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ABSTRACT Recently, the Modular Multilevel Converter (MMC) has drawn significant attention due to
its diverse merits and its applicability to a wide range of medium to high-power applications. The growing
interest in theMMC can be attributed to its attractive features such as modularity, reliability, and high voltage
capability. Significant research has been conducted on the MMC over the last few years to develop its opera-
tion and control in various applications. However, the application of MMCs in microgrids remains a largely
unexplored topic. Therefore, this paper aims to address this research gap by offering an in-depth review of the
latest developments concerning circuit topologies, control schemes, and fault-tolerance strategies of MMC
within microgrid applications. This comprehensive review not only provides a synthesized overview of the
current state of the art but also paves the way for future investigations in this promising field. The outcomes
from this study are expected to stimulate further advancements in MMC applications in microgrid systems,
thus contributing to the continuous improvement and evolution of microgrids.

INDEX TERMS Control schemes, microgrid, modular multilevel converter, operational schemes.

I. INTRODUCTION
Over the last few years, renewable energy sources have
become increasingly important for supplying the world’s
energy demand. They account for 25% of world energy
consumption and 29% of its electricity consumption [1],
[2], [3], [4]. With the development of technological plat-
forms, renewable energy resources (wind turbines (WT) and
photovoltaic (PV) arrays) have been promoted in different
ways that facilitate their efficient operation, which brings
economic, environmental, and technical benefits [5], [6], [7],
[8], [9], [10], [11].

An example of such a platform is a microgrid (MG),
which is a low-voltage distribution networkwith an integrated
energy resource (distributed generators, storage devices,
and flexible loads) and a control system that facilitates
grid-connected or disconnected operation [1], [12], [13].

The associate editor coordinating the review of this manuscript and
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MG can be divided into three types: DC MG, AC MG,
and AC/DC MG (hybrid MG) [14]. In low-voltage systems
such as smart buildings, military locations, and rural regions,
AC microgrids are often used in which distributed generation
units and loads are all connected to an AC bus [15], [16].
DC microgrids, on the other hand, have grown in popularity
in recent years. It was found that the integration of renewable
energy systems (RES) and energy storage systems (ESSs)
into DC systems is more economically feasible than AC sys-
tems [17], [18]. In addition, DC power is also greatly needed
to operate modern loads, such as variable-speed drives for
elevators [19], [20]. The growing DC loads and DC sources
have created an impetus to move from AC microgrids to DC
microgrids. However, due to the widespread of AC power
systems, hybrid microgrids would be a better choice, since
both DC and AC microgrids properties are present in the
hybrid microgrids [21].

In microgrids, power electronics converters are essential
components because microgrids rely on them to integrate

VOLUME 11, 2023 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 65569

https://orcid.org/0000-0002-2082-5718
https://orcid.org/0000-0003-3525-8100
https://orcid.org/0000-0001-9544-3637
https://orcid.org/0000-0003-2131-4976
https://orcid.org/0000-0001-6433-1392
https://orcid.org/0000-0002-1725-2648
https://orcid.org/0000-0002-7792-4573
https://orcid.org/0000-0001-7602-3581


S. B. Bashir et al.: Modular Multilevel Converter-Based Microgrid: A Critical Review

renewable energy sources [22], electrify transportation [23],
store energy, and provide computing power [24]. The widely
used power electronics converters in microgrids are based
on two-level voltage-source pulse width modulation (PWM)
converters [25], [26], [27]. The rise in energy consumption
has resulted in the development of new topologies of power
converters, such as multilevel converters [28].

Themultilevel converter is an advantageous topology since
it reduces harmonic distortion, eliminates semiconductor
series connections, and reduces electromagnetic interference
(EMI) The MMC is a modern multilevel converter topology,
that merges the merit of multilevel converters with additional
attractive characteristics. These include modularization, scal-
ability, a shared DC bus, transformerless functionality, and
fault ride-through capability [29], [30], [31].

Researchers have investigated the MMC extensively, and
several review papers have been published on the MMC
development over the last few years. Table 1 provides a
summary of the availableMMC review papers that outline the
challenges that the MMC faces and the proposed solutions to
overcome them. These challenges include modeling, control,
reliability, power topologies, and emerging applications.

Modular multilevel converters (MMCs) are well-suited for
microgrids for several reasons:

• MMCs have a modular structure, which means they
can be easily scaled up or down to match the size and
power requirements of the microgrid. This makes them
highly flexible and adaptable to different applications
and operating conditions.

• MMCs have a high power density, whichmeans that they
can handle large amounts of power in a small physi-
cal space. This is particularly important in microgrids,
where space is often limited.

• MMCs have low harmonic distortion, which means that
they can generate high-quality, sinusoidal AC power
with minimal distortion. This is important in microgrids,
where the quality of the power being generated and
distributed is critical.

Despite the suitability of the MMC for microgrids applica-
tion, the use of MMC in microgrids is still limited, and more
research is needed in this area. In addition, there are no review
papers addressing the MMC-based microgrid that can serve
as a foundation for future research and can promote its use.

Therefore, this paper aims to fill this gap by providing a
comprehensive review of the use of the MMC in microgrid
applications, focusing on the following main contributions:

• Identifies the current state of knowledge and understand-
ing of the use of MMCs in microgrids.

• Examines the benefits and challenges of using theMMC
in microgrids.

• Identifies potential applications and feasibility ofMMCs
in microgrids.

• Determines the current trends and future directions of
research on this topic.

This paper is organized as follows: Section II gives an
overview of the MMC. The various MMC topologies used in

FIGURE 1. Three phase Modular Multilevel Converter (MMC).

microgrids are discussed in section III. Section IV provides
a review of the control strategies for MMC in microgrids.
A summary of fault detection and classification techniques is
presented in section V. Section VI explores the use of MMC
as frequency support for microgrids. A discussion of future
trends and challenges is provided in section VII. Finally, the
concluding remarks are given in section VIII.

II. AN OVERVIEW OF MMC
The MMC is an innovative converter topology, developed
by Lesnicar and Marquardt [32]. This cutting-edge converter
topology combines the advantage of the multilevel convert-
ers and other appealing features such as modularization,
scalability, common DC bus, transformer-less operation, and
fault ride-through capability [29], [30], [31]. As a result of
these advantageous properties, MMCs have been extensively
adopted in a variety of applications, including high-voltage
direct current (HVDC) [33], motor drives [34], [35], flexible
AC transmission systems (FACTS) [36], power electronic
transformers (solid state transformers) [37], [38], uninter-
rupted power supply (UPS) [39], and integration of Energy
storage systems (ESS) [40]. Generally, in theMMC topology,
each phase is composed of two arms, which consist of N
series-connected submodules (SMs) and a current-limiting
inductor Larm as illustrated in Fig. 1.

The MMC can utilize a variety of SM configurations
to meet specific application requirements, such as blocking
DC-side fault currents, minimizing capacitor voltage rip-
ples and circulating currents, and optimizing efficiency [41].
Fig. 2 illustrates the most frequently used SM configurations
in MMC.

The Half-Bridge Submodule (HB-SM), commonly
referred to as a chopper cell, is depicted in Fig. 2 (a). This
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FIGURE 2. SMs circuit topologies (a) Half-Bridge (b) Full-Bridge (c) Cascaded H-Bridge (d) Neutral-Point clamped (e) Flying capacitor (f) Clamp double.

type of SM is widely employed inMMC-HVDC transmission
systems. Owing to its simple construction, the HB-SM
enables easy control and design execution. During standard
operation, a single switching device remains in the ‘‘ON’’
state, resulting in decreased power losses and improved
efficiency.

Nevertheless, the output voltage produced by the HB-SM
is restricted to positive voltage levels (0 and Vc) and lacks
the capability to accommodate bipolar functionality or DC
fault blocking. To tackle the issue of DC-side fault cur-
rents, a technique that involves an antiparallel connection
of thyristors across the AC output terminals of the HB-SM
is proposed in [42]. The Full-Bridge Submodule (FB-SM),
also referred to as an H-bridge circuit, presents its structure
in Fig. 2(b). In comparison to the HB-SM for an equivalent
voltage rating, the FB-SM demands twice the number of
semiconductor devices. Nevertheless, the intricacy of control
and design is comparable to that of the HB-SM. During
standard operation, a pair of switching devices in the FB-SM
conduct the current, leading to increased power losses and
reduced efficiency. The FB-SMproduces three voltage levels:
0, Vc, and −V c. By employing the negative voltage level,
the DC-side fault current can be eradicated from the sys-
tem [65]. Given the same power rating and number of SMs,
the FB-SM-based MMC necessitates only 50% of the total
DC-bus voltage to generate a similar AC output voltage as the
HB-SM-based MMC. As a result, each FB-SM capacitor can
be designed with a voltage rating corresponding to 75% of

the HB-SM rated voltage [66]. Moreover, the FB-SM-based
MMC exhibits a reduced capacitor voltage ripple when com-
pared to the HB-SM-based MMC.

Enhancing the efficiency and performance of SMs can be
achieved by replacing the traditional SMs with multilevel
SMs.Whilemultilevel SMs effectively reduce the footprint of
MMCs, they introduce greater design complexity. Within the
MMC context, multilevel SMs provide a significant number
of redundant switching states, which notably improve the
controllability of the SM capacitor voltage. In recent years,
as depicted in Fig. 2, a diverse range of multilevel SMs has
been developed and investigated for their potential applica-
tions in MMCs.

By linking two HB-SMs in a series arrangement, a Cas-
caded H-Bridge Submodule (CHB-SM or CH-SM) can be
established, as illustrated in Fig. 2(c). This configuration
yields three distinct voltage levels at the SM AC output ter-
minals. The primary attributes of the CH-SM include simple
control and minimized design complexity. In addition, the
CH-SM exhibits low device power loss and high efficiency
attributes similar to the HB-SM.

The three-level Neutral Point Clamped SM (3L-NPC-SM)
comprises four semiconductor devices, a pair of clamping
diodes, and two capacitors as depicted in Fig. 2 (d). The main
challenges faced in the NPC-SM include loss distribution
between devices and maintaining a balanced neutral-point
voltage [67]. As a result of the neutral-point balancing
challenges, the operational range of the NPC-SM becomes
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TABLE 1. Comparison of recent state-of-the-art review articles on MMC with this article.

constrained at higher modulation indices [68]. In comparison
to the HB-SM, the NPC-SM exhibits higher power losses in
devices and diminished efficiency.

The three-level flying capacitor SM (3L-FC-SM) consists
of four semiconductor devices and incorporates a nested cell

design, as shown in Fig. 2 (e). By providing identical gating
signals to switching devices S1 and S2, the FC-SM can
operate similarly to an HB-SM. This distinctive characteristic
allows researchers to examine the performance of not only
HB-SM and FC-SM but also hybrid MMC systems (consist-
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ing of both HB and FC-SM) using solely the FC-SM [69].
In comparison to HB-SM-based MMCs, the FC-SM-based
MMC demonstrates lower capacitor voltage ripple and circu-
lating currents; leading to enhanced efficiency. Nonetheless,
the FC-SM produces exclusively positive voltage levels and
is unable to block the DC-side fault current.

Another type of the hybrid SM is the three-level clamp-
double SM (CD-SM) [70]. As shown in Fig. 2 (f), a CD-SM
configuration is achieved by connecting two HB-SMs in
series and adding two extra diodes and an IGBT. During
regular operation, the switching device SB in Fig. 2 (f),
consistently maintains an ‘‘ON’’ state, thus facilitating a
cascaded connection between two HB-SMs. In the event
of a DC fault, all devices in the CD-SM switch to the
‘‘OFF’’ state, yielding positive or negative voltage levels at
the output, depending on the current flow direction. Thus,
the CD-SM proves valuable in HVDC applications for miti-
gating DC-side fault currents [71]. However, the inclusion of
extra devices leads to considerable increases in power losses,
diminished efficiency, and greater design complexity. A sum-
mary of MMC’s different SM configurations is provided in
Table 2.

III. MMC-BASED MICROGRID TOPOLOGIES
An overview of MMC-based microgrid topologies is given
in this section. The first subsection discusses the different
topologies when theMMC is used as an interlinking converter
for hybrid microgrids. The second subsection addresses the
different topologies when MMC is used as an interface con-
verter for Distributed Energy Resources (DERs).

A. MMC AS A GRID-INTERLINKING CONVERTER
Multi-terminal hybrid AC/DC microgrids have gained
tremendous attention from researchers all over the world
due to the large-scale integration of distributed generators
(DGs) and the growing demand for medium- and low-voltage
DC power [72]. There are usually three stages of power
conversion in conventional multi-terminal hybrid AC/DC
microgrids. Therefore, to reduce the number of conversion
stages and to meet transmission demands, several research
papers have proposed the use of MMC as an interlinking
converter.

The utilization of an MMC-based power electronic trans-
former (PET) is provided in [73]. This topology integrates
the half-bridge (HB) Submodule (SM) of the MMC with
a Dual Active Bridge (DAB) converter and connects the
output terminals of the DAB converters to a common Low
voltage AC (LVAC) grid via DC/AC converter. As illus-
trated in Fig. 3, this multi-terminal hybrid microgrid con-
tains one Medium-Voltage AC (MVAC) microgrid, one
Medium-Voltage DC (MVDC) microgrid, and one LVAC
microgrid, which makes power transmission less flexible.

In [74], [75], [76], [77], and [78], an improved MMC-
based hybrid AC/DC microgrid is proposed. It differs from
the above-mentioned topology in that the low-voltage DC
(LVDC) microgrid is connected to each SM-DAB or LVAC

FIGURE 3. MMC-based hybrid AC/DC microgrid in [73].

FIGURE 4. MMC-based multi-terminal hybrid AC/DC microgrid in [74],
[75], [76], [77], and [78].

microgrid is connected to each SM-DAB via a DC/AC con-
verter, as shown in Fig. 4.

The use of this topology increases the number of micro-
grids that can be linked together, which increases power
feasibility. However, when the distribution of the power
between different LVDC and LVAC microgrids is unequal,
this topology is prone to various control challenges.

To improve the system’s ability to operate during unbal-
anced power distributions, each DAB converter is intercon-
nected to an SM, and the output terminals of the DAB in each
arm are connected to an LVDCmicrogrid, as reported in [72].
This topology increases the power transmission flexibility
since it connects two LVDCs, one MVDC, and a MVAC as
shown in Fig. 5. Nevertheless, it still faces a limited operating
capability during unbalanced power distribution between the
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TABLE 2. Comparison of different MMC submodule topologies.

FIGURE 5. MMC-based multi-terminal hybrid AC/DC microgrid in [72].

LVDC microgrids that are connected to the upper and lower
arm of the MMC.

A five-terminal hybrid AC/DC microgrid system based
on MMCs is proposed in [79] to enhance the interconnec-
tion flexibility and the system operation capability when
the power distribution is unbalanced. In this topology, each
half-bridge SM is connected to a Full-BridgeHigh-Frequency
Transformer (FB-HFT). The output terminals of FB-HFT
of each phase (Phase A and B) are connected to a LVDC
microgrid through a Full-Bridge (FB). The output terminals
of FB-HFT in phase C are connected to a FB and then to a
LVAC microgrid through a DC/AC converter. As illustrated
in Fig. 6, this five terminal hybrid AC/DCmicrogrid connects

FIGURE 6. MMC-based multi-terminal hybrid AC/DC microgrid in [79].

one MVAC microgrid, one MVDC microgrid, one LVAC
microgrid, and two LVDC microgrids, which will increase
the consumption of clean energy and strengthen the mutual
support between the different microgrids. A comparison of
the above-mentioned topologies is given in Table 3.
MGs are directly connected to the MMC in the afore-

mentioned topologies. It is also possible to connect multiple
microgrids that are geographically close to each other via a
distribution feeder. An advanced microgrid interface called
the Hybrid Unit of Common Coupling (HUCC) that replaces
the conventional Point of Common Coupling (PCC) is pro-
posed in [80] and [81]. The MMC serves as the core
component in the HUCC and provides both AC and DC
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FIGURE 7. HUCC-based microgrid in [80] and [81].

interfaces. As shown in Fig. 7, the HUCC is composed of an
energy storage system (ESS), and three buses, including the
HUCC bus, the AC bus, and the DC bus. The ESS facilitates
the transfer of power between microgrids. HUCC buses con-
nect the microgrid to the two other buses (DC and AC). The
AC bus connects the MG to the host utility grid while the DC
Bus is used to connect the MGs together. The MMC is used
as a rectifier Between the DC bus and the HUCC bus. The
replacement of the PCC with the proposed HUCC has led to
improved coordination between the microgrids and provided
more flexibility in the configuration.

B. MMC AS INTERFACE CONVERTER FOR DISTRIBUTED
ENERGY RESOURCES (DERs)
The use of the MMC for solar PV applications is still under
investigation. MMC-based PV topologies can be categorized
into those that integrate PV into theMMC’s common DC link
and those that integrate PV arrays into the MMC SMs.

In [82], a large number of PVmodules have been connected
to the common DC link of a single-phase MMC. Despite
the simplicity and cost reduction provided by this topology,
its energy yield is reduced during partial shading or module
mismatch. This reduction in energy is due to the use of only
one maximum power point tracking (MPPT) for several PV
strings.

A newMMC topology for PV module integration has been
presented in [83], where its proposed topology replacesMMC
arm inductors with open-ended transformers. The advantage
of this topology is that it reduces the electrical stresses in
MMC, the voltage rating of power devices, and the size of
SMs capacitors. The PV modules in this topology are also
connected directly to the DC link, so only one MPPT is used
for several PV strings, which will result in reduced energy
yield when partial shading occurs.

AMulti-string PV topology that utilizes DC/DC converters
connected in parallel to form a DC link as an input to MMC
was depicted in [84]. This topology provides distributed
MPPT among PV strings. However, since these PV strings
represent the DC link of the MMC, they are forced to work

FIGURE 8. SMs configurations used in the MMC based BESS (a) Direct
connection (b) connection through DC-DC converter.

near their maximum power during shading to ensure that the
MMC DC link voltage is constant. Further, DC/DC convert-
ers do not provide galvanic isolation for PV systems, making
the use of a low-frequency transformer necessary, which will
increase the system’s cost and losses.

The integration of solar PV into the MMC SMs has been
proposed recently [85], [86], [87], [88]. This integration of
PV arrays into the SMs has emphasized the modularity and
scalability features of theMMC, and it can improve efficiency
and reduce the costs of the whole system [89], [90]. More-
over, it facilitates the independent MPPT of the PV arrays.
This integration of PV arrays into the SMs introduced a new
challenge which is unbalanced power during inhomogeneous
irradiation. The proposed solutions in the literature to this
problem are given in detail in section IV.
Despite the MMC’s apparent suitability for PV applica-

tions, so far, no studies have been done to compare the
performance of the MMC-based PV systems with the cur-
rently available PV plants.

The MMC has recently attracted researchers’ attention
when it comes to the integration of battery energy storage sys-
tems (BESSs) [91], [92], [93], [94], [95], [96], [97]. BESSs
are generally integrated into SMs of the MMC, and there
are two methods for connecting the batteries to the SMs
of the MMC. In the first method, the batteries are directly
connected to the SM capacitors, as shown in Fig. 8 (a) [98].
Fig. 8 (b) shows the second method where the batteries are
connected to SMs through DC-DC converters [90], [91],
[97]. The drawback of directly connecting the batteries to the
capacitors of the SM is that the batteries will be exposed to the
second harmonic current/voltage. Thus, batteriesmust be pro-
tected from these harmonics by increasing the size of the SM
capacitors. On the other hand, with the DC-DC converter in
the second method, the batteries are decoupled from the SM
capacitors which reduces the DC-filter requirement for the
batteries, increases its lifespan, and reduces the SM capacitor
requirement.

Wind Energy Conversion Systems (WECSs) are used in a
wide range of applications nowadays, including microgrids.
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TABLE 3. Comparisons between the proposed MMC based multi-terminal hybrid microgrid.

FIGURE 9. BTB-MMC based PMSG wind power system.

These systems consist of a permanent magnet synchronous
generator (PMSG) together with a wind turbine and a power
electronic interface [99]. Reference [100] proposes the use of
Back to Back MMC (BTB-MMC) as an interface converter
for WECS as illustrated in Fig. 9. The main drawback of
this topology is the severe SM capacitor voltage fluctuation
that results from the low frequency of the stator current of
the wind power generator. Hence, this topology is not widely
used in WECS applications.

In [21] and [101], an MMC with full-bridge SMs was
used in WECS with a three-phase open-winding PMSG.
The problem with this simple topology is that the genera-
tor suffers from current distortion and power losses due to
the zero-sequence current of the open windings. A modular
multilevel matrix converter for the WECS was used in [102],
as shown in Fig. 10. This topology increases the efficiency
since it is a one stage conversion. However, this topology
has many internal channels for loop currents, which requires
a complex control system [103]. Another one-stage conver-
sion topology was proposed in [104], which is based on a

FIGURE 10. Topology of the modular multilevel matrix converter.

hexagonal modular multilevel converter. The advantages of
this topology include low power losses, low capacitor voltage
ripple, and transformer-less grid connections. A summary of
the above mentioned MMC-based topologies for different
DERs is presented in Table 4.

IV. CONTROL STRATEGY
Multiple objectives must be met simultaneously as part of
the control objectives/outcomes of the MMC. The control
must maintain the target voltage for all SM capacitors for the
proper operation of theMMC. The control objectives can also
include reducing switching losses, mitigating ripple voltages
in SM capacitors, and minimizing the harmonic content in
circulating currents [105], [106], [107]. Some of these objec-
tives conflict with each other; therefore, when developing
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TABLE 4. Summary of MMC-based topologies for different DERs.

the control strategies, a trade-off between these objectives
must be considered. There is a wide range of literature on
MMC control strategies. In general, the control structure
of the MMC can be divided into two levels: the high-level
control and the low-level control as illustrated in Fig. 11.
The high-level control utilizes the two degrees of freedom
of MMC, which are output current control and circulating
current control to achieve DC/AC power balance (grid syn-
chronization) and energy balance between the arms. On the
other hand, the low-level control determines the gate signals

of submodule switches according to the references and the
measured values, in addition to balancing the submodule
capacitor voltages within each arm.

A. MMC AS INTERLINKING CONVERTER
1) CONTROL METHOD
The multiterminal microgrid that is shown in Figs. 5 and 6
can be controlled in various ways. In general, the grid-feeding
approach is used if the voltage in the MGs is determined
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FIGURE 11. The hierarchical control structure of the MMC.

externally (by the grid). The power transfer among the MGs
is regulated in the grid-feeding approach. In contrast, a grid-
forming approach is used when MGs voltages need to be
internally established. It is not possible to achieve power bal-
ance by configuring all MGs in grid-forming mode since the
power is not controlled in this case. Thus, the operation mode
of at least one MG must be set to grid-feeding mode. Despite
the approach (grid-feeding or grid-forming) being imple-
mented, the capacitor voltages of theMMC SMsmust always
be maintained at their target voltage [108]. Generally, the
control system includes the control of the MMC and the MGs
interlinking converters (DAB or FB-HFT). Fig.12 illustrates
the control structure of the MMC, which includes AC output
current control and DC circulating current control. Regard-
less of the approach used (grid-feeding or grid-forming), the
MMC is controlled in the same way (vector control strategy).
Thus, the MGs interlinking converters (DAB or FB-HFT) are
responsible for controlling the MG power if the grid-feeding
approach is used or MG voltage if the grid-forming approach
is used.

The vector control strategy is used to control theMMCout-
put AC current in the multiterminal microgrid. This strategy
controls the converter voltage to follow a current reference
injected into the AC system. It requires the transformation
of the three-phase system to the DQ synchronous reference
frame. One of the most useful features of using vector control
is that the vectors of the AC voltages and currents after the

DQ transformation appear as constant vectors in steady state,
and hence simple PI controllers can be used to remove the
static errors that appear in the control system. This control
strategy is realized in the form of a cascade structure, with
two control loops in cascade. The outer control loop provides
the set points to the inner current control loop [88].

In Fig. 12, the active current reference i∗d is obtained from
a PI controller that is based on the voltage error between the
sum of all SM capacitor voltages and its reference. If the
sum of the capacitor voltages is lower than the reference,
the MMC absorbs the active current. On the other hand,
if the sum of all SM capacitor voltages is higher than the
reference, the MMC injects active current. The reactive cur-
rent reference i∗q is calculated by the MVAC reactive power
requirements for reactive power compensation, which is
i∗q = 2 × QMVAC/3Vg (QMVAC is the reactive power of
the MVAC grid and Vg is the amplitude of the MVAC grid
voltage). A Phase Locked Loop (PLL) is utilized to determine
the phase angle which is necessary to transfer the voltages
and currents between the ABC reference frame to the DQ
reference frame. The inner control loop generates the nec-
essary d-axis (vd ) and q-axis (vq) voltage components. Once
these voltages have been generated, they are converted to the
ABC reference frame (va, vb, vc) and sent to the balancing
system along with voltage generated from the circulating
current control to generate MMC gate pulses. Typically, the
circulating currents control method is used to reduce the
MMC losses by suppressing the second harmonic compo-
nent of the circulating current [109], [110], [111]. However,
in multiterminal MGs, the circulating current is also used to
regulate the arm and leg voltages of the MMC. In order to
control the leg voltages, DC circulating current components
are injected into each phase leg. On the other hand, the arm
voltage is controlled by injecting a fundamental component
into the circulating current. Controlling the voltage between
the MMC arms and legs will result in a balanced power
between them.

2) PULSE WIDTH MODULATION (PWM)
There are several pulse width modulation (PWM) tech-
niques available for generating gating signals for the MMCs.
Based on switching frequency, these pulse width modulation
(PWM) techniques can be organized into three categories:
high switching frequency PWM (HSF-PWM), medium
switching frequency PWM (MSF-PWM), and fundamen-
tal switching frequency PWM (FSF-PWM) [52], [112].
An increase in the switching frequency leads to an increase
in the semiconductor switching losses. Thus, when a small
number of submodules is employed, the high switching fre-
quency method is generally used, whereas when substantial
submodules are involved, the low switching frequency and
fundamental switching frequency schemes are used [113].

The carrier-based PWM method falls under the HSF-
PWM category, and it creates gating signals for multilevel
converters by comparing the modulation reference of each
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FIGURE 12. Overall control structure of the MMC.

FIGURE 13. Pulse width modulation schemes.

phase with multiple carrier waveforms [114]. The sawtooth
or triangular waveforms are often used as carrier signals. The
modulation reference signal, on the other hand, is the output
of the control system. As shown in Fig. 13 the carrier-based
PWM schemes are classified into phase-shifted carrier PWM
(PSC-PWM) and level-shifted carrier PWM (LSC-PWM)
techniques [115]. The PSC-PWM technology uses N identi-
cal triangular carrier waveforms shifted horizontally by 2π /N
(where N represents the number of SMs in each arm). These
N carrier signals are then compared with the reference mod-
ulation signals which results in an output voltage with N +

1 levels. An output voltage with 2N + 1 can be generated by
the MMCwhen the upper and lower arms’ carrier waveforms

have a π /2 interval angle [68], [116]. Due to the increased
voltage level in the 2N + 1 method, the output voltage
will have less harmonic distortion compared to the output
voltage from the N + 1 method. Microgrids based on MMCs
widely use the PSC-PWMmodulation approach. A review of
the other modulation schemes for the MMCs can be found
in [89].

3) BALANCING METHODS
To ensure the proper operation of the MMC, the SMs’ capac-
itor voltages must be balanced. Depending on whether the
voltage balancing occurs at the control or modulation stages,
the capacitor voltage balancing methods can be classified
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as distributed or centralized. In the distributed balancing
method, each SM capacitor voltage is regulated at its refer-
ence voltage using closed-loop controllers, which requires PI
controllers for each SM [117], [118]. Thus, the distributed
method becomes ineffective as the number of SM increases.
On the other hand, the centralized method is applied after
the modulation stage. In this method, the SM selection is
achieved by the sorting algorithms and relative comparison
logic [118], [119]. The centralized method involves sorting
the SM capacitor voltages either in ascending or descending
order. Then during the positive direction of the arm current,
the SM with the lowest voltage is inserted to charge the SM
capacitor, and during the negative direction of the arm cur-
rent, the SM with the highest voltage is inserted to discharge
the SM capacitor.

B. MMC AS INTERFACE CONVERTER FOR DISTRIBUTED
ENERGY RESOURCES (DERs)
1) POWER UNBALANCE IN PHOTOVOLTAICS
One of the main control challenges faced when solar PV
arrays are integrated into the MMC SMs is the power unbal-
anced during different irradiation conditions. There are two
types of power imbalances in the MMC topology which are
the inter-phase power imbalance and the inter-arm power
imbalance. Thus, various power-balancing control strategies
were proposed. A summary of these control strategies can be
found in Table 5. The authors of [85] have proposed the injec-
tion of Zero Sequence Voltage (ZSV) into the MMC phase
voltage to balance the inter-phase power. However, when the
generated power is heavily unbalanced, injecting ZSV will
result in overmodulation and will degrade the voltage quality.

Additionally, this approach is not capable of resolving
inter-arm power imbalances.

A powermismatch elimination strategy is proposed in [87].
This proposed method balances both the phase power and
arm power by injecting a DC and a fundamental AC compo-
nent of the circulating current. Power mismatch between the
MMC phases is regulated through the DC component of the
circulating current by keeping each leg’s energy equal so that
one-third of the power flows in each arm. On the other hand,
the AC fundamental frequency component of the circulating
current minimizes the energy difference between the arms of
the same phase which will eliminate the power mismatches
between them.

2) STATE OF CHARGE BALANCING IN BESS
Due to the inconsistency of batteries and the difference in
power of SMs in the MMC-based BESS, the State of Charge
(SOC) between battery packs will vary [27]. Therefore,
the MMC-based BESS requires SOC balancing control to
improve both the efficiency and the reliability of the capac-
ity utilization. In [120] a ZSV is injected to balance the
SOC between the phases of the MMC. However, determining
the proper ZSV requires complex mathematical calculation
which increases the calculation burdens of the Hardware.

SOC balancing can also be realized by sorting the SOC of all
SMs using the carrier-based disposition PWMmethod [117].
However, this method becomes increasingly complex as the
number of submodules increases. A closed-loop method for
achieving SOC balance between SMs within an arm and
phase legs was proposed in [121]. However, no consideration
was given to the problem of balancing the SOC between the
upper and lower arms. Table 5 provides a summary of control
strategies for SOC balancing in BESS.

3) VOLTAGE RIPPLE REDUCTION METHODS IN WECS
In wind energy conversion systems WECS employing
PMSG, phase currents can lead to considerable voltage fluc-
tuations in SM capacitors [122]. The fluctuation magnitude is
directly related to the PMSG current magnitude and inversely
related to the current frequency. These voltage fluctuations
would require increased capacitance and power device rating,
which are not appropriate for wind tower applications due to
space constraints.

Similar challenges have been identified during the start-up
procedure of variable speed drives (VSD). The proposed
methods for mitigating SM capacitor voltage ripple in
VSD mainly focus on high-frequency circulating cur-
rent and common-mode voltage (CMV) injections [123],
[124], [125], [126]. These methods effectively transform
low-frequency energy fluctuations into higher-frequency
variations [123]. However, introducing high-frequency com-
ponents in theMMC forWECS is less desirable due to several
shortcomings:

• CMV superposition may result in leakage current
through the bearing of WECS leading to premature
failure [127].

• The incorporation of circulating current results in
heightened stress on power devices, necessitating an
increase in current ratings [125], [128] and potentially
compromising system reliability. As the SM capaci-
tor voltage ripple reaches its maximum at rated wind
speed [129], it is essential to maintain a minimal CMV
magnitude to avoid overmodulation [126]. Given the
constrained CMV margin under rated operating condi-
tions, the magnitude of the injected circulating current
amplifies, as it exhibits an inverse relationship with
CMV [123].

• Controlling high frequency circulating current andCMV
is difficult, requiring additional control loops and poten-
tially decreasing stability, especially during transient
processes [128].

Alternative techniques for suppressing voltage ripple include
control strategies proposed in [130] and [131]. However, most
of these methods involve variable DC bus voltage control,
which is impractical for offshore DC wind turbines that need
a constant DC bus voltage for parallel or series connections.

An alternative approach for mitigating voltage ripple
involves the injection of the second-order harmonic circu-
lating current (SHCC) [100], [132], [133], [134], [135].
Since SHCC is predominant in circulating current harmonics,
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adequate control is necessary for suppression [110]. Com-
pared to high-frequency component injection and topology
improvement, SHCC injection neither demands additional
control loops nor variable DC bus voltage, making it eas-
ier to implement, particularly in MMCs for WECS [100].
Interestingly, proper SHCC amplitude and phase angle can
also lower MMC power loss due to reduced average arm
current [136], which is advantageous for WECS in achieving
low-cost and lightweight cooling systems. Although SHCC
injection for MMCs inWECS is studied in [100], this method
ignores harmonic components and only eliminates the fun-
damental component of capacitor voltage. In [133], SHCC
injection cancels the second-order component of capacitor
voltage ripple, while [137] suppresses both fundamental and
second-order components. However, no evidence suggests
that the fundamental component dominates capacitor voltage
in WECS applications, and the ripple characteristics across
the entire wind speed range remain unknown. Therefore,
a comprehensive analysis of ripple characteristics is neces-
sary to develop an appropriate SHCC injection method.

It is worth noting that no discussion on SHCC injection
methods for limiting MMC capacitor voltage ripple through-
out the entire wind speed range has been conducted.

V. FAULT DETECTION AND FAULT TOLERANCE CONTROL
Due to the growing use of MMC, there has been a recent
focus on developing methods for detecting and addressing
faults in the MMC. This section provides an overview of the
latest fault detection and fault tolerance control strategies for
MMCs.

A. FAULT DETECTION
MMCs are known for their high component counts, which
make them prone to failure. MMCs have a large number of
SMs, and the most common cause of SM failure is the IGBT
damage caused by short-circuit or open-circuit faults [138].
It has been found that open-circuit faults are more likely to
persist without being detected for longer periods, which may
adversely affect the output of the MMCs and overcharge the
capacitors in the faulty SMs.

Recently, several methods have been developed for detect-
ing faults in MMCs. These methods can be divided into
software-based and hardware-based methods [139]. The
large number of submodules (SMs) in an MMC makes
the hardware approach impractical; thus, the software-based
approach is preferred. Software-based fault detection meth-
ods are generally classified into three categories: model-
based methods, signal processing methods, and data-driven
methods [140]. Table 6 includes a comparison of the advan-
tages and disadvantages of these methods.

In the model-based method, internal characteristics and
external characteristics are compared to detect faults. The
Luenberger observer [141], sliding mode observer [142],
[143], and Kalman filters [144], [145] are classified as

model-based approaches and used for fault detection in the
MMC.

Signal processing-based fault detection methods process
output characteristics, such as voltage and current sig-
nals, to detect faults in real time. Recently, researchers
have regarded signal processing-based approaches as reliable
and effective [146], [147]. However, the model and signal
processing-based approaches are not robust since they rely
on obtaining suitable and appropriate inner features or thresh-
olds of specific derived indices, such as zero-crossing current
slope or harmonic content.

Fault detection approaches that are data-driven employ
artificial intelligence techniques (e.g., machine learning) to
analyze data, recognize patterns, and uncover relationships
that facilitate the detection process. Generally, these methods
train a machine learning model using a dataset containing
labeled examples, with the labels signifying the existence or
nonexistence of different MMC faults. The dataset might also
comprise variousmeasurements and sensor data like voltages,
currents, and MMC operating condition details. Once the
model is trained, it can be used to make predictions on new
data, allowing it to identify potential faults in the MMC.

One of the widely used data-driven methods for detecting
faults is Neural Networks (NNs) [148]. Despite their wide
usage, NNs require a lot of training data and time. Another
data-driven method that is utilized to diagnose the faults of
MMC is the support vector machine (SVM) [149] and its
optimization algorithms [150], [151]. The above-mentioned
methods involve feature extraction techniques that can affect
the precision and efficiency of fault detection. Feature extrac-
tion can be avoided by using deep learning. However, the
related literature on MMC is very limited.

It is worth noting that most of the mentioned fault detection
methods are for MMC-based HVDC. Thus, more research
is required to examine their effectiveness in MMC based
microgrids which could be a potential research area.

B. FAULT TOLERANT STRATEGIES
To improve MMC’s fault tolerance, several strategies have
been proposed in the literature [152], [153], [154], [155],
[156], [157], [158], [159], [160], [161], [162], [163], which
can be classified as hardware-based or software-based strate-
gies. Hardware-based fault tolerance strategies involve the
use of redundant SMs. These redundant SMs can be designed
to be either cold-reserved or hot-reserved. Cold-reserved
methods involve bypassing the redundant SMs during normal
operation and only inserting them when a failure occurs. This
causes transient problems when bypassing or inserting the
redundant SMs. In the hot-reserved method, the redundant
SMs are not bypassed and work as the other SMs during
normal operation [164]. The faulty SM is bypassed when a
fault occurs while the MMC continues to operate normally.
In addition to exposing the converter to asymmetrical opera-
tion, the hot-reserved method may also result in large power
losses. Furthermore, both the hot and cold reserved methods
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TABLE 5. Summary of control strategies for power unbalance, SOC balancing, and voltage ripple reduction.

increase the cost of the system due to the use of redundant
SMs.

To overcome the challenges associated with hardware-
based tolerance strategies, reference [165] introduces a fault-
tolerant SMwith integrated operating and backup half-bridge
SMs (HBSMs), simplifying the fault-tolerant method (FTM).
The proposed SM efficiently charges capacitors, ensures
post-fault output voltage levels, and mitigates drawbacks of
existing FTMs. Therefore, hardware-based fault tolerance
strategies are not practical.

Software-based fault tolerance strategies have recently
been developed as an alternative to hardware-based strategies.
These strategies rely on techniques to recover from failures
without requiring redundant hardware, which can provide a
more cost-effective and flexible approach to fault tolerance.
After bypassing the faulty SMs, reference [166] proposes a
method for restoring the voltage of the faulty phase by chang-
ing the modulation reference and increasing the voltage level
of the capacitor. However, this approach ignores the line volt-
age requirement, such as Total Harmonic Distortion (THD)
and the amplitude. Another interesting software-based fault
tolerance strategy that has gained interest among researchers
in recent years is the neutral-point-shift (NPS) method [162],
[163]. This method involves shifting the neutral point to
balance the three-phase line voltage. In [162], the NPS is
realized by altering the references of three-phase voltages.
In reference [163], a carefully calculated voltage is added to
the output voltage to achieve theNPS. TheNPSmethod offers
a flexible and cost-effectiveway to ensure the proper postfault
operation of MMC.

VI. MMC FREQUENCY SUPPORT FOR MICROGRID
Recently, power systems have experienced a significant
reduction in system inertia provided by the rotating masses,

mainly due to the replacement of conventional synchronous
generators (SGs) with renewable energy. This makes the
power systems more susceptible to frequency events. Fre-
quency events such as low-frequency nadir and high Rate
of Change of Frequency (RoCoF) may cause a cascading
failure, load shedding, or even large-scale blackouts, which
may lead to economic losses [167], [168]. Therefore, it is
imperative to address the frequency nadir and the RoCoF to
avoid undesirable disturbances in the power system. In [167],
battery and ultracapacitor energy storage devices are installed
to compensate for frequency deviations. References [169],
[170] proposed controlling grid-connected voltage source
converters (VSC) to act as SGs that could provide virtual
inertia and frequency support. According to [171], during
frequency events a fixed amount of MMC capacitor energy
can be injected into the grid. However, MMC capacitors are
found to have a smaller energy capacity than conventional
power systems, resulting in insufficient frequency support.

This can be different for microgrids since the SMs energy
capacity is sufficient to support the line frequency of the
microgrid. Reference [172] has explored the possibility of
MMC synthetic inertia in supporting microgrid line fre-
quency. The total inertia analysis that has been conducted
in [172] shows that the system inertia can be improved
and maintained regardless of the renewable penetration ratio
through the synthetic inertia provided by the SM capacitors of
the MMC. There are several aspects of microgrid frequency
support throughMMC that need to be investigated, which can
be explored in future research.

VII. FUTURE TRENDS
Despite the large body of literature on MMC, there are
still areas that require further research and development as
follows:
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TABLE 6. Comparisons between different fault detection strategies.

• IGBTs are currently the dominant semiconductor tech-
nology for MMC. This can be attributed to their low
switching frequencies. However, they are known to have
thermal limits which pave the way for thermal manage-
ment control methodologies. Suchmethodologies would
optimally maintain submodule operating conditions,
even under temperature uncertainties among submod-
ules caused by variation in loads and ageing. Thereby,
these methodologies provide longevity of semiconduc-
tor submodules.

• Another solution to manage abrupt thermal limits
present in semiconductors is the development of mature
wide bandgap devices, like silicon carbide (SiC) and
gallium nitride (GaN), which would be beneficial for
the MMC by decreasing the switching losses and min-
imizing cooling system requirements [173]. Therefore,
further investigation is required to properly model wide
bandgap devices and to determine their effectiveness in
MMC for Microgrid applications.

• Additionally, interesting research areas involve devel-
oping control methods using parameter estimation
approaches and sensorless techniques to replace the
current and voltage sensors. The exclusion of physi-
cal sensors contributes to several merits in optimizing
the operation of the MMC. Costs of initial installa-
tion and maintenance are significantly reduced, which
is critically considered for large-scale MMCs [174].
Moreover, employing sensorless techniques enhances
both the reliability and fault tolerance of MMCs by
eliminating potential sensor failures [175]. Furthermore,
sensorless techniqueswould avoid inherent latency asso-
ciated with physical sensors, providing instantaneous
response rates for unpredictable variations in control
systems, hence enhancing MMC’s control precision and
overall efficiency.

• Furthermore, cybersecurity is an emerging critical topic
that requires attention, particularly in microgrid appli-
cations. The possible threats emerge as the digitization
of microgrids takes place and their interconnection such

as manipulation of control signals, false data injection,
and denial of service attacks become more prevalent.
Particularly, critical cybersecurity threats such as false
data injection in the sensors of the MMC can affect the
stability of its control system. In this regard, research
needs to explore advanced cybersecurity measures and
develop reliable cybersecurity protocols and intrusion
detection schemes in MMC based microgrids.

VIII. CONCLUSION
There is considerable interest from academia and industry in
the salient features of MMC. Thus, during the past decade,
there has been significant research on MMC that has resulted
in new topologies, modulation schemes, and control methods.
However, the use of MMC in microgrids is still immature and
comprehensive research is required in this field.

This paper aims to deliver an in-depth insight and a critical
review into the current state of knowledge while concur-
rently highlighting promising directions for future research.
In this paper, the latest research contributions were reviewed
focusing on the circuit topologies, control schemes, and
fault-tolerance strategies of MMC within microgrid applica-
tions, highlighting their merits and demerits. In conclusion,
with the progression of MMC, it becomes clear that its matu-
rity in microgrid applications relies on continual research,
innovation, and refinement. It is projected that MMC will
play an increasingly vital role in future microgrid applica-
tions, leading to profound potential in its deployment.
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