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Abstract

As the penetration of distributed generation (DG) systems in the grid is

increasing, the challenge of combining large numbers of DGs in the power

systems has to be carefully clarified and managed. The control strategy and

management concept of the interconnected systems should be flexible and

reliable to handle the various types of DGs. This can be suitably met by

microgrids. This paper introduces the microgrid structure and elements and

states the main objectives that should be achieved by the microgrid controllers

and each DG controller in both operation modes (grid‐connected and island

mode). It also presents the challenges of having multiple DG units in a

microgrid in terms of accurate power control/sharing, voltage and frequency

regulation, power management between DGs, different renewable energy

sources integration and deployment, seamless mode transfer, and the

modeling issues. The centralized and decentralized control techniques as

potential solutions have been discussed and compared by highlighting the

advantages and disadvantages of each. Furthermore, the recent control

techniques for drooped alternating current microgrids and the main proposed

solutions and contributions in the literature have been exposed to finally

overcome the droop control limitations and obtain a flexible and smart

distributed power system.
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1 | INTRODUCTION

The interest in distributed generation (DG) systems is
rapidly increasing because larger power plants are
becoming less feasible in many regions due to increasing
fuel costs and stricter environmental regulations. In
addition, recent technological advances in small genera-
tors, power electronics, and energy storage devices have

provided a new opportunity for distributed energy
resources at the distribution level. Traditional centralized
power generation systems have many drawbacks: first,
power generation plants depend heavily on fossil fuel,
which increases CO2 emission and the rejected heat is
wasted; second, a large amount of power is produced in
one place and delivered using expensive transformers
and transmission lines; third, transmission lines and
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transformers create the well‐known problems of power
losses and voltage drop; fourth, traditional centralized
power generation does not provide an economically
feasible solution to supply power to poor and isolated
communities.

DG systems considered in the literature are typically
nonconventional and renewable energy sources (RESs),
such as fuel cells, biomass, geothermal, photovoltaic
(PV), wind, and microturbines.1–3 RES integration
contributes to reducing CO2 emissions from fossil fuel‐
based sources, reducing transmission losses, mitigating
voltage variation, relieving peak loading, and enhancing
supply reliability. However, increased penetration of DG
sources, particularly in the distribution network, may
cause problems such as voltage rise, unstable voltage,
frequency, and protection miss‐coordination.4–7 Such
problems can be mitigated by aggregating a number of
DG sources and loads into one controlled unit called a
microgrid as shown in Figure 1. A microgrid has many
advantages, such as increased reliability, more controlla-
bility, and better power quality. Like a traditional power
grid, smart microgrids generate, distribute, and regulate
the flow of electricity to consumers, but do this locally. It
can be seen as a modern, small‐scale version of the
centralized power generation system. The IEEE Std.
1547.48 presents the microgrid concept as a cluster of DG
units connected to a distribution network to maintain the
reliability of critical loads, mainly when the grid supply is
not available.

Energy sources, such as solar PV, wind turbines, gas
microturbines, and energy storage systems (ESSs), such
as batteries, cannot be readily interfaced to the grid being
direct current (DC) (PV and batteries) or variable
alternating current (AC) frequency (wind turbines and

gas microturbines). Therefore, power electronic convert-
ers are required to interface these sources to the grid. The
grid interface DC/AC power electronic inverters are
paralleled together to form one AC bus which is
connected to the grid via a Static Transfer Switch (STS)
that can be monitored and controlled by the microgrid
central controller (MGCC) and could alternatively be
called a supervisory controller (SC)10,11 or energy
management system (EMS).12,13 The latter also sends
all DG configurations and set‐points of voltage, fre-
quency, and power through a low‐bandwidth communi-
cation link. Local loads can be connected to the
microgrid side of the STS. The microgrid has two modes
of operation: grid‐connected mode and island mode. In
grid‐connected mode, the DC/AC inverters are con-
nected in parallel with the grid and hence the bus
frequency and voltage are fixed by the stiff grid.14 In this
mode, inverters can export/import power to/from the
grid. If the STS opens, the microgrid operates in island
mode. In this mode, the output voltage and frequency are
controlled by the DC/AC inverters, and the local load is
supplied by the paralleled inverters which share the load
equitably, that is, each unit shares power according to its
rating. The microgrid can transfer from grid‐connected
mode to island mode as well. This transfer is called
islanding which could be intentional and unintentional.
Intentional islanding happens due to a preplanned
decision and the STS opens at a predefined moment.
Normally all precautions will be taken to make this
intentional transition from grid‐connected mode to
island mode as smooth as possible.15 Unintentional
islanding, however, can occur at any time, because of a
sudden fault in the utility grid. This type of islanding
might cause undesirable transients and robust design

FIGURE 1 Microgrid structure of multiparallel DC/AC converters supplied by renewable energy sources.9 AC, alternating current;
DC, direct current; PCC, point of common coupling; PV, photovoltaic.
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should be embedded.16 The microgrid can also transfer
from island mode to grid‐connected mode. The STS
senses the voltages at both of its terminals and only
closes when these voltages are synchronized.

The challenges of having multiple DG units in a
microgrid should be addressed to achieve the following
objectives:

1. Without interrupting the grid or the microgrid
operation, other energy sources can be integrated
and installed smoothly.

2. Power management, monitoring, and optimization
can be implemented to be decentralized or centralized
according to a user‐defined plan, the economy, or any
certain standards.

3. Coordinating seamless transfer between both modes
of operation (grid‐connected and island) without
tripping any unit or disturbing the system stability.

4. Improving system reliability and flexibility by deploy-
ing many energy sources options as storage, renew-
able or nonrenewable sources.

5. Providing fast response against any load demand,
which includes accurate power sharing, voltage and
frequency regulation and power quality requirements
to be embedded in each DG.

6. Mitigating the need for communication is essential for
low‐cost solutions, in particular, between the DGs
themselves.

The field of drooped inverter‐based AC microgrids
has demonstrated a notable growth in research interest
over the past decade. The data collected from Google
Scholar, in Figure 2, shows a consistent increase in the
number of publications from 2010 to 2022, indicating an
expanding body of research in this area.

Starting from 329 publications in 2010, there has been
a steady upward trajectory, reaching 4410 publications by
2022. This trend reflects the escalating importance of
drooped inverter‐based AC microgrids in the context of
renewable energy integration and smart grid develop-
ment. The significant rise in publications, particularly
from 2015 onward, suggests a heightened focus on
addressing the challenges and innovations in microgrid
technologies, including aspects of control, stability, and
efficiency.

The year 2023 shows a slight decrease in publications,
which could be attributed to data being collected partway
through the year. However, the overall trend from 2010
to 2022 underscores the field's dynamic evolution and its
critical role in advancing sustainable energy systems.

In summary, the increasing number of publications
over the years highlights the growing research interest
and continuous advancements in drooped inverter‐based
AC microgrids, underscoring their significance in the
modern energy landscape.

In the rapidly evolving field of microgrid control
systems, particularly focusing on drooped inverter‐based
AC microgrids, it is crucial to distinguish the unique
contributions of this work from existing literature. While
comprehensive reviews17–21 along with other significant
works, like, Rokrok et al.22 on primary control methods
for islanded microgrids, Gonzales‐Zurita et al.23 on
multiobjective control strategies, Chungu et al.24

on voltage and frequency control, and Espina et al.25

on distributed control strategies, have significantly
contributed to the field, our paper specifically addresses
the recent advancements in drooped inverter‐based AC
microgrids. Our focus extends beyond the scope of these
works by encompassing both islanded and grid‐
connected modes, highlighting the integration challenges

FIGURE 2 Number of publications on
drooped inverter‐based microgrids until
November 2023.
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of multiple DG units, and providing a detailed compari-
son of centralized and decentralized control techniques.
This paper aims to fill a critical gap in the current
literature by offering a detailed and updated analysis of
the challenges, solutions, and future trends in the control
of drooped inverter‐based AC microgrids, thus present-
ing a unique and valuable perspective to researchers and
practitioners in the field.

This paper reviews the control techniques of drooped
inverter‐based AC microgrids to achieve the above-
mentioned objectives and challenges. Section 2 presents
the various operation modes of the DG system in a
microgrid and the needs of storage systems in Section 3.
Section 4 discusses the features of centralized and
decentralized systems. Sections 5–7 introduce to droop
control and its limitations. Section 8 reviews the recent
techniques for drooped AC microgrids, including output
power control, voltage and frequency regulators, and
supervisory power management strategies.

2 | DGS OPERATION

Although the inverter‐based microgrid can work as a
stand‐alone system in island mode, the inverters are
classified into three control classes as follows:

1. Grid‐forming units: The DG under this category is
designed for autonomous operation representing an
ideal AC voltage source with a fixed output
frequency as shown in Figure 3A. It contains a
closed‐loop controller to achieve steady‐state values
and robust disturbance rejection. Grid‐forming
units regulate the system voltage and frequency
through balancing the generation power and load
demands when the microgrid operates in the island
mode.26 However, in the grid‐connected operation
mode, as there are voltage and frequency references
from the main grid, the grid‐forming units are
changed to operate as grid‐feeding units. Hence the
control methods for grid‐forming units should be
suitable for both microgrid operation modes, so as

to ensure the smooth transients during the micro-
grid mode changes.27

2. Grid‐feeding units: This DG is designed to control the
output current/power which has a synchronized
frequency with the main AC bus representing an
ideal current source as shown in Figure 3B. It does not
contribute to microgrid power balancing.28 Majorly,
this control scheme used for PV and wind integration
applications, in particular, in grid‐connected mode.29

Here, the output voltage control is not an objective as
it is fixed by another forming unit or the grid.

3. Grid‐supporting units: In which the DG is a
controlled voltage source that is designed to control
its output voltage and frequency to allow power
sharing and managing in both microgrid modes of
operation. It represents a voltage source with
output impedance, Figure 3C, and the voltage and
frequency are no longer fixed but subject to the
required active and reactive output power. This
class also can work as a voltage source or a current
source according to the adopted control scheme. It
gathers the features of grid‐forming and grid‐
feeding units that allow seamless transfer and
operation switching.

Alternatively, in the literature, DGs can be classified
as voltage or power‐controlled sources (PCSs) as follows:

1. The voltage‐controlled source (VCS) is designed to
regulate its voltage and frequency and to act like a grid
so it is a grid‐forming unit or it can manipulate its
voltage and frequency for power sharing/balancing
and here it is a grid‐supporting unit.30,31 This mode of
operation is called also V/f mode where V and f are set
internally.

2. The PCS controls its output power/current where the
bus is regulated by another forming/supporting unit
or the grid. This mode is called also P/Q mode. In the
case of controllable energy sources like fuel cells and
microturbines, the power set‐points are provided by
the MGCC. However, for RESs like PV and wind,
the power set‐points are set according to the available

FIGURE 3 Classification of DG units operation in a microgrid. (A) Grid‐forming, (B) Grid‐feeding and (C) Grid‐supporting units.
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output power. Techniques like maximum power
point tracking (MPPT)32 are used commonly for
this case.

The control objectives, strategies, and applications for
the DG unit's operation classification are shown in
Table 1.

3 | NEEDS OF ESS

The power demand and load supporting are mainly
can be provided by the grid in grid‐connected mode.
The microgrid here just injects the available power
without caring about the demand as the grid will
compensate for any voltage and frequency variations.
However, the energy source in a DG operating as a
grid‐supporting unit is crucial to compensate for any
disturbances in voltage or frequency in island mode.33

In addition, the slow response of some of RES should
be noted during any load demands. Energy storage
devices, that is, batteries, are commonly connected to
the DC‐link to supply/absorb power during transients
while the RESs are controlled to ramp up/down
the output power to match the supplied power at a
steady state.16,34 Therefore, ESS is the main compo-
nent to rely on for the feasible operation of a
microgrid despite its space, cost, and maintenance
requirements.35

4 | CENTRALIZED AND
DECENTRALIZED POWER
MANAGEMENT STRATEGIES

One of the main control objectives in a microgrid is to
achieve reliable power management while maintaining
close regulation of the microgrid voltage magnitude and
frequency. The power management strategies can be

categorized into centralized and decentralized strategies,
Figure 4, as follows:

1. In centralized power management, the SC or EMS
unit is directly responsible for coordinating the DG
units to maintain the power balance in an island
microgrid at a steady state.36 Therefore, supervi-
sory power management algorithms and high
bandwidth communication are crucial to coordi-
nate the operation between the DG units.
Although, each DG unit has primary controllers
which receive external references from MGCC to
manage the power at a steady state, at least a single
master unit must be responsible for regulating the
voltage and frequency of the AC bus. In addition to
the high dependency on the communication in
these strategies, which is costly and decreases the
system reliability and expandability, it is subject to
a single point of failure. Moreover, it does not
provide seamless mode transition from grid‐
connected mode to island mode and vice‐versa.
During the transition, the voltage across the load
can become very low or very high.37

2. In decentralized strategies, the DG's primary control-
lers are responsible for maintaining the power balance
in the island microgrid autonomously without requir-
ing external information. However, the MGCC can
still be used to improve the performance of the
microgrid. These strategies in the literatures38–43 are
based on the droop control.

In the literature, other names like single‐master
operation and multimaster operation,40,44 wired and
wireless control schemes,45,46 supervisory and autono-
mous control,47 and concentrated and distributed con-
trol18 are used alternatively denoting the centralized and
decentralized operations. As a summary, Table 2 lists the
advantages and disadvantages of centralized and decen-
tralized systems.

TABLE 1 Comparison between the classifications of distributed generation units operation in a microgrid.

Grid‐forming Grid‐feeding Grid‐supporting

Control objective Voltage and frequency regulation Active and reactive power
injection

Power balancing and sharing

Control strategy Voltage, current, and frequency
controllers

Output power controllers Centralized and decentralized
controllers

Operation analogy Ideal voltage source Ideal current source Ideal voltage source with output
impedance

Application Stand‐alone Grid‐connected Grid‐connected and island

Control mode V/f mode P/Q mode Drooped V/f mode

ISSA ET AL. | 5
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5 | DROOP CONTROL

Decentralized parallel structure relies on the ability of
the DG unit to regulate the output voltage and frequency
while sharing the active and reactive power demands. A
key for wireless technique is to use droop control,48–50

which is widely used in conventional power generation
systems. Since there is no synchronous machine in most
microgrids to achieve demand and supply balancing, the
inverters should be responsible for mimicking the
synchronous machines behavior by enabling the use of
VSC to provide voltage and frequency references based

FIGURE 4 Microgrid control scheme strategies: (A) centralized and (B) decentralized. AC, Alternating Current; DC, Direct Current;
PCC, Point of common coupling; PWM, pulse‐width modulated; STS, Static Transfer Switch.

TABLE 2 Advantages and disadvantages of centralized and decentralized systems.

Advantages Disadvantages

Centralized topology − Good voltage/current and frequency
regulation

− Accurate power control in grid‐
connected mode

− Accurate power sharing in island mode

− Supervisory power management algorithms are crucial
− High bandwidth communication is required
− Low redundancy, reliability, and expandability
− Subject to single‐point failure
− Rough mode transfer support
− Asymmetric control schemes for each unit

Decentralized topology − Achieve power sharing wirelessly
− Support plug‐and‐play ability
− Seamless mode transfer support
− Symmetric control schemes for each unit

− Poor power‐sharing accuracy
− Degrade the voltage and frequency steady‐state values
− Still needs a low‐bandwidth communication bus
− Needs supervisory control for grid connection transfer

6 | ISSA ET AL.
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on the output active and reactive power.16,51–54 The
advantage is that no external communication mechanism
is needed among the inverters. However, communication
can still be used between each unit and a supervisory
central controller for monitoring and optimizing issues.
This eases the control implementation, based merely on
local voltage and current information, and enables plug‐
and‐play operation. Thus, it increases redundancy and
simplicity of system expansion.

The two modes of operation for microgrids are equally
important; however, the island mode is emphasized because
it is particularly more challenging.55 In grid‐connected mode
the control of power generated to the grid can be easily
implemented using droop control or other direct control-
lers.56,57 However, the strength of droop control appears in
island mode, when all units need to share power according
to their rating without the need to communicate with other
units. This supports the seamless transfer between the
microgrid modes as well.37 Figure 5 illustrates the power
system flow between two voltage sources separated by an
inductor and how the active power can be controlled by the
phase angle between the voltage signals of each source and
controlling reactive power by changing the amplitude
difference between these sources.

The active and reactive power that is exported from
each inverter is subject to one of the two forms according
to the type of output impedance.

The output impedance can be dominantly inductive
or resistive and this determines how the inverter would
control the exported power. When the inverter's output
impedance is pure inductive, the generated active power
(P) depends on the phase difference (δ) between each
inverter output voltage (Vinv) and the PCC voltage (Vg)
while the reactive power (Q) depends on the magnitude
difference between the voltages (Vinv− Vg). The situation
is inverted if the system impedance is pure resistive as
shown in Table 3. In practical scenarios, the output
impedance cannot be purely inductive as a resistive value
might affect its performance.58

The natural form for the output impedance is the
inductive case. This is valid in three‐phase lines that are
mainly inductive and in single‐phase lines when an extra
grid inductor is adopted.59 Thus, the active power will be
controlled according to the phase angle while the
reactive power will be controlled by the voltage differ-
ence as explained earlier. Figure 6 shows the relationship
between P− ω and Q− V.

The role of the droop control here is to govern the
output power to make eventually a good power sharing
between inverters in the case of islanding and accurate
controlling of the injected power to the grid in the case of
grid‐connected mode.60–64 For each case (grid‐connected,
island modes) the droop control equations are as follows:

In island mode,

ω ω K P= * − ,ω (1)

V V KaQ= * − , (2)

where Kω and Kα are the droop coefficients, ω* and V* are
the frequency and voltage at no load, and P and Q are
the measured active and reactive output powers,
respectively.

In grid‐connected mode,

ω ω Kω P P= * − ( − *), (3)

V V Ka Q Q= * − ( − *), (4)

FIGURE 5 Power flow control between two voltage sources nodes. PCC, Point of common coupling.

TABLE 3 Active and reactive power of parallel inverters.

Power
control

System impedance

Pure inductive
Zo= jX

Pure resistive
Zo=R

Active power P
V V δ

Z

inv g

0
P

V V V

Z

( − )inv inv g

o

Reactive
power

Q
V V V

Z

( − )inv inv g

o
Q

V V θ

Z

− inv g

o
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where P* and Q* are the set‐points of the required
exported active and reactive power, respectively, and
these settings are sent by the MGCC.

Active (P) and reactive (Q) power can be measured
and averaged over one cycle of the fundamental
frequency, so that the powers are evaluated at the
fundamental frequency. This operation can be realized
by means of low‐pass filters (LPFs) with a reduced
bandwidth.65 Figure 7 shows the block diagram of the
droop controller with measurement filters.

6 | DROOP CONTROL
LIMITATIONS

Although the droop control introduces an intelligent
automated method to control the power sharing/injec-
tion without communications between the inverters, its
drawbacks limit its applications,66,67 which include:

1. It has an inherent trade‐off between load‐sharing
accuracy and voltage regulation as it introduces
frequency and voltage variations proportional to the
active and reactive output power.

2. The dynamics of the power sharing do not only
depend on the droop control coefficients but also on
the method of power calculation as using the LPFs
creates new limits.

3. A restoration operation is needed before returning to
grid‐connected mode because of the drop in frequency
and voltage caused by droop control, which reduces
the mode transfer smoothness.

4. Droop control uses an assumption of pure inductive or
pure resistive output impedance which is practically
not very accurate. The output impedance could be a
combination of both as complex impedance. This

weakens the decoupling between the active and
reactive power control loops because each pure form
of the output impedance gives another form of droop
control as stated in Table 3 and a combination of the
two forms makes, for instance, any change in the
frequency leads to a change in both active and reactive
output powers. This is related also to the nature of the
distribution network as shown in Table 4.68

5. Droop Control is not effective when the units supply
nonlinear loads because it does not support the
harmonic signals sharing.

7 | PRACTICAL CHALLENGES
AND CONSIDERATIONS IN
IMPLEMENTING DROOP
CONTROL IN MICROGRIDS

The implementation of droop control in microgrids, while
theoretically sound, encounters several practical challenges
that can significantly impact its effectiveness and efficiency.
This section delves into these challenges, drawing insights
from both academic literature and industry practices.

1. Parameter tuning and stability concerns: One of the
primary challenges in implementing droop control is the
tuning of control parameters. Achieving optimal settings
that ensure stable operation across various load condi-
tions and high renewable penetration is complex.
Instability issues, such as oscillations in voltage and
frequency, can arise if parameters are not appropriately
tuned.69,70

2. Communication infrastructure limitations: In many
microgrids, especially those in remote or islanded
locations, the communication infrastructure can be
limited or unreliable. This limitation poses a

(A) (B)

FIGURE 6 (A) P− ω and (B) Q− V droop control curves.
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significant challenge for droop control strategies that
rely on communication for coordinated control.71

3. Integration with RESs: Integrating intermittent RESs like
solar and wind with droop control systems presents
challenges in maintaining power quality and system
reliability. The variability of these sources can lead to
fluctuations in power output, complicating the droop
control dynamics.72

4. Scalability and interoperability issues: As microgrids
grow in size and complexity, scaling droop control
strategies becomes increasingly challenging. Ensuring
interoperability among diverse components and en-
ergy sources within a larger system requires careful
planning and design.73

5. Economic and regulatory hurdles: Economic considera-
tions, such as the cost of implementing and maintaining
droop control systems, and regulatory hurdles, including
compliance with grid codes and standards, can also
impact the practical application of droop control in
microgrids.18

8 | RECENT CONTROL
TECHNIQUES FOR DROOPED AC
MICROGRID

Many published works on microgrids have been mostly
on improving control functions and strategies to achieve
robust voltage and frequency regulation with optimized
and accurate power sharing and enhancing the expand-
ability within the microgrid stability margins. In the next
sections, the main research contributions on droop

control‐based AC microgrid will be reviewed. The
research outcomes are categorized into four categories
according to the scope of each work as follows.

8.1 | Voltage/current controller

Different applications can deploy the DG as a VCS or PCS
according to the energy source capability and the mode
of the microgrid operation. In any case, each inverter
mostly contains voltage and/or current control loops. The
frequency usually can be chosen to be a fixed value, that
is, in stand‐alone operation, or subject to an outer loop,
that is, PLL or droop control.74 In the literature, as a PCS,
a current control loop is designed to inject a referenced
current value. As a VCS, the current loop is controlled by
an outer voltage loop realizing a double voltage control
loop which introduces quite enhanced performance in
terms of speed, robustness, and disturbance rejection
compared with a single loop voltage control which
suffers from resonance issues and low stability margins.75

Many techniques have been adopted to implement
the voltage\current controller as follows:

1. Xuehua et al.76 proposed a proportional integral (PI)
design based on Jury stability criterion for a current PI
controller while Ortega et al.77 proposed a PI voltage
controller based on bode‐blot analysis.

2. Proportional resonant controllers are used to cancel
the steady‐state error and attenuate the harmonics
when the control variables are sinusoidal.78–80

3. Repetitive control (RC) is capable of tracking periodic
references and rejecting periodic disturbances, which
introduces high gain at all fundamental and harmo-
nics frequencies.81 However, the performance can
degrade significantly in the case of grid frequency
variation.82

4. Predictive control is developed to rid of the current
steady‐state error.83 However, it is sensitive to the
system parameters changes and advanced techniques

FIGURE 7 Diagram of droop control operation. LPF, low‐pass filter; MGCC, microgrid central controller.

TABLE 4 Typical line impedance values.

Line type R (Ω/Km) X (Ω/Km) R/X

Low voltage line 0.642 0.083 7.7

Medium voltage line 0.161 0.19 0.85

High voltage line 0.06 0.191 0.31
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developed parameter estimation algorithm to increase
its robustness84 or presented adaptive algorithm.85

5. Hysteresis control is designed to force the current to
track a reference value86 based on hysteresis compar-
ators. It does not have a fixed switching frequency and
therefore a wide frequency spectrum is generated with
a higher current ripple. However, it is easy to
implement and has fast response and many works
developed algorithm to obtain fixed switching fre-
quency as in many studies.86–88

6. Deadbeat control has a very fast response and it is
widely used for current control but it is not robust
against parameters mismatch.89 Many researches have
been done to boost its robustness in many studies90–92

but the structure of these controllers become more
complex.

7. Other control topologies also have been proposed like
sliding mode controller,93 LQG/LQR,94 H∞,82 and
fuzzy controllers95 which can be reviewed in Bouzid
et al.96

To mitigate the generated output filter resonance,
active and passive damping techniques have been
developed97 and double loop control is widely employed
in the literature. The passive techniques are power
consumers and bulky whereas the active techniques are
virtually implemented loops with more flexibility and
efficiency. Large penetration of PV in grid‐connected
mode has been addressed in He et al.75 in terms of the
number of inverters and resonance generation which has
been mitigated by a robust active damper. The stability
issue is a concern in island mode, in particular, where
the impedance of the distribution cables is not negligible
and degrades the output voltage/current quality. In
Corradini et al.,98 the interaction between uninterrup-
tible power supplies was investigated. The study recom-
mended reducing the voltage controller bandwidth by
manipulating the voltage and current controllers' gain to
keep the system stable. In Wang et al.,99 the controller
bandwidth was reduced by using a feed‐forward
loop. Wang et al.99 also concluded that a resistive virtual
impedance has no effect on the system stability.
However, the effect of inductive virtual impedance
associated with cable lengths was not addressed.

8.2 | Droop control enhancement

The droop control limitations led the research toward
developing techniques and controllers to enhance the
performance of it. The outcomes of these researches can
be categorized as follows:

8.2.1 | Dynamics of power control

The output power is subject to the available power in the
case of RES supply or to a reference value in the case of ESS
or nonrenewable supply. The dynamics of power export or
import are very important during the grid/microgrid
connection or any load demand steps, which expose the
circulating current issues between the DGs. Many publica-
tions82–84 proposed solutions to enhance the transient
responses of active and reactive power sharing in grid‐
connected mode and island mode. Guerrero et al.65 proposed
a proportional–integral–derivative controller instead of just
being a proportional controller to improve the dynamic
response. Avelar et al.100 proposed an extra phase loop to
mitigate the response transient peak and to minimize the
circulating currents between inverters. Adaptive droop
controllers are proposed in many studies101–103 to boost the
performance and provide seamless mode transfer. The
drooped frequency is mostly affected by the variations in
load and generation power104 and also in the unintentional
islanding cases when it might cause unreliable system.16 For
that scenario, the anti‐islanding controller should not take
more than 2 s according to the IEEE Standard 1547.8 If one
inverter imports power during this period, the DC link
voltage will rise and might exceed the maximum limit. This
will cause the inverter to shut down to prevent any possible
damage. In addition, the slow dynamics of the droop‐based
power controller are desirable to decouple the power loop
from the inner voltage and current regulation loops. This is
the rule of thumb in control theory for the system that has
nested control loops.30,31,33,105–108 However, very slow power
transients might threaten the DC link voltages and large
circulating currents flow in cases of light loads.

8.2.2 | Power calculation

The LPF is used commonly in many works46,100,109,110 to
obtain the average power from single‐phase instanta-
neous power measurement. In a balanced three‐phase
system, the instantaneous power equals the average
power and such a filter might not be necessary. However,
in an unbalanced three‐phase system, the instantaneous
power has a ripple component and a filter becomes
essential to prevent the ripple component from propagat-
ing to the frequency and amplitude through the droop
control feedback.111 In addition, the slow response
designed LPF decouples the power and voltage/currents
loops which is essential for maintaining the systems
stability. On the other side, this filter has a significant
effect on the dynamics of the droop controller due to
associated phase lag.109
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Alternative methods are proposed in many stud-
ies37,112 that have better dynamics, fast response, and
smaller ripple. In addition, a comparison of many
methods is investigated in Gao et al.113 However, the
speed of calculation might be slowed down to satisfy the
nested loop system. Figure 8 depicts the response of LPF
with different cut‐off frequency ωc with comparison
against the integration filter used in Abusara et al.37

8.2.3 | Output impedance

Output impedance is quite essential for the proper
operation of droop control. However, as mentioned

earlier, the uncertainty of being pure inductive or
resistive or in between has a negative impact on P and
Q control decoupling. The nature of the output imped-
ance is determined by the output filter, line impedance,
and the control loop. In Abusara et al.,111 the control loop
gives an inductive output impedance while in Josep
et al.58 it is a resistive nature. The low voltage network
has a resistive dominant impedance which has inher-
ently good harmonic power‐sharing capability and
enhances the system damping.63,70,114 However, induc-
tive output impedance has a good capability of grid
harmonic rejection.37 Recently, the output impedance
can be redesigned to have the desired behavior by the
advantage of virtual impedance. The concept of virtual
impedance has been widely used to overcome the
problem of power coupling caused by high R/X ratio in
low voltage distribution networks. It increases the
inductive reactance/resistance of the inverter's output
impedance without using additional physical inductors/
resistors that would increase size and cost. Thus, it
mitigates the effect of the network and line impedances
on the droop control. Figure 9 illustrates how the nature
of the output impedance can be redesigned by using the
virtual impedance from inductive to resistive in (A) and
from resistive to inductive in (B). The literature
illustrates the recent researches toward developing the
virtual output impedance. A parallel‐connected virtual
resistive impedance control method is proposed by Josep
et al.43 for current sharing in island mode. This gives the
advantages of more damped system, in terms of
resonance, and automatic harmonic sharing. In Guerrero
et al.65 an inductive virtual impedance is used. However,
a concern for the virtual inductor control scheme is the
inductor voltage drop calculation, which involves the
differentiation of the line current. Differentiation can

FIGURE 8 Average power measurement by: LPF (ωc=10 rad/s),
LPF (ωc=100 rad/s), and integration filter. LPF, low‐pass filter.

FIGURE 9 Output impedance different nature when it is redesigned by virtual impedance: (A) inductive output impedance redesigned
as resistive and (B) resistive output impedance redesigned as inductive.
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cause high‐frequency noise amplification, which in turn
may destabilize the inverter voltage control scheme
especially during transient. A common approach to
avoid noise amplification is to replace the differentiator
with a high‐pass filter (HPF) to attenuate the high‐
frequency gain of the resulting transfer function as in
Yao et al.115 The virtual impedance also supports the soft‐
start operation46 by maintaining a high impedance at the
beginning then reducing it to a nominal value at steady
state, which minimizes the circulating current between
the inverters. A realization of a capacitive output
impedance has been discussed in Abusara et al.116 to
achieve accurate power sharing. It concludes that the
capacitive output impedance improves the power quality
compared with other impedances. Also, a universal
droop control has been proposed in Zhong and Zeng117

which dealt with parallel inverter with different types of
output impedances as shown in Figure 10.

It is worth mentioning that some voltage/current
controllers (resonant, predictive, and RC77,116) provide
very high gain at the vicinity of the fundamental
frequency and some harmonics to achieve zero steady‐
state error with good harmonics rejection/injection.
These techniques also force the output impedance to be
very low (ideally zero) and the use of the virtual
impedance is the dominant factor to determine the
output impedance behavior.118

8.2.4 | Accurate steady‐state power sharing

In grid‐connected mode, the power control accuracy is
achieved by the advantages of a PI controller37,119 that
eliminates the steady‐state error of active and reactive
power. However, this is difficult to be implemented in an
island microgrid. The difficulty is generated by the trade‐
off between the accuracy of load sharing and the voltage/
frequency regulation. If the droop gains are increased to
obtain more accurate load sharing, this would degrade
the regulation and may destabilize the system. Hyun‐
Koo Kang and Moon120 proposed a droop control with
two droop coefficients to maintain the stability in island
mode during low and high loads. Wei Yao et al.45

adopted a new droop control that makes the droop
relation to be nonlinear between P− ω and Q− V to
decrease the drop of frequency and voltage during
supplying heavy loads. In addition, an adaptive droop
behavior against small and large loads steps is proposed
in Haddadi et al.121 A supplementary loop was pro-
posed122 to stabilize the system despite having high gains
that are required for better load sharing. A decoupled
control of virtual real and reactive power through frame
transformation is proposed in De Brabandere et al.123

Other authors introduced many solutions as in Vásquez
et al.102 which used the second‐order generalized
integrator, that generates the filtered in‐phase and
quadrature‐phase versions of the grid voltage/current,
to estimate the grid impedance to substitute it in the
droop control and strength the decoupling between
active and reactive power.

Many strategies have been proposed to enhance a
decentralized reactive power sharing. An algorithm has
been proposed in Tuladhar et al.124 which is based on
additional control signal injection. The proposed solution
injects signals with other frequencies (90 and 130 Hz) to
send the information about the shared power between
inverters through the same distribution lines. However,
this could increase the control complexity and current
distortion. Lee and Cheng.47 proposed a method to
compensate for the line impedance mismatches in which
the reactive power is controlled in proportion to the
voltage derivative. Although this method minimizes the
reactive power‐sharing error, it does not achieve equal
sharing and it adds more complexity to the system. In
Micallef et al.,11 a centralized controller has been
proposed to compensate for the voltage drop caused by
droop controller and line impedances. However, the
whole process is executed in the MGCC and all
parameters are sent by a communication link and any
loss in this link would lead to the traditional droop
limitations. Li and Kao119 proposed an online estimator
of the voltage drop caused by the transmission lines to
then refine the droop control gain to give an accurate Q
sharing in island mode. However, the algorithm needs
the inverters to operate in grid‐connected mode initially
to obtain a proper estimation to calculate the new droop
gains. In addition, the controller complexity increases
with the presence of local loads that affect the estimation
process. In Zhong,125 a novel controller that is robust
against computational errors and component mis-
matches is proposed. The accuracy of the controller does
not depend on the output impedance. It measures the
load voltage continuously by a wired link and computes

FIGURE 10 The considered microgrid setup in Zhong and
Zeng117 with different output impedances.
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the difference between this measure and the local output
voltage. This difference is an input to an integral
controller to achieve accurate sharing of reactive power.
However, this system only works accurately for local
inverters near each other and local loads. For a far load
point or large distances between the inverters, a wireless
link could be used and any loss in this communication
link even for a short period of time might lead to
instability due to the existence of the integral controller.
Furthermore, the controller does not take into account
the cable's impedances that contribute to sharing
inaccuracy if a local output voltage is fed back. He and
Li126 proposed a synchronized algorithm guiding all units
to share the reactive power accurately by incorporating
the measured reactive power in the frequency droop
equation. However, this disturbs intentionally the active
power‐sharing accuracy. In addition, for any load
variation after compensation, the accuracy of the sharing
deteriorates and hence the algorithm needs to be
executed again. Gao et al.113 and Jinwei et al.127 proposed
an online estimation technique of the line impedance,
using the harmonics of the line current and PCC voltage,
to regulate the virtual impedance and enhance the
reactive power‐sharing accuracy. However, the controller
complexity increases as well as the dependency on
harmonics calculations which assume the existence of
nonlinear loads during the estimation period.

8.2.5 | Sharing of current harmonics

Especially during supplying nonlinear loads in island
mode, to cope with the nonlinear load sharing, in
Josep et al.,46 a method was proposed to share
nonlinear loads by adjusting the output voltage
bandwidth with the delivered harmonic power using
a bank of band‐pass filters. The latter extract the
harmonic components from the current signal then
reinject them into the grid. Resistive output imped-
ance can be a good solution to share linear and
nonlinear loads in applications such as uninterrup-
tible power‐supply systems.128 In Skjellnes and
Norum,129 a novel fast control loop that adjusts the
output impedance of the closed‐loop inverters is used
to ensure resistive behavior with the purpose to share
the harmonic current content properly. Inductive
output impedance seems to be the most natural
output impedance.46 However, it degrades the output
voltage total harmonics distortion too much when
supplying nonlinear loads due to the large impedance
value seen by the current harmonics. A complex
output impedance is presented in Yao et al.115 that
suggested a new design of a virtual output impedance

composed of a virtual resistor with a virtual inductor
associated with HPF. Eventually, it behaves like an
inductor at nominal frequency and represents a
resistive behavior against harmonics frequencies.

8.2.6 | Frequency and voltage regulation

In island mode, the PCC frequency and voltage do not
match the set‐points of the microgrid as it is subject to
the droop control. Thus, a restoration and regulation
process is required if the microgrid will be reconnected to
the grid again. A secondary loop is proposed in many
studies66,130 adopting a PI controller to restore the
required values. In Ritwik Majumder et al.131

and Majumder et al.,132 a phase droop control is used
that makes the frequency independent of the load so it is
fixed over the time. In addition, Sao and Lehn133 allow
the operator to tune the real power‐sharing controller
without compromising frequency regulation by adding
an integral gain into the real power control.

8.2.7 | Hierarchal control

For developing a flexible microgrid, it is necessary to
distribute the control tasks over levels. The latter
decouples the control parameters and creates a manage-
ment system for frequency and voltage restoration,
reactive power compensation, mode transfer, and power
dispatch optimization. The following is the hierarchical
control, Figure 11, required for an AC microgrid
proposed in Guerrero et al.66:

1. Primary control based on the droop method to allow
the connection of different AC sources in parallel and
to share the load wirelessly. In addition, it is
responsible for the voltage and current regulation in
terms of a particular reference.

2. Secondary control avoids the amplitude and frequency
deviation produced by the primary control. Only low‐
bandwidth communications are needed to perform
this control level. A synchronization loop can be
added at this level to transfer from islanding to grid‐
connected modes.

3. Tertiary control allows importing/exporting active and
reactive power to the grid, estimates the grid imped-
ance and nonplanned islanding detection.134

Guerrero et al.66 proposed a PI controller to imple-
ment the secondary and tertiary control after sensing the
voltage, current, and frequency at both sides of STS and
sending them by low‐bandwidth communication.

ISSA ET AL. | 13
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By this sort of level distribution a seamless mode
transition is achieved to reduce the initial circulating
currents. Other works are proposed in many stud-
ies9,37,135 for the sake of managing these tasks automati-
cally as well.

8.3 | Power management between RES
and ESS

The intermittent nature of power supplied from the RES
generation makes the ESS an indispensable component
to keep the power balance between generation and
consumption.136 In island microgrid comprised of the
ESS and RES generation, the ESS unit usually operates as
a grid‐forming unit that regulates the AC bus, while the
RES works as grid‐feeding units that inject all available
power into the system.137 Therefore, coordinating power
management is required to ensure efficient utilization of
renewable energy, while keeping the ESS from over-
charge and overdischarge conditions.

Bus‐signaling method, by using different bus voltage/
frequency thresholds to trigger mode‐changing actions
for the DGs and the ESS coordination is proposed in

Boroyevich et al.138 and Dan et al.139 However, when the
number of DGs increases, it becomes difficult to
determine the bus voltage/frequency thresholds. A
modified droop method is presented in Gomes de Matos
et al.,140 which takes into account both state of charge
(SOC), and available power in the ESS and RESs,
respectively. Nevertheless, the switching actions of droop
curves may trigger stability problems induced by sudden
bus frequency changes in microgrids. An interesting
autonomous active power control strategy is proposed in
Wu et al.141 for island microgrids to achieve power
management in a decentralized manner. The proposed
control algorithm is based on the frequency bus‐signaling
of ESS and uses only local measurements for power
distribution among microgrid elements. The PV system
senses the frequency and adapts the output power
accordingly as in Figure 12. A multisegment adaptive
droop control is presented in Mahmood et al.142 to
provide independent deployment of PV and battery units
in an island microgrid. Wu et al.143 proposed a smooth
switching droop control applied to RES/ESS units for
their coordinated operation in island microgrids,
Figure 13, which combines the advantages of both droop
control and bus‐signaling methods.

Integrating ESS in a microgrid could be in an
aggregated or distributed manner. For the distributed
ESS, a coordination method is required to ensure ESS
balance to avoid deep‐discharging in one unit and
overcharging in others. In addition, according to the
algorithm proposed by Tan et al.,145 the battery and the
fuel cell are used to share the deficit load using droop
control when the power supplied from the PV and the
microturbine is insufficient. This could deplete the
battery storage, which is the most critical element in
the operation of the island microgrid, and may result in
shutting down the microgrid. Instead of sharing power,
the battery storage is commonly used to supply/absorb
power during transients,146 and to supply the deficit
power only after all other energy sources reach their
ratings. In Kim et al.,146 a central EMS is employed to
coordinate the dispatchable units so that the battery
neither supplies nor absorbs any power at a steady
state. A microgrid composed of a PV unit and a
separate battery storage unit is considered in Serban
and Serban.147 A control strategy is proposed to avoid
overcharging the battery without relying on communi-
cation. According to this strategy, once the battery
voltage exceeds its maximum limit while being
charged, the battery converter decreases the line
frequency below the anti‐islanding limit of the PV
VCS. Consequently, the PV unit is disconnected
leaving the battery to supply the load demand in the
microgrid.

FIGURE 11 Hierarchical control layer of a microgrid. DG,
distributed generation; PCC, Point of common coupling.
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This could result in power flow chattering, especially
if the battery unit cannot support the whole load
demand.148 A fuzzy system is proposed by Diaz et al.149

to adjust the droop gains in accordance with the SoC at
each ESS to achieve the balance between the storage
units.

8.4 | Modeling

It is necessary to build the stability margins of a
microgrid and analyze the controller's functions
against the uncertainties in the system. In grid‐
connected mode, each unit could be dealt as a single

unit as the grid stiffness decouples the interaction
between the inverters. However, in island mode, the
dynamics of each inverter is affected by other
inverters. The commonly used method to build a
microgrid model is the small signal technique. In
many studies,37,100,109 a grid‐connected inverter
model is developed and the responses have been
analyzed and compared to practical setup results,
while in Xinchun et al.,110 two island inverters are
modeled to investigate the droop gains stability
margins. Pogaku et al.150 have presented a systematic
approach using the Parks d–q transformation to
model an inverter‐based microgrid containing multi‐
inverters, including network and loads elements.
Rasheduzzaman et al.151 used the same model but
added PLL states for more accurate results especially
when calculating the steady‐state values of the
reactive power. Another model was developed in
Kahrobaeian and Ibrahim Mohamed152 for multi‐
island inverters in the abc frame and it was used to
evaluate the effect of communication time delay on
system stability. Similarly, Kulkarni and Gaonkar153 a
robust control strategy pooling an improved droop
with a virtual impedance control‐based droop control
for power sharing with f/V restoration is proposed.
However, in all these models, the DC link voltage
state of each inverter has not been included. The DC
link voltage was included in the small signal model
reported by Issa et al.16 but the model was for two
parallel inverters only. In Pogaku et al.,150 the inner
voltage and current controller loops were included in
the model but it was concluded that the outer power‐
sharing loop dominates the effect on stability. In

FIGURE 12 (A, B) Autonomous proposed power management between ESS and PV in Dan et al.144 for PV power curtailment. ESS,
energy storage system; MPP, maximum power point; PV, photovoltaic.

FIGURE 13 Droop control switching proposed in Wu et al.143

for power management between ESS and RES. ESS, energy storage
system; PCS, power‐controlled source; RES, renewable energy
source; VCS, voltage‐controlled source.
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addition, Iyer et al.154 assumed that the dynamics of
the inner voltage and current loops can be neglected
as their bandwidths are much higher than the outer
droop controller loop due to the LPF used to average
the active and reactive powers. A simplified model
including the states of the DC link voltages was
developed by Issa et al.51 to focus on the low‐
frequency stability modes as in Figure 14. Models
containing different RES and ESS are developed in
many studies148,155–157 for controller design purposes
which have been verified by Matlab/Simulink and
practical implementation.

9 | PROSPECTIVE TRENDS

It is seen that the droop‐based power management
strategies are the most interesting techniques among other
techniques. Most of the research outcomes tried to over-
come the limitations of the droop control and to contribute
to the development of it to produce a more robust and
reliable controller. The abovementioned microgrid control
schemes, challenges, and potential solutions have been
summarized in Table 5. This serves toward presenting this
technique to the industry which produces reliable products
for the community. The majority of droop control

FIGURE 14 Simplified multi‐inverter island microgrid.51
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enhancement contributions use low‐bandwidth communi-
cation. It is highly recommended to use such a link as it
will be available for supervisory and management purposes
instead of using costly high bandwidth links. Consequently,
the prospective trends should highlight reliable low‐cost
solutions for communication between each DG andMGCC.
In addition, more studies have to assess the stability of
microgrids and their immunity against the speed of
communication and the loss of it.

The literature covered the grid‐connected mode and
the island mode modeling for multi‐inverter units.
However, it is the lake of modeling of different controlled

units within a microgrid and how the modes of stability
are affected by each one. Some of the DGs could work as
PCS and others as VCS. Some units have different output
impedance and the droop control rules are different in
each. Also the frequency and angle droop control in the
same microgrid has not been addressed. The variety of
loads (constant power and constant current constant
voltage) also must be included in the model. Further-
more, the modeling of multi‐inverters connected to a
weak grid with high impedance is important. These cases
reflect the future community microgrids which the
research aims to improve.

TABLE 5 Microgrid control schemes, challenges, and potential solutions.

Control objective Challenges References Proposed solution

Robust voltage/current
regulation

− During load variation [76, 96] − Different controllers: PI, PR, RC, predictive,
deadbeat

− Filter resonance
generation

[75, 97] − Passive and active resonance damping

− Interaction with other
units

[37, 98, 99] − Extra loops for resonance compensation

− Design recommendation for voltage loop
bandwidth

− Power‐sharing dynamics [65, 122] − Improved droop control using
proportional–integral–derivative control and
extra‐phase loops

[100]

[45]

[101] − Adaptive droop control

[103]

Accurate output power
control/sharing

[37, 112] − Other power calculation methods

− Output impedance
nature

[43, 65]

[46, 115] − Virtual output impedance

[158]

− Current harmonics
sharing

[128, 129] − Resistive virtual output impedance

− Reactive power‐sharing
inaccuracy

[11, 95, 119, 125] − Communication‐based secondary control
level

− Unintentional islanding [16] − Extra DC link voltage loop

Supervisory control − Voltage and frequency
restoration

− Seamless mode transfer

[9, 37, 66, 130, 135] − Hierarchical control levels

− Optimized power flow [137–144, 146–149,
159, 160]

− AC bus‐signaling‐based master–slave
operation

Modeling − Dynamics prediction
and stability assessment

[100, 37, 109,
150–157]

− Transient evaluation by full and simplified
models

− Optimized power steady‐state distribution
of RES

Abbreviations: AC, Alternating Current; DC, Direct Current; PI, proportional integral; PR, proportional resonant; RC, repetitive control; RES, renewable
energy source.
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Another research trend is about the efficiency of the
converters and how to get the advantage of each power
source efficiently regardless of the voltage and current
levels and the conditions of generation like Concentrated
Photovoltaic system and how the current MPPT tech-
nique will work.

10 | CONCLUSION

This paper has provided a comprehensive overview of the
operation modes and control strategies for DG units
within microgrids, with a particular emphasis on grid‐
connected and island modes. Through our review, we
have explored a range of control schemes at different
levels, highlighting their applications and effectiveness in
various scenarios. We have identified and discussed
several key challenges faced by microgrids, including
accurate power control and sharing, voltage and fre-
quency regulation, effective power management among
DG units, integration of RESs, and seamless transition
between operation modes. These challenges are critical
to the development of a flexible and smart distributed
power system, and addressing them is essential for the
advancement of microgrid technologies. In response to
these challenges, the paper has presented potential
solutions proposed in the literature. These solutions
encompass advanced control strategies, innovative tech-
nological approaches, and practical implementation
techniques. We have emphasized the importance of
droop control as a pivotal strategy in managing the
dynamic and decentralized nature of microgrids, espe-
cially in islanded operations where the stability and
reliability of power supply are paramount.

Furthermore, we have highlighted the practical
aspects of implementing these control strategies in real‐
world scenarios. The discussion on the practical chal-
lenges and considerations in implementing droop control
in microgrids provides valuable insights into the gap
between theoretical research and practical application.
This gap represents an opportunity for future research
and development in the field.

As microgrid technologies continue to evolve, the
integration of RESs and the development of more
efficient and robust control mechanisms remain key
areas for ongoing research. The future of microgrids
looks promising, with advancements in control strategies
and technologies paving the way for more sustainable,
reliable, and efficient power systems.

In conclusion, this paper contributes to the body of
knowledge by not only reviewing the current state of
microgrid control strategies but also by identifying future
directions and challenges. It serves as a resource for

researchers and practitioners in the field, offering a
foundation for further exploration and innovation in
microgrid technologies.

ACKNOWLEDGMENTS
For the purpose of open access, the author has applied a
Creative Commons Attribution (CC BY) licence to any
Author Accepted Manuscript version arising from this
submission.

ORCID
Walid Issa http://orcid.org/0000-0001-9450-5197

REFERENCES
1. Vaccaro A, Popov M, Villacci D, Terzija V. An integrated

framework for smart microgrids modeling, monitoring,
control, communication, and verification. Proc IEEE.
2011;99:119‐132.

2. Katiraei F, Iravani MR, Lehn PW. Micro‐grid autonomous
operation during and subsequent to islanding process. IEEE
Trans Power Delivery. 2005;20:248‐257.

3. Kroposki B, Lasseter R, Ise T, Morozumi S, Papathanassiou S,
Hatziargyriou N. Making microgrids work. IEEE Power
Energy Mag. 2008;6:40‐53.

4. Carvalho PMS, Correia PF, Ferreira LAF. Distributed reactive
power generation control for voltage rise mitigation in distribu-
tion networks. IEEE Trans Power Syst. 2008;23:766‐772.

5. Hatziargyriou ND, Meliopoulos AS. Distributed energy
sources: technical challenges. In: Power Engineering Society
Winter Meeting. IEEE; 2002:1017‐1022.

6. Hussain B, Sharkh SM, Hussain S. Impact studies of
distributed generation on power quality and protection setup
of an existing distribution network. Paper presented at: The
Speedam 2010, Pisa, 2010.

7. Masters CL. Voltage rise: the big issue when connecting
embedded generation to long 11 kV overhead lines. Power
Eng J. 2002;16:5‐12.

8. IEEE Standard for Interconnection and Interoperability of
Distributed Energy Resources with Associated Electric Power
Systems Interfaces. In: IEEE Std 1547‐2018 (Revision of IEEE
Std 1547‐2003), pp. 1‐138, 2018. doi:10.1109/IEEESTD.2018.
8332112

9. Abusara M, Sharkh S. Control of line interactive UPS systems
in a Microgrid. In: IEEE International Symposium on
Industrial Electronics (ISIE); 2011:1433‐1440.

10. Guerrero JM, Chandorkar M, Lee T‐L, Loh PC. Advanced
control architectures for intelligent microgrids—Part I:
decentralized and hierarchical control. IEEE Trans Ind
Electron. 2013;60:1254‐1262.

11. Micallef A, Apap M, Staines CS, Guerrero Zapata JM.
Secondary control for reactive power sharing and voltage
amplitude restoration in droop‐controlled islanded microgrids.
In: 3rd IEEE International Symposium on Power Electronics for
Distributed Generation Systems (PEDG); 2012:492‐498.

12. Ling S, Jianhua Z, Ziping W. Energy management strategy
for lab microgrid. In: Power and Energy Engineering
Conference (APPEEC), 2011 Asia‐Pacific; 2011:1‐4.

18 | ISSA ET AL.

 20500505, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ese3.1670 by Sheffield H

allam
 U

niversity, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://orcid.org/0000-0001-9450-5197
https://doi/org/10.1109/IEEESTD.2018.8332112
https://doi/org/10.1109/IEEESTD.2018.8332112


13. Jiang Q, Xue MandGeng G. Energy management of micro-
grid in grid‐connected and stand‐alone modes. IEEE Trans
Power Syst. 2013;28:3380‐3389.

14. Issa W, Sharkh S, Abusara M. A review of recent control
techniques of drooped inverter‐based AC microgrids. 2023.
DOI:10.36227/techrxiv.23545842.v1

15. Kulkarni SV, Gaonkar DN, Guerrero JM. Operation of the
microgrid with improved droop control strategy and an
effective islanding detection technique for automatic mode
switching. Electr Power Compon Syst. 2021;49:517‐531.

16. Issa WR, Abusara MA, Sharkh SM. Control of transient
power during unintentional islanding of microgrids. IEEE
Trans Power Electron. 2015;30:4573‐4584.

17. Vandoorn TL, De Kooning JDM, Meersman B, Vandevelde L.
Review of primary control strategies for islanded microgrids
with power‐electronic interfaces. Renewable Sustainable
Energy Rev. 2013;19:613‐628.

18. Han H, Hou X, Yang J, Wu J, Su M, Guerrero JM. Review of
power sharing control strategies for islanding operation of
AC microgrids. IEEE Trans Smart Grid. 2016;7:200‐215.

19. Yamashita DY, Vechiu I, Gaubert J‐P. A review of hierarchi-
cal control for building microgrids. Renewable Sustainable
Energy Rev. 2020;118:109523.

20. Hossain MA, Pota HR, Hossain MJ, Blaabjerg F. Evolution of
microgrids with converter‐interfaced generations: challenges
and opportunities. Int J Electr Power Energy Syst. 2019;109:
160‐186.

21. Han Y, Li H, Shen P, Coelho EAA, Guerrero JM. Review of
active and reactive power sharing strategies in hierarchical
controlled microgrids. IEEE Trans Power Electron. 2017;32:
2427‐2451.

22. Rokrok E, Shafie‐khah M, Catalão JPS. Review of primary
voltage and frequency control methods for inverter‐based
islanded microgrids with distributed generation. Renewable
Sustainable Energy Rev. 2018;82:3225‐3235.

23. Gonzales‐Zurita Ó, Clairand J‐M, Peñalvo‐López E, Escrivá‐
Escrivá G. Review on multi‐objective control strategies for
distributed generation on inverter‐based microgrids.
Energies. 2020;13(13):3483.

24. Chungu P, Ndiaye M, Mulolani F. A review of voltage and
frequency control for inverter‐based islanded microgrids. In:
2023 IEEE IAS Global Conference on Renewable Energy and
Hydrogen Technologies (GlobConHT); 2023:1‐6.

25. Espina E, Llanos J, Burgos‐Mellado C, Cardenas‐Dobson R,
Martinez‐Gomez M, Saez D. Distributed control strategies for
microgrids: an overview. IEEE Access. 2020;8:193412‐193448.

26. Katiraei F, Iravani R, Hatziargyriou N, Dimeas A. Microgrids
management. IEEE Power Energy Mag. 2008;6:54‐65.

27. Xiongfei W, Guerrero JM, Zhe C, Blaabjerg F. Distributed
energy resources in grid interactive AC microgrids. In: 2010
2nd IEEE International Symposium on Power Electronics for
Distributed Generation Systems (PEDG); 2010:806‐812.

28. De Brabandere K, Vanthournout K, Driesen J, Deconinck G,
Belmans R. Control of microgrids. In: Power Engineering
Society General Meeting. IEEE; 2007:1‐7.

29. Blaabjerg F, Iov F, Chen Z, Ma K. Power electronics and
controls for wind turbine systems. In: 2010 IEEE Interna-
tional Energy Conference and Exhibition (EnergyCon); 2010:
333‐344.

30. Alhasnawi BN, Jasim B, Issa W, Anvari‐Moghaddam A,
Blaabjerg F. A new robust control strategy for parallel
operated inverters in green energy applications. Energies.
2020;13:3480.

31. Alhasnawi BN, Jasim BH, Issa W, Esteban MD. A novel
cooperative controller for inverters of smart hybrid AC/DC
microgrids. Appl Sci. 2020;10:6120.

32. Jaen C, Moyano C, Santacruz X, Pou J, Arias A. Overview of
maximum power point tracking control techniques used in
photovoltaic systems. In: 15th IEEE International Conference
on Electronics, Circuits and Systems, 2008, ICECS 2008; 2008:
1099‐1102.

33. Issa W, Sharkh S, Abusara M. Hybrid generators‐based AC
microgrid performance assessment in island mode. IET
Power Electron. 2019;12:1973‐1980.

34. Issa WR, Abusara MA, Sharkh SM. Impedance interaction
between islanded parallel voltage source inverters and the
distribution network. In: 7th IET International Conference on
Power Electronics, Machines and Drives (PEMD 2014); 2014:
1‐6.

35. Lidula NWA, Rajapakse AD. Microgrids research: a review of
experimental microgrids and test systems. Renewable
Sustainable Energy Rev. 2011;15:186‐202.

36. Olivares DE, Canizares CA, Kazerani M. A centralized
energy management system for isolated microgrids. IEEE
Trans Smart Grid. 2014;5:1864‐1875.

37. Abusara MA, Guerrero JM, Sharkh SM. Line interactive UPS
for microgrids. IEEE Trans Ind Electron. 2014;61(3):
1292‐1300. doi:10.1109/TIE.2013.2262763

38. Lasseter RH. MicroGrids. In: IEEE Power Engineering Society
Winter Meeting, 2002. Vol 1; 2002:305‐308.

39. Katiraei F, Iravani MR. Power management strategies for a
microgrid with multiple distributed generation units. IEEE
Trans Power Syst. 2006;21:1821‐1831.

40. Lopes JAP, Moreira CL, Madureira AG. Defining control
strategies for microgrids islanded operation. IEEE Trans
Power Syst. 2006;21:916‐924.

41. Blaabjerg F, Chen Z, Kjaer SB. Power electronics as efficient
interface in dispersed power generation systems. IEEE Trans
Power Electron. 2004;19:1184‐1194.

42. Papadaskalopoulos D, Pudjianto D, Strbac G. Decentralized
coordination of microgrids with flexible demand and energy
storage. IEEE Trans Sustain Energy. 2014;5:1406‐1414.

43. Guerrero JM, Matas J, de Vicuna LG, Castilla M, Miret J.
Decentralized control for parallel operation of distributed
generation inverters using resistive output impedance. IEEE
Transactions on Industrial Electronics, 2007;54(2):994‐1004.
doi:10.1109/TIE.2007.892621

44. Moreira CL, Resende FO, Lopes JAP. Using low voltage
MicroGrids for service restoration. IEEE Trans Power Syst.
2007;22:395‐403.

45. Wei Yao MC, Gao M, Qian Z. A wireless load sharing
controller to improve the performance of parallel‐connected
inverters. In: Twenty‐Third Annual IEEE in Applied Power
Electronics Conference and Exposition, TX; 2008:1628‐1631.

46. Guerrero JM, Matas J, De Vicunagarcia De Vicuna LG,
Castilla M, Miret J. Wireless‐control strategy for parallel
operation of distributed‐generation inverters. IEEE Trans Ind
Electron. 2006;53(5):1461‐1470. doi:10.1109/TIE.2006.882015

ISSA ET AL. | 19

 20500505, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ese3.1670 by Sheffield H

allam
 U

niversity, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.36227/techrxiv.23545842.v1
https://doi.org/10.1109/TIE.2013.2262763
https://doi.org/10.1109/TIE.2007.892621
https://doi.org/10.1109/TIE.2006.882015


47. Lee C‐CCC‐T, Cheng P‐T. A New droop control method for
the autonomous operation of distributed energy resource
interface converters. In: Proceedings of the 2010 IEEE Energy
Conversion Congress and Exposition (ECCE); 2010:702‐709.

48. Mohd A, Ortjohann E, Morton D, Omari O. Review of
control techniques for inverters parallel operation. Electr
Power Syst Res. 2010;80:1477‐1487.

49. Pedrasa MA, Spooner T. A survey of techniques used to
control microgrid generation and storage during island
operation. In: The Australian Universities Power Engineering
Conference; 2006:10‐13.

50. Marwali MN, Jung JW, Keyhani A. Control of distributed
generation systems—part II: load sharing control. IEEE
Trans Power Electron. 2004;19:1551‐1561.

51. Issa W, Abusara M, Sharkh S, Tapas M. A small signal model
of an inverter‐based microgrid including DC link voltages.
In: 17th European Conference on Power Electronics and
Applications, Geneva, Switzerland; 2015.

52. Issa W, Abusara M, Sharkh S, Mallick T. A small signal model
of an inverter‐based microgrid including DC link voltages. In:
2015 17th European Conference on Power Electronics and
Applications (EPE'15 ECCE‐Europe); 2015:1‐10.

53. Badwawi RA, Issa W, Mallick T, Abusara M. Power
management of AC islanded microgrids using fuzzy logic.
In: 8th IET International Conference on Power Electronics,
Machines and Drives (PEMD 2016); 2016:1‐6.

54. Issa W, Sharkh S, Mallick T, Abusara M. Improved reactive
power sharing for parallel‐operated inverters in islanded
microgrids. J Power Electron. 2016;16:1152‐1162.

55. Delghavi MB, Yazdani A. A unified control strategy for
electronically interfaced distributed energy resources. IEEE
Trans Power Delivery. 2012;27:803‐812.

56. Timbus A, Liserre M, Teodorescu R, Rodriguez P,
Blaabjerg F. Evaluation of current controllers for distributed
power generation systems. IEEE Trans Power Electron.
2009;24:654‐664.

57. Malinowski M, Kazmierkowski MP, Hansen S, Blaabjerg F,
Marques G. Virtual flux based direct power control of three‐
phase PWM rectifiers. In: Industry Applications Confer-
ence, 2000. Conference Record of the 2000 IEEE. Vol 4; 2000:
2369‐2375.

58. Guerrero JM, de Vicuna LG, Matas J, Castilla M, Miret J.
Output impedance design of parallel‐connected UPS invert-
ers with wireless load‐sharing control. IEEE Trans Ind
Electron. 2005;52(4):1126‐1135. doi:10.1109/TIE.2005.851634

59. Vasquez JC, Mastromauro RA, Guerrero JM, Liserre M.
Voltage support provided by a droop‐controlled multi-
functional inverter. IEEE Trans Ind Electron. 2009;56:
4510‐4519.

60. Issa W, El Khateb A, Anani N, Abusara M. Smooth mode
transfer in AC microgrids during unintentional islanding.
Energy Procedia. 2017;134:12‐20.

61. Issa W, Sharkh SM, Albadwawi R, Abusara M, Mallick TK.
DC link voltage control during sudden load changes in AC
microgrids. In: 2017 IEEE 26th International Symposium on
Industrial Electronics (ISIE); 2017:76‐81.

62. Hossain M, Pota H, Issa W, Hossain M. Overview of AC
microgrid controls with inverter‐interfaced generations.
Energies. 2017;10:1300.

63. Issa W, Elkhateb A. Virtual impedance impact on inverter
control topologies. In: 2018 7th International Conference on
Renewable Energy Research and Applications (ICRERA); 2018:
1423‐1428.

64. Issa WR, Elkhateb A, Abusara MA, Mallick TK. Control
strategy for uninterrupted microgrid mode transfer during
unintentional islanding scenarios. IEEE Trans Ind Electron.
2018;65:4831‐4839.

65. Guerrero JM, GarciadeVicuna L, Matas J, Castilla M, Miret J.
A wireless controller to enhance dynamic performance of
parallel inverters in distributed generation systems. IEEE
Trans Power Electron. 2004;19:1205‐1213.

66. Guerrero JM, Vasquez JC, Matas J, de Vicuna LG, Castilla M.
Hierarchical control of droop‐controlled AC and DC
microgrids—a general approach toward standardization.
IEEE Trans Ind Electron. 2011;58:158‐172.

67. Xinchun L, Feng F, Shanxu D, Yong K, Jian C. The droop
characteristic decoupling control of parallel connected UPS
with no control interconnection. In: IEEE International
Electric Machines and Drives Conference, 2003, IEMDC'03.
Vol 3, 2003:1777‐1780.

68. Soultanis AEaN. Droop control in LV‐grids. In: 2005
International Conference on Future Power Systems; 2005:
6‐11.

69. Bidram A, Davoudi A, Lewis FL, Guerrero JM. Distributed
cooperative secondary control of microgrids using feedback
linearization. IEEE Trans Power Syst. 2013;28:3462‐3470.

70. Valedsaravi S, El Aroudi A, Barrado‐Rodrigo JA, Issa W,
Martínez‐Salamero L. Control design and parameter tuning
for islanded microgrids by combining different optimization
algorithms. Energies. 2022;15:3756.

71. Mehrasa M, Adabi ME, Pouresmaeil E, Adabi J. Passivity‐
based control technique for integration of DG resources into
the power grid. Int J Electr Power Energy Syst. 2014;58:
281‐290.

72. Olivares DE, Mehrizi‐Sani A, Etemadi AH, et al. Trends in
microgrid control. IEEE Trans Smart Grid. 2014;5:1905‐1919.

73. Tucci M, Riverso S, Vasquez JC, Guerrero JM, Ferrari‐
Trecate G. A decentralized scalable approach to voltage
control of DC islanded microgrids. IEEE Trans Control Syst
Technol. 2016;24:1965‐1979.

74. Kulkarni SV, Gaonkar DN. An investigation of PLL
synchronization techniques for distributed generation
sources in the grid‐connected mode of operation. Electr
Power Syst Res. 2023;223:109535.

75. He J, Li YW, Bosnjak D, Harris B. Investigation and resonances
damping of multiple PV inverters. In: Twenty‐Seventh Annual
IEEE Applied Power Electronics Conference and Exposition
(APEC); 2012:246‐253.

76. Xuehua W, Xinbo R, Chenlei B, Donghua P, Lin X. Design of
the PI regulator and feedback coefficient of capacitor current
for grid‐connected inverter with an LCL filter in discrete‐
time domain. In: Energy Conversion Congress and Exposition
(ECCE). IEEE; 2012:1657‐1662.

77. Ortega R, Figueres E, Garcerá G, Trujillo CL, Velasco D.
Control techniques for reduction of the total harmonic
distortion in voltage applied to a single‐phase inverter with
nonlinear loads: review. Renewable Sustainable Energy Rev.
2012;16:1754‐1761.

20 | ISSA ET AL.

 20500505, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ese3.1670 by Sheffield H

allam
 U

niversity, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1109/TIE.2005.851634


78. Hwang JG, Lehn PW, Winkelnkemper M. A generalized class
of stationary frame‐current controllers for grid‐connected
AC–DC converters. IEEE Trans Power Delivery. 2010;25:
2742‐2751.

79. Guoqiao Shen S, Xuancai Zhu Z, Jun Zhang Z,
Dehong Xu Xu. A new feedback method for PR current
control of LCL‐filter‐based grid‐connected inverter. IEEE
Trans Ind Electron. 2010;57:2033‐2041.

80. Liserre M, Teodorescu R, Blaabjerg F. Multiple harmonics
control for three‐phase grid converter systems with the use of
PI‐RES current controller in a rotating frame. IEEE Trans
Power Electron. 2006;21:836‐841.

81. Hara S, Yamamoto Y, Omata T, Nakano M. Repetitive control
system: a new type servo system for periodic exogenous signals.
IEEE Trans Autom Control. 1988;33:659‐668.

82. Hornik T, Zhong Q‐C. A Current‐control strategy for voltage‐
source inverters in microgrids based on h∞ and repetitive
control. IEEE Trans Power Electron. 2011;26:943‐952.

83. Heo H‐S, Choe G‐H, Mok H‐S. Robust predictive current control
of a grid‐connected inverter with harmonics compensation. In:
2013 Twenty‐Eighth Annual IEEE of Applied Power Electronics
Conference and Exposition (APEC); 2013:2212‐2217.

84. Yohan B, Kui‐Jun L, Dong‐seok H. Improved predictive
current control by parameter estimation in grid connected
inverter applications. In: IEEE 6th International Power
Electronics and Motion Control Conference, 2009, IPEMC'09;
2009:1535‐1538.

85. Espi JM, Castello J, García‐Gil R, Garcera G, Figueres E. An
adaptive robust predictive current control for three‐phase grid‐
connected inverters. IEEE Trans Ind Electron. 2011;58:3537‐3546.

86. Abdel‐Rahim O, Funato H, Haruna J. Novel fixed frequency
predictive hysteresis maximum power point tracking control
for photovoltaic applications. In: 9th International Conference
on Power Electronics and ECCE Asia (ICPE‐ECCE Asia);
2015:1897‐1901.

87. Malesani L, Mattavelli P, Tomasin P. Improved constant‐
frequency hysteresis current control of VSI inverters with
simple feedforward bandwidth prediction. IEEE Trans Ind
Appl. 1997;33:1194‐1202.

88. Xunjiang D, Qin C. The research of photovoltaic grid‐
connected inverter based on adaptive current hysteresis band
control scheme. In: International Conference on Sustainable
Power Generation and Supply; 2009:1‐8.

89. Mattavelli P, Spiazzi G, Tenti P. Predictive digital control of
power factor preregulators with input voltage estimation
using disturbance observers. IEEE Trans Power Electron.
2005;20:140‐147.

90. Abdel‐Rady Ibrahim Mohamed Y, El‐Saadany EF. An
improved deadbeat current control scheme with a novel
adaptive self‐tuning load model for a three‐phase PWM
voltage‐source inverter. IEEE Trans Ind Electron. 2007;54:
747‐759.

91. Han W, Wang D, Li Y, Liu Z. A dead‐beat control method for
APF based on mixed prediction. In: The 26th Chinese Control
and Decision Conference (2014 CCDC); 2014:3487‐3491.

92. Hu J, Zhu ZQ. Improved voltage‐vector sequences on dead‐
beat predictive direct power control of reversible three‐phase
grid‐connected voltage‐source converters. IEEE Trans Power
Electron. 2013;28:254‐267.

93. Shang L, Sun D, Hu J. Sliding‐mode‐based direct power
control of grid‐connected voltage‐sourced inverters under
unbalanced network conditions. IET Power Electron. 2011;4:
570‐579.

94. Alepuz S, Busquets‐Monge S, Bordonau J, Gago J,
Gonzalez D, Balcells J. Interfacing renewable energy sources
to the utility grid using a three‐level inverter. IEEE Trans Ind
Electron. 2006;53:1504‐1511.

95. Chao M, Dagui H. Comparative study of PI controller and
fuzzy logic controller for three‐phase grid‐connected inverter.
In: International Conference on Mechatronics and Automa-
tion (ICMA); 2011:2067‐2071.

96. Bouzid AM, Guerrero JM, Cheriti A, Bouhamida M, Sicard P,
Benghanem M. A survey on control of electric power
distributed generation systems for microgrid applications.
Renewable Sustainable Energy Rev. 2015;44:751‐766.

97. Yun Wei L. Control and resonance damping of voltage‐
source and current‐source converters with LC filters. IEEE
Trans Ind Electron. 2009;56:1511‐1521.

98. Corradini L, Mattavelli P, Corradin M, Polo F. Analysis of
parallel operation of uninterruptible power supplies loaded
through long wiring cables. In: Twenty‐Fourth Annual IEEE
Applied Power Electronics Conference and Exposition; 2009:
1276‐1282.

99. Wang X, Blaabjerg F, Chen Z, Wu W. Resonance analysis in
parallel voltage‐controlled distributed generation inverters.
In: Twenty‐Eighth Annual IEEE Applied Power Electronics
Conference and Exposition (APEC); 2013:2977‐2983.

100. Avelar HJ, Parreira WA, Vieira JB, de Freitas LCG,
Coelho EAA. A state equation model of a single‐phase
grid‐connected inverter using a droop control scheme with
extra phase shift control action. IEEE Trans Ind Electron.
2012;59:1527‐1537.

101. Vasquez JC, Guerrero JM, Luna A, Rodriguez P,
Teodorescu R. Adaptive droop control applied to voltage‐
source inverters operating in grid‐connected and islanded
modes. IEEE Trans Ind Electron. 2009;56:4088‐4096.

102. Vásquez JC, Guerrero JM, Gregorio E, Rodríguez P,
Teodorescu R, Blaabjerg F. Adaptive droop control applied
to distributed generation inverters connected to the grid. In:
IEEE International Symposium on Industrial Electronics,
2008, ISIE 2008; 2008:2420‐2425.

103. Escobar G, Mattavelli P, Stankovic AM, Valdez AA, Leyva‐
Ramos J. An adaptive control for UPS to compensate
unbalance and harmonic distortion using a combined
capacitor/load current sensing. IEEE Trans Ind Electron.
2007;54:839‐847.

104. Ahn S‐J, Park J‐W, Chung I‐Y, Moon S‐I, Kang S‐H, Nam S‐
R. Power‐sharing method of multiple distributed generators
considering control modes and configurations of a microgrid.
IEEE Trans Power Delivery. 2010;25:2007‐2016.

105. Bendib A, Chouder A, Kara K, Kherbachi A, Barkat S,
Issa W. New modeling approach of secondary control layer
for autonomous single‐phase microgrids. J Franklin Inst.
2019;356:6842‐6874.

106. Issa W, Al‐naemi F, Konstantopoulos G, Sharkh S,
Abusara M. Stability analysis and control of a microgrid
against circulating power between parallel inverters. Energy
Procedia. 2019;157:1061‐1070.

ISSA ET AL. | 21

 20500505, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ese3.1670 by Sheffield H

allam
 U

niversity, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



107. Al Badwawi R, Issa WR, Mallick TK, Abusara M. Supervisory
control for power management of an islanded AC microgrid
using a frequency signalling‐based fuzzy logic controller.
IEEE Trans Sustain Energy. 2019;10:94‐104.

108. Boukerdja M, Chouder A, Hassaine L, Bouamama BO,
Issa W, Louassaa K. H∞ based control of a DC/DC buck
converter feeding a constant power load in uncertain DC
microgrid system. ISA Trans. 2020;105:278‐295.

109. Coelho EAA, Cortizo PC, Garcia PFD. Small‐signal stability
for parallel‐connected inverters in stand‐alone AC supply
systems. IEEE Trans Ind Appl. 2002;38:533‐542.

110. Xinchun L, Feng F, Shanxu D, Yong K, Jian C. Modeling and
stability analysis for two paralleled UPS with no control
interconnection. In: IEEE International Electric Machines and
Drives Conference, IEMDC'03; 2003:1772‐1776.

111. Abusara MA, Sharkh SM, Guerrero JM. Improved droop
control strategy for grid‐connected inverters. Sustainable
Energy Grids Networks. 2015;1:10‐19.

112. Tavakoli A, Sanjari M, Kohansal M, Gharehpetian G. An
innovative power calculation method to improve power
sharing in VSI based micro grid. In: 2nd Iranian Conference
on Smart Grids (ICSG), 2012; 2012:1‐5.

113. Gao M, Chen M, Jin C, Guerrero JM, Qian Z. Analysis,
design, and experimental evaluation of power calculation in
digital droop‐controlled parallel microgrid inverters.
J Zhejiang Univ Sci C. 2013;14:50‐64.

114. Azrik Roslan M, Ahmed K, Adam G, Elkhateb A, Issa W,
Williams B. Semicentralized power sharing scheme for
islanded parallel‐connected inverters. Int Trans Electr
Energy Syst. 2022;2022:1‐21.

115. Yao W, Chen M, Matas J, Guerrero JM, Qian ZM. Design and
analysis of the droop control method for parallel inverters
considering the impact of the complex impedance on the
power sharing. IEEE Trans Ind Electron. 2011;58:576‐588.

116. Abusara MA, Sharkh SM, Zanchetta P. Control of grid‐
connected inverters using adaptive repetitive and propor-
tional resonant schemes. J Power Electron. 2015;15:518‐529.

117. Zhong Q‐C, Zeng Y. Universal droop control of inverters with
different types of output impedance. IEEE Access. 2016;4:
702‐712.

118. Savaghebi M, Jalilian A, Vasquez JC, Guerrero JM. Autonomous
voltage unbalance compensation in an islanded droop‐controlled
microgrid. IEEE Trans Ind Electron. 2013;60:1390‐1402.

119. Li YW, Kao CN. An accurate power control strategy for
power‐electronics‐interfaced distributed generation units
operating in a low‐voltage multibus microgrid. IEEE Trans
Power Electron. 2009;24:2977‐2988.

120. Hyun‐Koo Kang S‐JA, Moon S‐I. A new method to determine
the droop of inverter‐based DGs. Paper presented at: The IEEE
Power & Energy Society General Meeting, 2009, PES'09; 2009.

121. Haddadi A, Shojaei A, Boulet B. Enabling high droop gain for
improvement of reactive power sharing accuracy in an
electronically‐interfaced autonomous microgrid. In: Energy
Conversion Congress and Exposition (ECCE); 2011:673‐679.

122. Majumder R, Chaudhuri B, Ghosh A, Majumder R,
Ledwich G, Zare F. Improvement of stability and load
sharing in an autonomous microgrid using supplementary
droop control loop. IEEE Trans Power Syst. 2010;25(2):
796‐808. doi:10.1109/TPWRS.2009.2032049

123. De Brabandere K, Bolsens B, Van den Keybus J, Woyte A,
Driesen J, Belmans R. A voltage and frequency droop control
method for parallel inverters. IEEE Trans Power Electron.
2007;22:1107‐1115.

124. Tuladhar A, Hua Jin J, Unger T, Mauch K. Control of parallel
inverters in distributed AC power systems with consideration
of line impedance effect. IEEE Trans Ind Appl. 2000;36:
131‐138.

125. Zhong Q‐C. Robust droop controller for accurate propor-
tional load sharing among inverters operated in parallel.
IEEE Trans Ind Electron. 2013;60:1281‐1290.

126. He J, Li YW. An enhanced microgrid load demand sharing
strategy. IEEE Trans Power Electron. 2012;27:3984‐3995.

127. Jinwei H, Yun Wei L, Guerrero JM, Vasquez JC, Blaabjerg F.
An islanding microgrid reactive power sharing scheme
enhanced by programmed virtual impedances. In: 3rd IEEE
International Symposium on Power Electronics for Distributed
Generation Systems (PEDG); 2012:229‐235.

128. Josep NB, Guerrero M, de Vicuña LG, Matas J, Miret J,
Castilla M. Droop control method for the parallel operation
of online uninterruptible power systems using resistive
output impedance. Paper presented at: The Applied Power
Electronics Conference and Exposition; 2006.

129. Skjellnes AST, Norum L. Load sharing for parallel inverters
without communication. In: Nordic Workshop on Power and
Industrial Electronics, Sweden; 2002.

130. Vasquez JC, Guerrero JM, Miret J, Castilla M, de Vicuña LG.
Hierarchical control of intelligent microgrids. IEEE Ind
Electron Mag. 2010;4(4):23‐29. doi:10.1109/MIE.2010.938720

131. Ritwik Majumder AG, Ledwich G, Zare F. Power system
stability and load sharing in distributed generation. Paper
presented at: The Joint International Conference on Power
System Technology; 2008.

132. Majumder R, Ghosh A, Ledwich G, Zare F. Operation and
control of hybrid microgrid with angle droop controller. In:
IEEE Region 10 Conference TENCON 2010; 2010:509‐515.

133. Sao CK, Lehn PW. Autonomous load sharing of voltage source
converters. IEEE Trans Power Delivery. 2005;20:1009‐1016.

134. Kulkarni SV, Gaonkar DN. HIL implementation of an
islanding detection and an automatic mode switching for
droop‐based microgrid. Int J Power Electron. 2022;15:37.

135. Luo F, Lai Y, Tse CK, Loo K. A triple‐droop control scheme
for inverter‐based microgrids. In: IECON 2012—38th IEEE
Annual Conference on Industrial Electronics Society; 2012:
3368‐3375.

136. Oufettoul H, Motahhir S, Abdelmoula IA, Aniba G, Issa W,
Mahir O. Optimum MPPT technique for reconfiguring the
photovoltaic array under partial shading failure. In: 2023
12th International Conference on Renewable Energy Research
and Applications (ICRERA); 2023:331‐338.

137. Ricalde LJ, Ordonez E, Gamez M, Sanchez EN. Design of a
smart grid management system with renewable energy
generation. In: 2011 IEEE Symposium on Computational
Intelligence Applications In Smart Grid (CIASG); 2011:1‐4.

138. Boroyevich D, Cvetkovic I, Dong D, Burgos R, Fei W, Lee F.
Future electronic power distribution systems a contemplative
view. In: 12th International Conference on Optimization of
Electrical and Electronic Equipment (OPTIM); 2010:
1369‐1380.

22 | ISSA ET AL.

 20500505, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ese3.1670 by Sheffield H

allam
 U

niversity, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1109/TPWRS.2009.2032049
https://doi.org/10.1109/MIE.2010.938720


139. Dan W, Guerrero JM, Vasquez JC, Dragicevic T, Fen T.
Coordinated power control strategy based on primary‐
frequency‐signaling for islanded microgrids. In: Energy
Conversion Congress and Exposition (ECCE), 2013 IEEE;
2013:1033‐1038.

140. Gomes de Matos J, De Souza Ribeiro LA, de Carvalho
Gomes E. Power control in AC autonomous and isolated
microgrids with renewable energy sources and energy
storage systems. In: 39th Annual Conference of the IEEE
Industrial Electronics Society, IECON; 2013:1827‐1832.

141. Wu D, Tang F, Dragicevic T, Vasquez JC, Guerrero JM.
Autonomous active power control for islanded AC micro-
grids with photovoltaic generation and energy storage
system. IEEE Trans Energy Convers. 2014;29:882‐892.

142. Mahmood H, Michaelson D, Jin Jiang J. Strategies for
independent deployment and autonomous control of PV and
battery units in islanded microgrids. IEEE J Emerging Sel Top
Power Electron. 2015;3:742‐755.

143. Wu D, Tang F, Dragicevic T, Vasquez JC, Guerrero JM. A
control architecture to coordinate renewable energy sources
and energy storage systems in islanded microgrids. IEEE
Trans Smart Grid. 2015;6:1156‐1166.

144. Dan W, Fen T, Dragicevic T, Vasquez JC, Guerrero JM.
Autonomous active power control for islanded AC micro-
grids with photovoltaic generation and energy storage
system. IEEE Trans Energy Convers. 2014;29:882‐892.

145. Tan KT, Peng XY, So PL, Chu YC, Chen MZQ. Centralized
control for parallel operation of distributed generation inverters
in microgrids. IEEE Trans Smart Grid. 2012;3:1977‐1987.

146. Kim J‐Y, Jeon J‐H, Kim S‐K, et al. Cooperative control
strategy of energy storage system and microsources for
stabilizing the microgrid during islanded operation. IEEE
Trans Power Electron. 2010;25:3037‐3048.

147. Serban E, Serban H. A control strategy for a distributed
power generation microgrid application with voltage‐ and
current‐controlled source converter. IEEE Trans Power
Electron. 2010;25:2981‐2992.

148. Mahmood H, Michaelson D, Jin Jiang J. A power management
strategy for PV/battery hybrid systems in islanded microgrids.
IEEE J Emerging Sel Top Power Electron. 2014;2:870‐882.

149. Diaz NL, Wu D, Dragicevic T, Vasquez JC, Guerrero JM.
Fuzzy droop control loops adjustment for stored energy
balance in distributed energy storage system. In: 9th
International Conference on Power Electronics and ECCE
Asia (ICPE‐ECCE Asia); 2015:728‐735.

150. Pogaku N, Prodanovic M, Green TC. Modeling, analysis and
testing of autonomous operation of an inverter‐based
microgrid. IEEE Trans Power Electron. 2007;22:613‐625.

151. Rasheduzzaman M, Mueller JA, Kimball JW. An accurate
small‐signal model of inverter‐dominated islanded micro-
grids using dq reference frame. IEEE J Emerging Sel Top
Power Electron. 2014;2:1070‐1080.

152. Kahrobaeian A, Ibrahim Mohamed YAR. Networked‐based
hybrid distributed power sharing and control for islanded
micro‐grid systems. IEEE Trans Power Electron. 2015;30:
603‐617.

153. Kulkarni SV, Gaonkar DN. Improved droop control strategy
for parallel connected power electronic converter based
distributed generation sources in an islanded microgrid.
Electr Power Syst Res. 2021;201:107531.

154. Iyer SV, Belur MN, Chandorkar MC. A generalized
computational method to determine stability of a multi‐
inverter microgrid. IEEE Trans Power Electron. 2010;25:
2420‐2432.

155. Lee D‐J, Wang L. Small‐signal stability analysis of an
autonomous hybrid renewable energy power generation/
energy storage system part I: time‐domain simulations. IEEE
Trans Energy Convers. 2008;23:311‐320.

156. Yasin A, Napoli G, Ferraro M, Antonucci V. Modelling and
control of a residential wind/PV/battery hybrid power system
with performance analysis. J Appl Sci. 2011;11:3663‐3676.

157. Natsheh EM, Albarbar A, Yazdani J. Modeling and control
for smart grid integration of solar/wind energy conversion
system. In: 2nd IEEE PES International Conference and
Exhibition on Innovative Smart Grid Technologies (ISGT
Europe); 2011:1‐8.

158. Qing‐Chang Z, Yu Z. Can the output impedance of an
inverter be designed capacitive? In: IECON 2011—37th
Annual Conference on IEEE Industrial Electronics Society;
2011:1220‐1225.

159. Schonbergerschonberger J, Duke R, Round SD. DC‐bus
signaling: a distributed control strategy for a hybrid renew-
able nanogrid. IEEE Trans Ind Electron. 2006;53:1453‐1460.

160. Chendan L, Dragicevic T, Vasquez JC, Guerrero JM,
Coelho EAA. Multi‐agent‐based distributed state of charge
balancing control for distributed energy storage units in AC
microgrids. In: IEEE Applied Power Electronics Confer-
ence and Exposition (APEC); 2015:2967‐2973.

How to cite this article: Issa W, Sharkh S,
Abusara M. A review of recent control techniques
of drooped inverter‐based AC microgrids. Energy
Sci Eng. 2024;1‐23. doi:10.1002/ese3.1670

ISSA ET AL. | 23

 20500505, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ese3.1670 by Sheffield H

allam
 U

niversity, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/ese3.1670

	A review of recent control techniques of drooped inverter-based AC microgrids
	1 INTRODUCTION
	2 DGS OPERATION
	3 NEEDS OF ESS
	4 CENTRALIZED AND DECENTRALIZED POWER MANAGEMENT STRATEGIES
	5 DROOP CONTROL
	6 DROOP CONTROL LIMITATIONS
	7 PRACTICAL CHALLENGES AND CONSIDERATIONS IN IMPLEMENTING DROOP CONTROL IN MICROGRIDS
	8 RECENT CONTROL TECHNIQUES FOR DROOPED AC MICROGRID
	8.1 Voltage/current controller
	8.2 Droop control enhancement
	8.2.1 Dynamics of power control
	8.2.2 Power calculation
	8.2.3 Output impedance
	8.2.4 Accurate steady-state power sharing
	8.2.5 Sharing of current harmonics
	8.2.6 Frequency and voltage regulation
	8.2.7 Hierarchal control

	8.3 Power management between RES and ESS
	8.4 Modeling

	9 PROSPECTIVE TRENDS
	10 CONCLUSION
	ACKNOWLEDGMENTS
	ORCID
	REFERENCES




