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A modular multilevel converter (MMC) is an advanced voltage source converter applicable to a wide range of medium and
high-voltage applications. It has competitive advantages such as quality output performance, high modularity, simple
scalability, and low voltage and current rating demand for the power switches. The generalized configuration of a three-
phase MMC is comprised of a DC terminal, an AC terminal, and a converting kernel involving three phase legs. Each
leg/phase has two symmetric arms referred to as the upper arm and lower arm. The upper arm and lower arm contain a
group of identical submodules connected in series together with a chock inductor to suppress high-frequency components
in the arm current. The research interests of MMCs are primarily associated with the topologies, mathematical modeling,
output voltage and current control, submodule balancing control, circulating current control, and modulation methods. And
the incorporation of wideband gap (WBG) semiconductors are prospected to facilitate the MMC application with further
advantages of high-voltage and high-power operations, low power losses, high efficiency, improved reliability, and reduced
module size and cooling system.
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| 1. Introduction

The modular multilevel converter (MMC), as a recently developed member of the multilevel converter family, was first
proposed by Lesnicar and Marquardt in 2002 @, In 2010, this innovative converter was first commercially used by
Siemens in San Francisco’s Trans bay project . Since its first introduction, the MMC has gained considerable attention
and development owing to its promising advantages such as excellent output performance, high modularity, simple
scalability, and low voltage and current rating demand for the power switches B4, These are clear advantages for the
MMC over the traditional two-level and multilevel converters . The MMC is particularly applicable to a wide range of
medium and high-voltage power conversion systems, such as high-voltage direct current (HVDC) transmission systems &
@, medium voltage motor drives B9, renewable energy systems AL hattery energy storage systems (BESS) L2131,
static synchronous compensator (STATCOM) 14181 (hybrid) electrical vehicle chargers and drivers REILT and power
interfacing applications (18119,

The main purpose of this review paper is to present the current state of the art of the MMC technology and offer a better
understanding of its operation and control. In this context, a detailed review is conducted associated with the main
research issues regarding circuit topologies, mathematical modeling, control schemes, and modulation methods. The
MMC circuit configuration is reviewed comprehensively from the perspective of the submodule and overall topologies.
Despite limited DC fault tolerance 221 the half-bridge submodule (HBSM) is much preferred commercially among a
variety of two-level and multilevel topologies considering its simple configuration and low cost. Advanced overall
topologies are reported over the past years to meet application-oriented requirements. The MMC control methods are
developed and reported with respect to the output voltage and current regulation 22, submodule balancing 23], and
circulating current elimination 24! or injection 22, Meanwhile, nonlinear and predictive controls 28 provide a solution to
improve the MMC dynamic response instead of using a conventional proportional integral (PI) regulator or resonant
controller. The modulation techniques of the power converter 22 directly affect the output value and output quality on
power semiconductors. Numerous studies have been carried out to improve the modulation methods and are considered
in this review. The emerging WBG technology 28 leads to a revolution in power electronics, which is prospected with
power losses estimation using different modulation techniques in the MMC application.



| 2. MMC Topologies

The generalized configuration of a three-phase MMC is comprised of a DC terminal, an AC terminal, and a converting
kernel involving three phase legs, as shown in Figure 1. Each leg/phase has two symmetric arms referred to as the upper
arm and lower arm. The upper arm and lower arm contain a group of identical submodules connected in series together
with a chock inductor to suppress high-frequency components in the arm current. An MMC can achieve bidirectional
power conversion.
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Figure 1. Generalized configuration of a three-phase modular multilevel converter (MMC).

The submodule is the fundamental component of an MMC. According to the output voltage level, these submodules can
be classified into two categories: two-level submodule topologies with a single source and multilevel submodule
topologies with multiple sources. Among all the submodule topologies, the half-bridge submodule (HBSM) i is the most
popular configuration thanks to its simple structure together with a low system cost.

In terms of MMC overall topologies, the phase-leg or arm structure is one of the research points to improve the
performance of MMCs. The hybrid arm/leg architecture is a key factor to trade off the system cost, power losses, and DC
fault blocking capacity. Hybrid MMCs usually contain two different submodules. A symmetric hybrid MMC in 22 is based
on HBSMs and FBSMs. A new family of MMC referred to as bifurcate MMCs is investigated in BB, py et al. propose a
passive cross-connected MMC (PC-MMC) ¥ and an active cross-connected MMC (AC-MMC) B2, The difference is that
the flying capacitor in the PC-MMC is replaced by a series of additional submodules in the AC-MMC.

According to the connection schemes of the MMC arms, the overall architectures can be classified as star-configured
MMCs and delta-configured MMCs 3124l They can be further split into single-star, single-delta, double-star, double-delta,
and triple-star based on star and delta count. The configuration circuits are shown in Eigure 2. A triple-star MMC 2 is also
well-known as a “modular multilevel matrix converter” (M3C) B8I37. Figure 2d,e are the two same presentations for triple-
star MMC or M3C. In recent years, researchers developed a new topology for MMC referred to hexagonal MMC or
Hexverter B8, The Hexverter consists of six arms connected in a hexagonal circuit, and each arm is alternatively
connected to one phase of two three-phase AC networks, as shown in Eigure 2f. The Hexverter has limited reactive power
provision capability at some operation points, together with injected common-mode voltage, which is not expected in
some applications such as motor drives. Therefore, another hexagonal topology called Hex-Y B249 s proposed based on
the Hexverter. Except for the retaining hexagon circuit, three star-connected branches are added within the hexagon, as
shown in Figure 2g.
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Figure 2. MMC arm configurations: (a) Single-star MMC; (b) Single-delta MMC; (c) Double-star MMC; (d) Triple-star
MMC; (e) M3C; (f) Hexverter; (g) Hex-Y.

| 3. MMC Control Strategies

The MMC control strategies enable its high performance associated with superior safety, reliability, and efficiency. The
control is challenging and sophisticated as involving substantial submodules and multiple control objectives related to the
output voltage and current control, submodule voltage or SoC balancing control, and circulating current control.

The submodule balancing control in the MMC mainly involves leg/arm voltage balancing control, submodule capacitor
voltage balancing control, or SoC balancing control if based on a battery submodule. Various submodule balancing
schemes have been discussed and presented in the literature. These approaches are mainly based on individual
voltage/SoC control or a sorting algorithm to equilibrate between submodules. Generally, when a small number of
submodules are explored in the converter, the individual voltage/SoC control can be applied to realize the individual
voltage/SoC regulation; otherwise, the sorting algorithm is preferred in the application with increased submodules by
selecting the inserted/bypassed submodules in order of priority 4. The individual balancing control and sorting control are
also well-known as distributed balancing control and centralized balancing control 2411,

The voltage difference between the upper and lower arms of the MMC legs results in the circulating current. The
circulating current has little influence on the output voltages and currents at the AC side. However, it distorts the arm
current, leading to extra power losses, a higher rating of devices, and submodule voltage ripples 42, Therefore, the
circulating current is expected to be eliminated. The arm inductors can suppress the circulating current to some extent 43!,
Furthermore, the elimination controller is required to be employed. Since the circulating current is dominated by even-
order harmonic components, especially second-order harmonics, the control objective of the elimination controller mainly
focuses on the elimination of second-order harmonics 4. The circulating current elimination approaches are based on
decoupling control in the rotating dg-frame or resonant control in the stationary abc-frame. In terms of decoupling control,
the second-order circulating current is converted into a d-axis and g-axis as DC components, which can be controlled
easily and independently by PI regulatorsi 246l |n the case of unbalanced conditions where the circulating currents have
positive, negative, and zero sequence components, the repetitive controller ¥4l can be applied to regulate multiple
circulating current harmonics. Compared to decoupling methods, the proportional resonant controller has some
advantages under unbalanced conditions with an easier implementation of multiple resonant controllers to eliminate a
wider bandwidth of circulating current harmonics (421,

The MMC as a switching converter is a nonlinear system associated with multiple coupled variables. The conventional
control methods are easy to implement in digital controllers by using linear techniques. However, these methods have a
limitation on the dynamic response in terms of multiple control objectives such as AC current and voltage, leg/arm voltage,



and circulating currents. To achieve simultaneous control and dynamic response, nonlinear and predictive control
strategies are promising alternatives for MMC applications. Model predictive control (MPC), is a preferable choice for
power converters as it is a nonlinear control method. The MPC method can deal with multiple constraints in a single cost
function and provide fast dynamic response and robustness against parameter variation and external disturbance. The
finite control set MPC (FCS-MPC), also known as direct MPC, is a popular predictive approach used in MMC control. One
disadvantage of the FSC-MPC is the computational burden to obtain the optimal switching states, which worsens with
increasing voltage levels. To deal with this issue, a fast FCS control scheme is investigated. Fast FCS-MPC Bl also
known as indirect MPC, remains the submodule balancing strategy along with the predictive control. The predictive control
is employed as the primary controller to control the output and circulating currents. Meanwhile, the submodule balancing
strategy is applied as the secondary controller to equalize the submodule voltages or SoCs within the arm. The
computational effort of the indirect FCS-MPC is minimized to a large extent, as only N+1 switching states are required to
be evaluated for the optimal cost function.

| 4. MMC Modulation Techniques

Various pulse width modulation (PWM) techniques have been developed to generate a desired output voltage for the
MMC. These modulation techniques, depending on the switching frequency, can be classified as high switching frequency
PWM (HSF-PWM), low switching frequency (LSF-PWM), and fundamental switching frequency (FSF-PWM) modulation
scenarios BB, The semiconductor switching losses increase with the switching frequency. As a result, the high switching
frequency method is generally utilized when a small nhumber of submodules are employed, whereas low switching
frequency and fundamental switching frequency schemes are preferred when substantial submodules are involved 4.

Carrier-based PWM is a typical HSF-PWM method in which, for multilevel converters, the modulation reference of each
phase is compared with multiple carrier waveforms to create the gating signals 2. Triangular or sawtooth waveforms are
prevalently applied as the compared carrier signals. Carrier-based modulation schemes, based on the arrangement of
multiple carriers, are categorically divided as phase-shifted carrier-based (PSC-PWM) and level-shifted carrier-based
(LSC-PWM) techniques 22,

The switching frequency of space vector modulation (SVM) falls into the category of the LSF-PWM scheme. It is
advantageous to select the switching vectors and arrange the switching sequences with more freedom in SVM-PWM.
SVM-PWM has demonstrated good performance with superior harmonic features and DC-link utilization in the two-level
converter 28, However, when it comes to multilevel modulation, the SVM-PWM algorithm is challenging to implement with
the significantly increased computational burden and complexity . Another low switching frequency modulation approach
referred to sampled average modulation (SAM) has a similar process to SVM-PWM but with less computation complexity
and simple implementation to multilevel converters with any number of submodules B4, In SAM-PWM, the command
voltage is produced by averaging the two nearest voltage levels and avoiding zero vectors in each sampling interval.

In terms of fundamental switching frequency modulation, a quite popular method is nearest level modulation (NLM) 551581,
In this approach, the switching states and dwell time are directly derived from the command voltage eliminating the use of
carrier signals. It is easy and practical to implement, especially in the case of MMC involving a large number of
submodules. Selective harmonic elimination (SHE) also belongs to the category of FSF-PWM. SHE-PWM B2 can provide
a high performance of output voltages. However, this method is difficult to implement due to the heavy calculation of
substantial switching angles with multilevel voltages. An overview and comparison of different modulation techniques
regarding modulation categories, switching frequency, application with the employed number of submodules, output
harmonic performance, and implementation effort are presented in Table 2.

Table 2. Pulse width modulation techniques.

PWM Category Switching Frequency SM Count Performance Effort
PSC-PWM HSF-PWM fsw > 2000 Hz Small/Large High Complex
LSC-PWM HSF-PWM fsw > 2000 Hz Small/Large Moderate Moderate
SVM-PWM LSF-PWM 100 Hz < faqp <2000 Hz Small High Complex
SAM-PWM LSF-PWM 100 Hz < fagp <2000 Hz Small/Large Moderate Easy
NLM-PWM LSF-PWM faw= 50160 Hz Large Low Easy

SHE-PWM LSF-PWM fsw= 5060 Hz Small High Complex




| 5. Power Losses and WBG Technology

Wideband gap semiconductors, made on silicon carbide (SiC) and gallium nitride (GaN) provide advantages of increased
energy efficiency, high power density, and cooling density thanks to improved electrical and thermal conductivities 28152,
WBG transistors are expected to occupy a wide range of power conversion applications which are dominated by the
traditional Si-based power devices over the past decades. Power loss calculation is critical for thermal management and
cooling in terms of applications with high power density. Power losses for semiconductors consist of conduction and
switching losses. The low on-state resistance of WBG power devices contributes to a reduced conduction loss compared
with Si-based modules.

In order to assess the thermal performance of conventional Si-based semiconductors and WBG switching modules
modulated by different modulation techniques for the MMC, the power losses calculation model is carried out with the
simulation model in MATLAB. The simulation results are demonstrated graphically as in Figure 3 illustrates the
comparative performance based on semiconductor power losses, MMC efficiency, and output voltage THD by using
different modulation methods. From Eigure 3a,b, it is noticed that SiC modules, compared to Si devices, yield lower power
losses and higher power efficiency for all the three modulation techniques. It is also indicated that the PSC-PWM has
higher power losses following with the PD-PWM and SAM-PWM for both Si and SiC switches in Figure 3a, which leads to
a reduced MMC efficiency, as shown in Figure 3b. In spite of lower performance in power losses and efficiency, Figure 3c

manifests that PSC-PWM is prominent in providing good voltage quality with lower THD compared to the other two
methods. The comparison of performance indicates that the differences in the material properties of switching devices
lead to the fact that the WBG components have superior performance regarding reduced power losses and higher power
efficiency. The advantages of WBG power transistors can further substantially reduce the size of whole power conversion
systems with strong robustness. It is expectable that WBG power switches will play a prominent role together with the
MMC in the power conversion applications in the near future.



Figure 3. Comparative performance of using Si and SiC semiconductors with different modulation methods and load (100
kW) and input voltage per MMC HBSM (300 V): (a) Semiconductor power losses; (b) MMC efficiency; (¢) Output voltage
total harmonic distortion (THD).

| 6. Conclusions

The MMC is expected to be a preferable choice in the medium and high-voltage power applications with intrinsic
advantages such as scalable multilevel output voltage, low harmonic content of output voltage and output current,
modular and flexible design, improved efficiency, and redundancy. This paper reviews the MMC with respect to the
submodule and overall topologies, control methods, modulation techniques, and power losses with the incorporation of
WBG technology. As an application-oriented topology, it is predictable that the MMC will be guided to be more customized
and well-adapted in the specific application area in terms of power transmission and quality improvement. With respect to
MMC control, the output voltage and current control under different grid conditions, submodule balancing control, and
circulating current control are discussed. The challenging issues include the submodule balancing control, circulating
current control, multiple variables’ simultaneous control, and the complexity of consequent control. Nonlinear and
predictive control strategies could be promising alternatives compared to conventional control methods. Modulation
techniques are reviewed and classified according to switching frequency with decent application area and implementation
effort. Power losses are investigated with the incorporation of WBG technology by using different modulation methods.
The comparison of performance indicates that PSC-PWM has better output performance while generating higher power
losses compared to PD-PWM and SAM-PWM, and the WBG semiconductors have superior performance regarding
reduced power losses and higher power efficiency. The incorporation of WBG technology will facilitate the MMC
application with further advantages of high-voltage and high-power operations, low power losses, high efficiency,
improved reliability, and reduced module size and cooling system.
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