs can support both AC and DC transmission systems. Each

system has its own merits and demerits in terms of transmission,
control and protection. Guerrero et al. (2013) and Justo et al.
(2013) give a good comparison between AC and DC MGs. Such
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Fig. 4. MG structure interconnected to the main grid via isolation switch for transition from grid mode to islanded mode.
hybrid MG system links both AC and DC MGs through bidirec-
ional AC/DC converters. It also establishes a scheme where both
C and DC sources and loads can be integrated into the system.
ombining both AC and DC MGs to gain benefits is therefore an
merging field.

.3. Modes of operation in a MG

A MG can operate in isolation or by connecting to the grid with
ach having its own benefits and short falls (Table 1). Following
s a brief definition of both types of operation.

.3.1. Grid connected
For a grid connected MG (Fig. 4), the voltage as well as the

requency are decided by the host grid. In a grid connected
ode, a MG acts as a current source and synchronizes its voltage
ith the grid. In this mode, all the local sources of MG feed
ower to the main grid. This power is then consumed by all the
onnected loads. This setup provides higher reliability as power
an be consumed from multiple sources. In this mode the main
bjective of the MG is to control the active and reactive powers
enerated by distributed energy resources. However, in case of
fault there is inrush of current which requires diagnosis and
rotection. One of the first steps during a fault is to detect it and
solate the system from the main grid (i.e., where the fault has
ccurred). However, in case of a fault there is small inrush of
urrent which makes the detection of fault difficult. In some other
ases, for example scheduled maintenance, the main grid can be
isconnected. During this time, the MG must generate, transmit
nd consume power on its own i.e., it should behave as a local
abitat for connected load.

.3.2. Standalone/Islanded mode
In islanded mode of operation, the MG behaves as voltage

ources. In this mode, the loads rather than the grid (as in grid
onnected mode) define the voltage and frequency needed from
he source. The stand alone mode of the MG is a more crucial
peration whereby, the demand and load balance must be kept
n equilibrium and local generation must power the loads without
ny assistance from main grid. Islanded mode of operation (Fig. 4)
akes place under specific circumstances such as grid faults, grid
aintenance or outage of a major generating unit (Vandoorn
t al., 2011b). This mode may be selected intentionally or can take
lace accidentally. Planned islanding/intentional islanding is to
eliberately create separated sections of the power system which
re then provided power through DGs. This can be done during

n outage, to continuously supply power to consumers, which

4090
reduces outage damages and increases reliability (Londero et al.,
2010).

In this mode, the local grid performance is dictated by dis-
tributed energy resources and loads. The power balancing in a
standalone MG is either done through local controllers or by a
central controller which communicates predefined set points to
different distributed energy resource units as well as controllable
loads. The main aim of such a setup is to make sure that all
units take part in supplying the load in a predefined mechanism.
A high circulating current could be an outcome of any mis-
matches of amplitude or phase angle of the output voltage (Oli-
vares et al., 2014). This must be avoided for stable and sustained
operation. Islanded MGs should be operated on techno-economic
purposes (Rezaei et al., 2020).

2.3.3. Switching between islanded and grid connected modes
Islanding of a MG can be done intentionally or accidentally

as mentioned before. Intentional islanding is done for a planned
period for maintenance or repair purposes. Accidental islanding,
however, occurs when the main grid is suddenly disconnected.
This may cause voltage and frequencies to exceed pre defined
limits. Switching from grid connected to islanded mode of opera-
tion creates many stability issues. Vandoorn et al. (2013b) enables
the MG to switch easily between islanded to grid connected mode
and is able to limit the transients when switching from one mode
to another. The power switch is made reliant on terminal voltages
through modified voltage droop control method which enables a
smooth change from one mode to another. Zhang et al. (2017)
have tracked voltage and phase to switch between islanded to
grid connected mode. The proposed method ensures smoothness
and continuity of supply during the switching period. Similarly,
for the switching operation, Shoeiby et al. (2014) uses propor-
tional resonant regulators to regulate the frequency and voltage
and share power equally amongst all DGs. Renewable energies
have converters based on their energy source. PV panels and fuel
cells for example use a DC/AC converter to be connected to the
grid. Wind turbines or high speed micro turbines on the other
hand need AC/AC converters for connection to the main grid.
Outputs of DERs like diesel generators can be controlled to be
reliable and constant over an indefinite period of time. However,
power generated from renewable energy sources (RESs) (Fig. 5)
like wind or sun is highly variable in nature and without any
additional hardware and control it would be impossible to control
power generation (Olivares et al., 2014). Research carried out
on the controls of various renewable energy sources is further

detailed in Section 5.
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controllers.

3. Control strategies for different types of MGs

3.1. Control of DC MGs

DC MGs have gained much popularity due to feasibility of
penetration of renewable energy sources and less complexity of
controlling the system. As the renewable energy technologies
are decentralized by nature, they are connected in parallel via
converters. Research clarifies that the best utilization of DC MGs
is when the generation sources is DC, like PV, the appliances or
loads to be served are inherently DC and the inter connection
network is also DC (Opiyo, 2019). The main issue faced by DC MGs
is the control of these power electronics interfacing converters,
especially in load power sharing. Trinh et al. (2018), for example,
focus on three phase grid connected inverters and the elimination
of DC as well as harmonic currents caused due to voltage mea-
surement errors. The controller consists of proportional resonant
controller and a repetitive controller. The proposed system not
only has a good steady-state performance but also responds faster
to changes in DC offset errors or a reference change in current.

A blend of fuzzy control and scheduling control to regu-
late voltage using converters for energy storage is provided in
Kakigano et al. (2011). The paper also claims to be able to operate
DC voltage regulation control and stored energy balancing control
at the same time. It is shown through experiments that voltage
of the distribution system was between 340 ± 5 V. Droop control
s the basic control method in DC MGs. An application of P/V
roop control is carried out in Vandoorn et al. (2011a). A low
oltage MGs power is stabilized using controls which changes
he value of the rms voltage of the MG as a function of DC-
inks voltage. As a result the output power of the DG is changed
n response to the grids voltage. In contrast to conventional
4091
droop control, Lu et al. (2014) have suggested a low bandwidth
communication-based droop control. This control system uses the
low bandwidth communication network and local controllers to
transfer information between converter units and therefore does
not require a central secondary control unit.

3.2. Control of AC MGs

MGs have very short lines for transmission and therefore, the
automatic voltage regulators used to regulate voltage which are
usually employed in long transmission lines are not suitable.
A small change in the voltage amplitude may cause significant
variation in the reactive power (Schiffer et al., 2016). Hence droop
controls have been applied to voltages of MGs with an aim to dis-
tribute reactive power. A common method is to use proportional
controls to setup voltage amplitudes, the feedback of this is used
to generate the reactive power across a reference set point (Sao
and Lehn, 2008; Khan et al., 2016, 2017). A load sharing technique
based on the P/V droop control is presented in Jin et al. (2017).
The method is carried out on the basis of improved P/V droop
coefficient which makes load sharing amongst parallel inverters
under different line impedances possible. Quantitative analysis
based on modified coefficient iterative algorithm is performed to
show a relation between line impedance and modified coefficient
of P/V droop. Droop controller should be able to share load accu-
rately and should be able to generate similar voltage set points for
inverters in a MG. Zhong (2013) have put forward an improved
droop controller that does not require the above two conditions
to be met in order to achieve accurate load sharing. Similarly,
proportional integral controller is applied in Gaonkar et al. (2018)
to improve the output voltage of inverters. P-V/Q-f and P-f/Q-
V droops are adopted for matching the output impedance of
inverters. For a wider range of impedances the setup can control
the flow of active and reactive powers independently.

Also the mismatching of line impedances makes it difficult to
share reactive power accurately in conventional droop controls.
Therefore, Han et al. (2015a) suggest a droop control technique
to recover voltage as well as helps in error reduction operation.
The error reduction operation causes a drop in voltage amplitude.
Hence, voltage recovery operation improves that droop.

The interest in hybrid MGs is increasing as these can utilize
the benefits of both AC and DC renewable energy sources. Loh
et al. (2013) have investigated the independent operation of
hybrid MGs and the sharing of power amongst the AC and DC
grids. This is done by droop control method and both systems
are linked by using converters which determine the proportional
power to be shared amongst the hybrid systems. Although this
active power sharing is tested and shown to work but the draw-
back of such a scheme is that it may cause an alteration in the
steady state of voltage and frequency as it uses the coefficients of
droop control. Ma et al. (2015) have proposed a control structure
for coordination and control of Power flows in hybrid MGs in
grid connected as well as islanded mode. This method increases
the tested systems stability. Researchers have also suggested a
three level hierarchical control scheme where all the DERs are
connected to the lowest level of hierarchy. This is particularly
beneficial as each level can be controlled by the next level of
hierarchy (Jiang and Dougal, 2008; Jiang and Yu, 2009; Gupta
et al., 2018).

3.3. Hierarchy of control in MGs

For the stability as well as economical operation of a MG it
is essential to have a proper control system in place. A con-
trol system has vital functions to perform such as voltage and
frequency stability both in grid connected and islanded mode,
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Fig. 6. Hierarchical control structure showing central and local controllers (Feng et al., 2017).
oad sharing amongst different DERs, providing an optimum cost
nd controlling power between the main grid and MG. These
unctions can be classified on the basis of response time as well
s their importance in controlling the MG. As shown in Fig. 6
he central controller achieves tertiary controls such as Energy
anagement or state estimation. It can communicate with local
ontrollers to gather information on the states and measurements
f the different resources. The local controllers are responsible for
he stability controls. Thus a hierarchical structure divides these
ifferent tasks into levels of significance and requirement (Bidram
nd Davoudi, 2012).
A hierarchical structure can be classified into primary, sec-

ndary, and tertiary levels of control. The need of standardization
as been met by using hierarchical control in Guerrero et al.
2011). Guerrero et al. (2011) have utilized hierarchical control
or MGs as a generalized approach which branches out from ISA-
5. The ISA-95 is an international standard to decide which in-
ormation and tasks should be shared by which applications such
s sales, marketing or maintenance and productions (Harjunkoski
t al., 2009). This view maybe beneficial for telecommunication
etworks operated on DC voltage. The MGs obtained through
his method can work in islanded mode or as systems connected
o stiff sources. The system obtained through this method can
lso incorporate MGs without effecting the local MGs hierarchy.
owever, this method ineffectively assumed an equal voltage for
ll converters in the MG.
Amongst the three levels of hierarchy as shown in Fig. 7,

rimary level has the lowest time to reach a decision whereas
he tertiary level has the longest duration to gather the sys-
ems state information through communication systems and take
ppropriate decision (Feng et al., 2017).

.3.1. Primary level of control
Primary control as mentioned before is the level that provides

he fastest response in controlling MGs. It works in the absence of
ommunication and relies on local measurements (Olivares et al.,
014). Due to this, primary control is responsible in stabilizing
oltage and frequency, sharing active as well reactive powers
etween DERs through plug and play function, to detect islanding
ode, and be able to balance out over currents by diminishing
irculating current (Bidram and Davoudi, 2012). Voltage and cur-
ent reference points are set up by the primary level. This level is
ometimes also known as the zero level of controls and is usually
sed in PQ or voltage controls (Lopes et al., 2006).
4092
3.3.2. Secondary level controls
The variations that occur in frequency or voltage of MGs are

supposed to be kept zero and secondary control helps to keep
this under control (Rajesh et al., 2017). Li et al. (2018) suggest
a design which is based on two layers for controlling the MGs.
The top layer is a communication based layer whereas the lower
layer comprises of the MGs. The top layers agents as well as
the lower layers DGs can communicate amongst them by using
links between the two layers and attain information from each
other. This information can be sent to different neighbors in the
network. This information is managed through different controls.

The secondary controls could be initiated through optimiza-
tion techniques, which are either based on the economics or
power quality of the grid (Vandoorn et al., 2012). Simpson-Porco
et al. (2015) control the secondary levels frequency as well as
voltage by using information from local or nearby neighbors in
islanded MGs. The problems between maintaining voltage and
reactive power sharing side by side are solved through proposed
voltage controllers. The given design does not require information
of load, impedance or type of MG. The setup is applied to many
experimental designs and proven to work under communication
failures.

The secondary level of control can either work in centralized
or distributed mode.

3.3.2.1 Distributed controls at secondary level A distributed con-
trol strategy is proposed by locally sending required control sig-
nals to the primary controllers. This method has each DG unit
local controller and communication system surrounded by a de-
centralized secondary controller. Therefore if one of the unit
fails only that unit breaks down without effecting the working
of other DG units (Shafiee et al., 2014). In distributed control
methods both voltage regulation as well as power sharing are
controlled. Different types of distributed control techniques have
been proposed in literature. Voltage at secondary level of MGs
using input–output feedback linearization is implemented and
shown to require scattered communication network with just
one way communication. This method is more effective than
centralized controllers at secondary levels (Bidram et al., 2013).

In the same way to share active as well reactive power us-
ing a robust distributed controller has been applied in Mah-
mud et al. (2014). The controller is designed by utilizing par-
tial feedback linearization. The inverters, however, still require
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Fig. 7. Hierarchical control depicting control parameters and associated time bandwidths (Feng et al., 2017).
nterconnection which as a result make the system inflexible
nd less redundant (Han et al., 2016). Bolognani and Zampieri
2013) have designed a distributive, leaderless and randomized
lgorithm solving the optimization problem of reactive power
ompensation. In Guo et al. (2015), voltage is compensated in an
slanded MG. A completely distributive method of control which
onsists of information sharing as well as exchange of information
s suggested which works on finite-time average consensus and
ewly discovered graph discovery algorithm. Xin et al. (2015)
orks on a two layer structure for a distributed MG. The first

ayer implements frequency and voltage control wheres the sec-
nd layer sets the active as well as reactive power of voltage
ontrolled voltage source inverters.
Similarly (Bidram et al., 2014) is another work based on a

ompletely distributed MG which restores the frequency as well
s the economic dispatch functionality without the need of com-
unications links. Tuladhar et al. (2000) controls single phase

nverter units operating in parallel in a distributive network. This
ethod is able to share loads in linear as well as non linear
onditions.

.3.2.2. Centralized controls at secondary level For centralized con-
rol systems a common bus is designated for loads which are
hen controllable through a central secondary controller. This
ontroller keeps the voltage around a reference value (Peyghami
t al., 2017). As the communication links between the central con-
roller and converters is not dependable, distributed methods are
tilized for every converter (Nasirian et al., 2014). The voltages
f certain buses are then communicated to the converters which
eep the average voltage in control (Loh et al., 2016; Lu et al.,
013; Peyghami et al., 2017). Peyghami et al. (2016b,a) suggest a
requency based droop control.

.3.3. Tertiary controls
This level of controls is also termed as the ‘‘global loop con-

rol’’ (Justo et al., 2013). The power flow between different MGs
nd the main grid as well as energy marketing is implemented
t this stage (Guerrero et al., 2008). As this is the highest level
f control it helps in an overall coordination between the MGs
4093
Table 2
Conventional droop control vs Inverse droop control.

Conventional droop Inverse droop

Compatible with high voltage Yes No
Compatible with generators Yes No
Direct Voltage Control No Yes
Active Power Dispatch Yes No

and passes on its needs to main grid like frequency or voltage
regulation. Therefore, it has a longer time step to take decisions
which is typically between seconds to minutes, as shown in Fig. 7.
This level of control is usually taken to be part of main grid rather
than the MGs (Olivares et al., 2014). Hierarchical controls majorly
follow droop controls which is detailed in the next section.

4. Droop control in MGs

The primary level of control often uses the droop control
method in order to make the system stable and more damped.

4.1. Significance of advance droop control over conventional droop
control

ωk = ω◦
− mkPK (1)

Ek = E◦
− nkQK (2)

Eq. (1) and (2) show the well-known droop equations with w
and E being the frequency and amplitude of the voltage output
respectively. P and Q are the active as well as reactive powers
(see Fig. 8). The droops proportional terms are represented by n
and m respectively. These terms often use transfer functions to
represent these gains.

The conventional droop control is taken to be inductive for
connection to large systems (Rajesh et al., 2017). For a low volt-
age system the line voltage is almost resistive as the output
impedance always relies on the type of control method used.
Hence, conventional droop control equations do not work for
low voltage network systems and indirect droop control methods
have been applied (Palizban and Mekhilef, 2011a). Table 2 gives
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Fig. 8. Droop control characteristics showing Q Vs V and P Vs f (Avelar et al., 2012).
brief comparison between Conventional droop control and the
nverse droop method. Palizban and Mekhilef (2011b) and Pal-
zban and Mekhilef (2011a) have emphasized that by utilizing the
ndirect operation of droop controls in interconnected grids, these
ontrol methods can be used effectively at the lower voltage lev-
ls. This would in effect allow the introduction of renewable en-
rgy sources for lower voltage level systems. Q-V techniques have
lso been suggested for such network systems (Engler, 2005).
The need of droop control has been discussed widely. Rajesh

t al. (2017) suggest that droop control is appropriate for control
t the primary level especially for MGs that are of smaller capac-
ties. For the secondary level either centralized or decentralized
ontrol techniques are proposed, whereas, the tertiary level is
ecommended to be used for MGs that are grid connected. New
roop control techniques have many benefits as compared to
onventional ones, as suggested by Agundis-Tinajero et al. (2019),
hich applied hierarchical control by using droop control at pri-
ary level along with a centralized extended optimal power flow
ontrol. The primary control receives references to be controlled
rom the centralized control. The proposed control system is then
pplied on two cases which show a reliable real system and is
ore beneficial than the conventional droop control.
Similarly, Vandoorn et al. (2012) examines the role of sec-

ndary level with the primary level being controlled through
oltage droops. It demonstrates that when controllers using volt-
ge droop control are used it is possible to incorporate secondary
ontrol in the system. The primary as well as secondary controls
ely on a relation between active power and grid voltage. The
dvancements in droop control techniques in the past few years
ave explained the advantages of using modern droop control
ver conventional methods as shown in Table 2. As mentioned
arlier, conventional droop controls do not work well for low
oltage networks where the line resistance cannot be ignored and
he feeder impedance cannot be taken to be inductive (Engler
nd Soultanis, 2005). Au-Yeung et al. (2009) perform a novel
ontrol method to be used for low voltage MGs. Resistive droop
ontrols are used and shown to control the voltage and frequency
ffectively. In this context (Tayab et al., 2017) states that droop
ontrol method does not use communication links to provide
eliable power as opposed to conventional droop controls. Hence,
t is more flexible and redundant. These techniques, however,
till require further work as they cannot solve the problems of
armonic load sharing or find a balance between frequency and
ctive power sharing. Also, these loads do not work well for cer-
ain renewable technologies as well as complex loads. In a system
ith complex impedance conditions the traditional droop control

s unable to share power efficiently. Therefore, a droop control
ethod which compensates the effect of complex impedance is
4094
proposed, and circulating current is diminished alongside (Yao
et al., 2011). Many researches have been carried out to balance
reactive power by imitating line impedance in a faster control
loop as shown in Fig. 9 (Zhang et al., 2014; Tayab et al., 2017).

5. Controls for various DERs in MGs

DG units that rely on renewable energy systems are environ-
mental friendly as well as sustainable. Examples of renewable
energy sources such as those shown in for DGs are wind, so-
lar, geothermal, tidal waves, hydro, biogas and biomass along
with hydrogen fuel cells (Justo et al., 2013). Distributed energy
resources are assumed to provide power to critical loads in dis-
tribution systems in case of a voltage sag due to line faults (Basak
et al., 2012). Microsources based on the use of inverters use
many types of control schemes. Vandoorn et al. (2011a) pro-
posed a balance of the MGs power by modifying its voltage
set value. Similarly Sao and Lehn (2008) suggests a frequency-
reactive power boost and voltage-power droop setup that allows
parallel operation of voltage source converters. Dasgupta et al.
(2010) have suggested control schemes based on p-q theory for
series and parallel single phase inverter based DGs.

Sadabadi et al. (2018) show that the plug and play method
of DGs for inverter-interfaced generators can perform as a linear
time-invariant system. The system used, ensures that the needed
response is obtained and is stable even when DGs are used in a
plug and play manner. Also, the proposed controller uses linear
matrix inequalities to gain an optimized solution to a convex opti-
mization problem. Frequency regulation in MGs is very significant
especially in unforeseen circumstances which require isolation of
a certain portion of the MG. In such situations, the MG needs to
stabilize its frequency in stand alone mode (Reihani et al., 2018).
Mohamed and El-Saadany (2008) focus on the problem of low
frequency stability issues in inverter based DG units in MGs. In
order to solve this, a power sharing technique by using static
droop controls along with adaptive transient droop functions
is proposed (Xu et al., 2021; Sinha et al., 2021). Hence, power
injection through this method is smooth at various loads

Guo et al. (2015) controls frequency through a consensus
based distributed frequency control. This proposal is used on
local DGs and does not require any central controller. As these
controls communicate with neighboring controllers the frequency
as well as voltage can be restored to their reference values and
power can be shared alongside. Pahasa and Ngamroo (2016) have
proposed a model predictive control in order to minimize the
number of plug in hybrid electric vehicles that are needed to
give sufficient frequency deviation. The model predicted control

coordinates with the control method of plug in hybrid vehicles
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Fig. 9. P-Q control of grid connected inverters (Tayab et al., 2017).
o smoothen power production in wind energy systems by pitch
ngle control (Zhao et al., 2021; Hu et al., 2021a). This in turn
tabilizes the system during any frequency deviations.

.1. Photovoltaic (PV) systems

Solar panels in MGs are a source of clean and cost effective
ource of energy. MGs that rely solely on PV panels have the
dded advantage of providing electricity to a local community for
xtended periods of time in times of low power from the grid (Al-
hahri et al., 2021; Yan et al., 2021). Therefore PV systems can
ct as ideal sources of backup energy. Bawazir and Cetin (2020)
rovides an overview of PV siting as well as the methods used to
ssess PV potential as DGs.
PV systems along with wind energy are the most widely used

enewable energy sources in MGs (Ramesh et al., 2021; Kumar
t al., 2021). They are advantageous over conventional sources
f electricity but their low energy conversion efficiency and high
ost of production decreases its usage. PV panels can be installed
n many locations and are easier to maintain. Solar panels can
e integrated with the main grid by means of MGs so that their
ontrol is easier. Islanded MGs on the other hand are difficult
o control (Elrayyah et al., 2014). The cost of PV panels can be
owered by using maximum power point tracking (MPPT) which
s a method of designing PV panels to obtain optimum energy
y use of power tracking (Inthamoussou et al., 2012; Messalti
t al., 2017). Their increasing usage requires its optimum gener-
tion of power. Therefore, MPPT is needed to analyze the best
nvironmental factors. Saravanan and Babu (2016) reviews many
lgorithms used for MPPT. Perturbation and observation (P and
) (Esram and Chapman, 2007; Femia et al., 2009) for example
orks by calculating dP/dV in a particular direction and then
hoosing an operating point where dP/dV turns out to be greater
han 0 (Saravanan and Babu, 2015). This method is advantageous
ue to its ease of implementation. Many improvements in this
ethod are also recommended (Kollimalla and Mishra, 2014;
bdelsalam et al., 2011). A combination of particle swarm opti-
ization (PSO) and P and Omethod was used for PV system under
hades (Ishaque and Salam, 2012; Lian et al., 2014). Machine
earning algorithms have also been used with PV panel controls.
rtificial neural network (ANN) method, for example, is being
sed quite recently as it is more efficient in comparison to other
4095
techniques (Punitha et al., 2013). Its main benefit is that it can
find relationships between different variables without the need
of complex mathematical models (Farhat et al., 2013; Abd Kadir
and Sharifah, 2014; Boumaaraf et al., 2015; Duan et al., 2015;
Mahmoud et al., 2015).

5.2. Wind energy

Places with even an average supply of wind energy can benefit
an off grid MG by increasing its battery life, increasing renewable
energy share in MG and by decreasing fuel consumption. MGs
that rely on wind energy operate in winters, during night time
as well as in rainy seasons and therefore are able to supplement
solar panels for energy production. Instead of extending the main
grid, MGs based on wind energy can supply electricity to rural
areas, small industries away from the grid and off grid farms.
The main challenge with wind energy, however, is its maximum
extraction of energy keeping in mind its varying speed. Wind
energy is a developing area of research (Cui et al., 2017; Karaka-
sis et al., 2018; Xu and Zhang, 2016; Kumar et al., 2018). The
generated power from wind is dependent on how effectively
MPPT controller is used for any type of generator in use. Due
to the varying wind speeds (Yang et al., 2018a; Tiwari et al.,
2018), it is important to find an optimized generator speed for
which maximum amount of electricity can be generated. This is
usually done by keeping the wind speed in a range of values for
the MPPT algorithm (Kumar et al., 2018; Ghaffari et al., 2014).
MPPT algorithms are widely researched (Heydari and Smedley,
2015; Yang et al., 2018b) and are differentiated on the basis of
sensorless (Urtasun Erburu et al., 2014) or with sensors or on
the basis of direct and indirect controllers (Mishra et al., 2015).
Also, some evaluate wind speed for calculation whereas others do
not (Alagab et al., 2015). Different generators used for conversion
of wind to electricity. Doubly fed induction generator (Yan et al.,
2015) and permanent magnet synchronous generators (Ghosh
et al., 2015; Naidu and Singh, 2016) are some famous types (Wei
et al., 2016).

5.3. Fuel cells

Fuel cell technology in MGs is not yet commercially available
due to its cost and life span . The problems that fuel cell technol-
ogy faces are reported in Choudhury et al. (2013). To step up the
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Fig. 10. Renewable energy and battery storage elements integrated to the utility grid.
output voltage of fuel cells, converters are especially developed
for the task (Kirubakaran et al., 2009). Sulaiman et al. (2015)
and Hatti et al. (2011) reviews some challenges faced by Electric
vehicles and management of power in fuel cells (Das et al., 2017).
A comparison of these RESs is shown in Table 1.

5.4. Hybrid renewable energy systems (HRES)

Due to the intermittent nature of renewables, HRES is consid-
ered an alternative approach (Denholm et al., 2015). In such a
case if one RES is low the other can provide energy (Luna-Rubio
et al., 2012), such as wind and solar hybrid energy systems which
is a common hybrid setup (Prasad et al., 2017). Hence, genera-
tion of power and Renewable energy systems efficiency can be
upgraded (Sinha and Chandel, 2015; Gupta et al., 2014). HRES
optimized sizing (Upadhyay and Sharma, 2014; Neves et al., 2014;
Prakash and Khatod, 2016; Siddaiah and Saini, 2016) and manage-
ment strategies as well as control (Arul et al., 2015; Olatomiwa
et al., 2016) has been widely reviewed. Non renewables can
also be integrated in HRES to improve system reliability and to
overcome the intermittent nature of renewable energy (Gupta
and Purohit, 2013). Different geographical locations have specific
abundance of renewable energy resource, which if chosen effec-
tively, which can not only reduce the need of fossil fuels but also
reduces heavy dependence on import of electricity (Ismail et al.,
2013; Robert et al., 2019; Ishaq et al., 2014; Meyar-Naimi and
Vaez-Zadeh, 2012; Mekhilef et al., 2013; Razmjoo et al., 2019).
Another important advantage of HRES is its use in areas far away
from the grid, such as rural areas. Mekhilef et al. (2012), Harish
and Kumar (2014), Ma et al. (2013) discusses this aspect.

5.5. Battery energy storage (BES) systems

The advancements towards use of RES’s for electricity pro-
duction requires storage devices which can provide energy in
times of need. As shown in Fig. 10 batteries provide a reliable
and continuous means of electricity in grid connected mode.
Many studies have been carried out on this (Whittingham, 2012;
Lund et al., 2015; Juturu and Wu, 2014). In this context, BES
systems have many advantages due to their controls and fast

action (IRENA and Borden, 2015; Christiansen et al., 2015). There
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have been many reviews on the use of batteries for storage sys-
tems (Divya and Østergaard, 2009; Lawder et al., 2014), the sizing
of batteries in hybrid renewables (Luna-Rubio et al., 2012; Erdinc
and Uzunoglu, 2012) or on the sizing of batteries for islanded
systems (Khatib et al., 2016; Belouda et al., 2016; Shaqsi et al.,
2020).

In case of faults a MG needs to maintain balance by utilizing
ancillary services such as contingency reserves to maintain fre-
quency. Motalleb et al. (2016a) reviews demand response to pro-
vide contingency reserve by dividing it into faster and slower re-
sponses. This is founded on the basis of frequency deviations from
the normal grid. Similarly, Motalleb et al. (2016b) uses energy
storage systems in MGs as a source of ancillary services. Dynamic
programming is used as an optimization tool (Mahmoud et al.,
2021; Kumar and Chary). A BES system plays an important role
in controlling primary frequency of a MG due to its immediate
response to any imbalances between supply and load. Aghamo-
hammadi and Abdolahinia (2014) have put forward a technique
to determine the sizing of battery energy system for optimal
working. Simulations are carried out in PSCAD/EMTDC softwares
to check the functioning of the proposed system. In the same
context, when a load change occurs (Li et al., 2008) the system
utilizes a micro turbine with fuel cells and electrolyzer to increase
the MGs ability to stabilize frequency. The controller is also capa-
ble of improving frequency changes caused by generation varia-
tions. Also interconnected micro-grids frequency fluctuations are
investigated.

A robust control strategy to control frequency deviations of a
MG is proposed in Han et al. (2015b). This method decreases the
size of battery systems by using robust control algorithms and
hence minimizes the cost of the entire system (due to smaller
sizing of battery storage systems) while keeping the frequency
deviations within an allowable range. The main problem fac-
ing renewable energy resources is their nature of intermittent
sources of energy. Therefore, energy storage systems are uti-
lized to gain optimum energy from different renewable resources
by storing their excess energy (El Kafazi et al., 2020). In Kim
et al. (2010b), for example the problem of frequency stability for
scattered energy resources is catered by using high temperature
super conducting magnetic energy storage. The technology is
applied on wind energy systems by applying single as well as dual
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agnets. The dual magnet in superconducting magnetic energy
torage is more effective but has the drawback of AC losses as
ompared to single magnet use. Kim et al. (2010a) applies the
ooperative control strategy and the energy storage systems in
slanded mode of operation. The energy storage system regulates
he frequency as well as the voltage at primary level of control.

Chen et al. (2012) represents a cost effective method for the
izing of energy storage systems. BES systems tend to work bet-
er than renewable energy technologies in terms of controlling
requency. Practical applications of BES systems such as Serban
nd Marinescu (2014) and Serban et al. (2013) verify its frequency
ontrolling ability. Oudalov et al. (2006) is an effective analysis of
inancial benefit for the use of BES systems. Oudalov et al. (2007)
easure historical data of battery storage systems for primary

requency reserves. It proposes that a lead acid BES system as
he optimum solution for primary reserve along with emergency
esistors for use in extreme imbalance of frequency. Due to an
ncrease in renewable energy penetration in stand alone MGs, the
requency as well as voltage deviations increase. Through com-
arison of synchronous generators and BES systems for frequency
tability, Kim et al. (2016) propose the use of BES systems to get
id of mechanical inertia of the generator. Kerdphol et al. (2016)
nd Wang et al. (2021), uses particle swarm optimization based
requency control to evaluate the optimum size of the BES system
nd in turn minimizes the overall cost of its usage in MGs.

.6. Recent advanced control methods in MGs

Presently, droop methods for control are utilized for power
haring in MGs. However, the main drawback of this method is
ts low performance during transients as it shows less precision
hen simultaneously sharing power and controlling deviations

n voltage or frequency. To deal with this issue, researchers have
ssessed hierarchical control techniques to play a vital role in
uture MGs. Section details on the components of hierarchical
ontrols i.e. primary, secondary and tertiary control methods.
rimary, secondary, and tertiary controls work at different time
rames as shown in Fig. 7. Another important time-frame of
nterest in the MG controls is the inertial response of MGs to a
ontingency event. The inertial time frame less than 10 s where
ontrol techniques are applied to support the system frequency or
oltage during this time span. Various researchers use BESS and
ltra capacitors as virtual inertia units in place of synchronous
enerators to increase the overall inertia of MGs. Recently, Model
redictive Controller (MPC) has been studied widely in control
f MGs (Clarke et al., 2016). MPC works by building a prediction
odel on the basis of the states of the system and its fore-
asts. This results in using the current states of the system to
ompute future forecasts by using the mathematical model of
he system. These future predictions can be any time varying
ntities in a microgrid like generation, load and electricity costs.
his concept is shown in Fig. 11 . MPC is not only used in
Gs with various renewable energy resources but also utilized

n distributed generations connected through converters (Kouro
t al., 2009; Garcia-Torres et al., 2019; Shan et al., 2020). MPC has
roven to have many benefits over conventional controllers as
t uses optimization techniques to incorporate constraints of the
ystem to minimize the objective function. These constraints can
e modeled according to either physical or control aspects. The
hallenges with the advancement of MPC is the stochastic nature
f RES such as wind and solar as they are variable in nature.
article swarm optimization on the other hand, is a stochastic
achine learning based optimizer which allows online learning.
Controllers equipped with reinforcement learning algorithms

re another set of advanced control procedures. Reinforcement
earning is an agent-based machine learning algorithm which can
erform in the absence of a model (Jordan et al., 2020; Skiparev
t al., 2021).
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Fig. 11. Methodology of MPC (Hu et al., 2021b).

. Optimization based control techniques in MGs

In a micro grid structure, optimization techniques may be
sed at any level to achieve the optimal operating conditions.
ptimization methods are needed in many decision taking tasks
uch as in their generation scheduling, operation as well as main-
enance of the MG. Given several feasible solutions, optimization
lgorithms work to find the optimal solution in the presence
f necessary constraints. Optimization of MGs may be divided
nto three subgroups based on the distribution, generation, or
ontrol of MGs. Modeling a mix of generation resources in a MG
equires extensive analysis to decide the optimal choice of ESS
s well as generation resources (Ahmed et al., 2021, 2020). As
hown in Fig. 12 optimization techniques are also categorized
n the basis of the main objective according to requirements or
s per the method used for achieving optimality (Topa Gavilema
t al., 2021; Minchala-Avila et al., 2015). Some methods used
n optimization are mixed integer linear programming (MILP)
nd dynamic programming. Other methods that use predictive
odeling are MPC and artificial intelligence techniques. The most
ommon objectives in MG designs are to minimize carbon diox-
de emissions, demand side management (DSM) and economic
ispatch.
Optimization techniques may also be used in the choice of

izing as well as siting of RES in the MG. Sizing is defined as the
ind of renewable energy resource that is employed as well as
he amount of energy extracted from it. On the other hand, siting
f these resources deals with their location in the distribution
ystem. The siting must be such to minimize the losses of power
nd provide the best quality of power to the loads. Researchers
ave applied various optimization techniques in this area. Op-
imization techniques are also applied for the control as well
s operational management of MGs (Fathima and Palanisamy,
015). This is done to give the best power quality as well as reli-
ble generation from various renewable energy sources. Optimal
ecision-making is complex in this area due to the variable nature
f renewable energy resources.
As described in the previous sections MG controls are di-

ided into primary, secondary, and tertiary controls. Tertiary con-
rols consider decisions for energy management and exchange of
ower between the utility and MG. Software tools like HOMER
Hybrid Optimization Model for Electric Renewables), HYBRID
, RETSCREEN and GAMS (General Algebraic Modeling System)
re available to model renewable energy systems either in real
ime or offline. An optimization problem is solved by using a
onstrained set of inputs to find the maximum and minimum
alues of an objective function (Nazir et al., 2020). Usually, these
roblems are computationally expensive in most applications of
ower systems. In MGs, the problems in real time are quite com-
lex as well as finding all possible solutions is computationally
xpensive.
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Fig. 12. Classification of Optimal Control methods (Minchala-Avila et al., 2015).
Heuristic algorithms use trial and error-based techniques to
olve problems that are complex in nature. On the other hand,
eta heuristic methods use algorithms inspired from nature

Fioriti et al., 2020; Tsao and Thanh, 2021; Ghavifekr, 2021).
article swarm optimization (PSO), for example is inspired from
ow fish and bird swarms move in a constrained area in search
f food. It solves an objective function within a constrained
pace iteratively. PSO was used in Saad et al. (2018) and Yaz-
anian and Mehrizi-Sani (2014) for tuning the parameters of
I/PID controllers to obtain the needed performance. Due to its
implicity, PSO can be used in any optimization software’s. It
an also be used in the sizing and control of MGs (Phommixay
t al., 2020; Zhang et al., 2020; Li et al., 2020). However, if there
re a lot of components to solve, genetic algorithm is a more
fficient method. Ant colony is another optimization algorithm
hat imitates the behavior of ants to find the optimal solution for
n objective function under constraints. This algorithm was used
n Wu et al. (2010) to minimize losses in distribution systems and
as shown to be better than genetic algorithms. ‘‘Survival of the

ittest’’ theory is implemented in genetic algorithms. It is efficient
o use in applications where the search area for optimal solution
s complex and large. Genetic algorithms have been applied in
ybrid renewable energy systems as well as in the economic
ispatch problem of micro grids (Dougier et al., 2021; Leonori
t al., 2020).

. New developments in MG controls and optimization

Various techniques have been carried out in literature to im-
lement controls that involve constraints related to the modes
f operation, topologies, physical parameters, and structures of
Gs. However, an optimal controller should consider the stochas-

ic nature of RES as well as the variability of load in a MG
ystem. Stochastic predictive controllers for example takes sys-
em disturbances into account and performs like the traditional
PC (Barreiro-Gomez et al., 2019; Kou et al., 2019; Chen and Hu,
019). These controllers have the ability to forecast the future
ptimal control actions, and hence requires inputs based on the
uture values. The main challenge in these controllers is that
uture input parameters are required. Due to the advancement in
achine learning algorithms, it is now feasible to set up sensors

o gather the needed data.

.1. Future challenges in MG development

As we are moving towards a smarter and more efficient MG
etup, the need of real time control/mitigation/protection and
ybersecurity of collected/processed data is rising. During the past
ew decades, as communication systems and machine learning
lgorithms have advanced a great deal, the use of predictive
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approaches has been enhanced. The improvement in communica-
tion technologies has also benefited the performance of controls
as well as future performance predictions. The authors have iden-
tified four driving factors capable of shaping the future MGs, as
summarized in Fig. 13.

7.1.1. Energy sources
MG setup consisting of both conventional and emerging dis-

tributed generators have led to a highly dynamic, intermittent,
and transient power system. The stochastic nature of RESs must
be considered in design, modeling, and development of MG con-
trol. Some stochastic variables are electricity price, control pa-
rameters, lifetime of equipment, initial setup cost as well as
state of charge in case of BESS. In the design of optimal control
algorithms, multiple cost functions and constraints should be
considered so that numerous DERs can be controlled, and all
the stochastic variables are weighed. Another important aspect
for consideration is the development of fast-acting protection
devices, such as against over currents is a challenge especially
when working in islanded mode of operation in MGs. Conven-
tional power system consists of high-inertia synchronous gen-
erators, which provide sufficient power for execution of identi-
fication, and isolation steps. Due to the increasing penetration
of zero-inertia power electronics interfaced distributed genera-
tors, lack of effective control will result in extreme deviations in
frequency and voltage magnitudes. To address this concern and
develop stable microgrids, development of virtual inertia control
of distributed generators is being developed.

7.1.2. Smart loads
Loads such as smart homes, smart buildings, and smart indus-

try are emerging, which are really pushing the microgrid concept
to be highly integrated and optimized during real-time operation.
Concepts such as digital twins, internet of things, industry 4.0
focusing on automation based reliable control of various loads
without relying on human intervention. Emerging MGs is a signif-
icant stakeholder in this process, which will ensure the success of
this philosophy. Game changers like battery storage, and electric
vehicles, which are capable of acting as source/sink, are being
potentially developed as saviors of MGs. These components have
also led to the wide development of smart meters, controllers,
and modern data acquisition devices resulting in a more efficient
and interactive framework.

7.1.3. Data processing
Tightly coupled and fast processing communication system is

the lifeline of any cost-effective, and reliable MG. Data generated
from all the sensors, control systems, and distribution operators
must be collected, and processed for further optimization. Fac-
tors such as attenuation of signal strength, noise cancellation,
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computational burden and their potential impact on the data
must be monitored to segregate corrupted data from actual data.
To address this concern, local smart controlling and monitoring
devices are being developed and employed in MGs. This reduces
the burden on communication infrastructure as well as overall
reliability of the system. Advanced super computers are also
leading the cause for effective performance at the top level of MG.

7.1.4. Cybersecurity
Excess reliance on data processing have also significantly in-

creased the threat level of cyber threats. Unlike physical attacks,
the perpetrators can conveniently attack any generation plant and
manufacturing plant resulting in serious damage to the world
economies. Thus, there is an emerging need of identifying vul-
nerabilities and their potential risk to avoid any monetary or
propriety loss due to cyber-attacks. In case of real-time attacks,
robust detection and mitigation plans based on threat assessment
and response must be developed and in-place for quick deploy-
ment. This helps in securing information or damage control in the
cyberattack event.

8. Conclusion

MGs have recently drawn a lot of attention due to the many
benefits they hold. From being able to choose between AC and
DC transmission systems MGs also have the advantage of being
operable in grid connected or stand alone mode. Not only this, but
MGs also favor many types of renewable energy resources which
are clean, efficient and cost effective. Hence, the control of MGs
is an important area of research. In this paper, a comprehensive
review of MG structure and associated control structures are
presented. To understand the MG design and control, types of
MG structures are investigated in detail. This helps in establishing
major requirement criteria and control modes to be provided
for stable operation in both grid connected and islanded mode.
Also, the benefits and comparison of AC, DC, and hybrid MGs
are identified. With this background, various control methodolo-
gies are reviewed. MG consists of components such as, power
electronic switching components and loads, which operate at a
faster time constant (1 – 10 µs). However, the objective of MG
peration must be to support the main grid operation. Due to

his reason, dynamics of MG is hierarchical in nature. Hierarchy
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consisting of primary (switching components — voltage and cur-
rent), secondary (active and reactive power control) and tertiary
(economic load dispatch, frequency and voltage control, mode of
operation control) are investigated in detail. For effective oper-
ation, characteristics of different connected sources must be in
accordance with the MG. To achieve this, droop control forms the
basic structure of any control methodology in MG. Selection and
design of droop characteristics is entirely dependent upon the
system configuration and connected components. As renewable
energy components are a crucial component of MG, detailed re-
view of DER integration and control operation in MG is discussed.
Advanced control methodologies for effective performance are
also presented in detail. Also, the importance of battery storage
system for filtering intermittency and variability of DERs with
associated control are also explored.
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