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Abstract: In contemporary power electronics, multilevel converters stand at the forefront of high-
power, high-voltage applications, offering superior performance in terms of efficiency, reduced
harmonics, and improved voltage waveform quality compared to traditional two-level converters.
Their capability to synthesize waveforms with multiple voltage levels has garnered significant
attention across various industrial sectors, including renewable energy systems, electric vehicles, and
high-voltage power transmissions. This paper provides a comprehensive overview of multilevel
converter technology, encompassing their classification, main topologies, recent advancements, and
emerging trends. By exploring the evolution of multilevel converter technology and identifying
future research directions, researchers and engineers can gain valuable insights into the design,
optimization, and application of these advanced power electronic systems.

Keywords: voltage source inverter (VSI); power electronics; multilevel converters (MLCs); medium-
voltage drives; power converters; high-power applications; topologies; modulaticn

1. Introduction

Multilevel converters (MLCs) play a pivotal role in modern industry applications [1-3].
In recent years, they have been widely used in various medium-voltage, high-power
applications, in particular in a continuous renewable energy extension scenario [4—5]. Since
their initial introduction in the industry and academic literature, MLCs have become a focal
point of study, research, and innovation among engineers and researchers [7-9]. Among all
the different fields where MLCs have found widespread employment in recent decades,
high-voltage direct-current (HVDC) power systems, static compensators (STATCOM),
flexible AC transmission systems (FACTS), and large motor drives are mentioned [10-13].

MLCs operate on the principle of producing a staircase waveform voltage employing
power semiconductor devices. Additionally, capacitors, batteries, and renewable energy
resources can serve as DC links [14-16]. By synthesizing high-voltage outputs through
various combinations of input voltage levels, MLCs enable switches to have low-voltage
ratings, which are closely aligned with the voltage levels of the input DC sources.

As a direct consequence, MLCs offer superior performance compared to conventional
two-level converters, exhibiting advantages such as a modular structure, a better harmonic
content, a reduced voltage stress (dv/dt) [17], and a reduced electromagnetic interfer-
ence [17-19], lower switching losses due to reduced switching frequency, fault-tolerant
operation capability [20], and a reduced common-mode output voltage [21].

The great advancements and improvements in power converters of recent years has
been propelled by the emergence of high-performance microprocessors capable of executing
advanced nonlinear digital-control algorithms. Additionally, significant progress in power
electronic semiconductor technology has led to the development of new high-speed switching
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devices with remarkably low on-state losses. Among these promising power electronic semi-
conductors, silicon carbide (SiC) and gallium nitride {GaN) devices stand out for their dynamic
behavior, particularly in high-switching-frequency applications [20-22]. Consequently, these
advancements enabled the design of more compact power electronic converters compared
to traditional counterparts. Recent advancements in multilevel converter technology have
been significant, driven by the growing need for high-power, high-efficiency conversion
systems across various industrial applications, including renewable energy integration, elec-
tric vehicles, and grid-connected systems. The introduction of new semiconductor devices,
coupled with innovative control algorithms and modulation schemes, has further enhanced
the capabilities and performance of multilevel converters.

Despite this progress, several challenges and opportunities remain for future research
and development in the field of multilevel converters. The key areas of focus include opti-
mizing converter topologies for specific applications, improving efficiency and reliability,
integrating advanced control and modulation techniques, and exploring new semiconduc-
tor materials and device technologies. Additionally, thermal management remains a critical
concern, particularly in high-power applications. Ongoing research is dedicated to address-
ing these challenges, emphasizing advanced control strategies and the incorporation of
intelligent fault-detection mechanisms.

This paper aims to describe the multilevel converter topologies that have gained more
relevance in recent years, and it will be structured as follows: Sections 2 and 3 will be
focused on the description of the three classical multilevel architectures, and the main
modulation techniques. The recent advances in terms of new topologies are contained in
Section 4, while future trends and perspectives are contained in Section 5 and conclusions
are drawn in Section 6.

2. Classical Multilevel Structures

The development of multilevel converters commenced with the concept of the multi-
level stepped waveform concept, utilizing a series-connected H-bridge, commonly referred
to as the cascaded H-bridge converter, in the late 1960s [23]. Concurrently, advancements
in low-power applications led to the introduction of a flying capacitor (FC) topology in
the same period [24]. Subsequent progress in the late 1970s saw the introduction of the
diode-clamped converter (DCC) [25]. The DCC concept evolved further into the three-level
neutral-point-clamped (3L-NPC) converter, which we recognize today as the first practical
multilevel power converter for medium-voltage applications [26]. Additionally, the cas-
caded H-bridge (CHB) topology resurfaced in the late 1980s [27], gaining more industrial
significance in the mid-1990s. Similarly, the early FC circuit concept, initially designed
for low power in the 1960s, transformed into the medium-voltage multilevel converter
topology we are familiar with today during the early 1990s [28].

The three multilevel converter topologies discussed herein are now regarded as the
classical or traditional options, having transitioned into real industrial products over the
past two decades. Figures 1-3 illustrate the architecture of a single-phase circuit for each of
these topologies. These topologies are readily accessible from diverse producers, presenting
a variety of power ratings, front-end setups, cooling mechanisms, semiconductor selections,
and control methodologies, alongside other technical specifications.

Among these different multilevel topologies, the NPC and the CHB have emerged as
the most favored options in the industry, each with its own distinct characteristics. The
CHB excels in achieving higher voltage and power levels. In contrast, the NPC features a
simpler circuit structure, leading to a smaller physical footprint. When it comes to the types
of devices used, the NPC typically employs medium- to high-voltage components, such as
integrated gate-commutated thyristors (IGCTs) and medium-/high-voltage insulated-gate
bipolar transistors (IGBTs), whereas the CHB can utilize low-voltage IGBTs. Furthermore,
the NPC configuration is particularly well suited for back-to-back regenerative applications,
while the CHB topology requires a greater number of devices to achieve regenerative
operation, needing a three-phase two-level VSI for each cell. Despite both configurations
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generating the same number of levels with an equal number of switching devices, the CHB
offers a wider range of output voltage levels (up to 15) resulting in a lower average switch-
ing frequency for the devices. The following section will provide a detailed description of
these three classical multilevel topologies.

d J
Van
e e
J J

Vic e

Vde)1 =

Vde/2 5

1
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Figure 3. One phase of a FC architecture.
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3. Classical Multilevel Topologies Description
3.1. Neutral Point Clamped

This topology, since it has been introduced in the early 1980s [26], proposed as an
extension of the existing two-level voltage-source converter (2L-VSC), aimed to overcome
limitations in voltage and power ranges imposed by the blocking voltages of semiconduc-
tor devices with active turn-on and turn-off capabilities. By ensuring all semiconductors
operated at a switching voltage of half the DC-link voltage, the 3L-NPC provided a straight-
forward solution, particularly beneficial for medium-voltage (MV) applications ranging
from 2 to 5 kV [29,30]. The topology gained rapid traction in the market after its intro-
duction by leading manufacturers and became increasingly significant. Essentially, the
three-level power circuit of the 3L-NPC-VSC incorporates extra diodes per phase leg com-
pared to the 2L-VSC. This design allows for the connection of the phase output to the
neutral point n of the converter, thus enabling the distinctive three-level operation. While
various extensions of NPC converters have been proposed to generate additional output
voltage levels [31], some of these have yet to gain industrial acceptance [31-34].

The overall switching state of the converter is defined by the combination of switching
states across all three phases, with each phase’s switching state represented as either
generating Vdc/2, —Vdc/2, or being connected to the neutral point (generating a zero-
voltage level). The 3L-NPC-VSC encompasses 27 switch states, calculated as L3, where L
represents the number of voltage levels of each phase v, (x = a, b, ¢). These switch states
can be visualized in the complex &—{ frame by computing the associated space vector for
each switching state, with certain states exhibiting redundant space vector representations,
which can be utilized for neutral-point balance purposes [35-37].

Vs = #[van + avpy + a2 en] )
= 2[5, %% + a5, % + a25, Y]

Table 1 shows the switching states for a single phase of a 3L-NPC.

Table 1. Single phase 3L-INPC switching table.

Output Voltage Gate Signals Switching State
VaN Sal Sa2 Sa
Vde/2 1 1 +
0 0 1 a
—Vdc/2 0 0 =

3.2. Cascaded H-Bridge

The cascaded H-bridge (CHB) was first introduced in 1988 [27], and it rapidly became
one of the most interesting solutions in the following years. It operates through the series
connection of H-bridge power cells, earning it the designation of a multicell inverter [38—40].
Each cell comprises a single-phase HB converter, a capacitive DC link, a rectifier, and an
autonomous voltage source, such as batteries or transformer secondaries [41-43]. The
rectifying stage can be a full bridge where diodes are used, whereas an active front end
(AFE) is needed when regenerative operation is required [44—47].

Considering the inverter side of the power cells depicted in Figure 4, the switching-
state of a single cell Sk is established by two logical signals (Sk1, Sk2), where “1” and “0”
represent the “ON”" and “OFF” states of each switch. This leads to four different binary
combinations, generating three distinct output voltages: +Vdc, 0, and —Vdc. As the cells
are in series connection, the combined output voltage of a single phase “x”, in the case of
“k” total cells, amounts to

k k
van= ) Uy =Y Vu(Si—52), x = {a,b,¢} (2)
y=1 y=1
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with Vy as the DC-link voltage and k representing the number of cells for each phase.
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Figure 4. Rectifier and inverter side of CHB cell.

The various output voltage levels can be obtained by substituting all possible config-
urations of the switching conditions of each cell into Equation (2), thereby deriving the
inverter switching table [48].

3.3. Flying Capacitor
The basic structure of a flying capacitor topology is reported in Figure 3 [49-51].
Alternatively, this topology can be represented in a more modular form, commonly

referred to as a multicell, as depicted in Figure 5.

Each converter phase leg comprises three commutation cells connected in series [52,53].
Cx1 and Cx2, representing the rated voltage level of the FCs, are equal to 2/3 x Vdc and
1/3 x Vdc, respectively. In [54], Meynard and Foch developed a technique in order to
charge the FCs to the preferred voltage level in the converter initialization process.

Table 2 depicts the switching configurations of a single phase of a 4L-FC-VSC [55-57].
Redundant switch states, exhibiting a different polarity of the FC currents, are employed
to balance the voltages across the FCs. Aggregating all three phases, the 4L-FC-VSC
encompasses L? = 4% = 64 distinct switching states [58-60].
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Figure 5. Single phase FC multilevel converter.
Table 2. Single phase 4L-FC-VSC switching table.

Output Voltage Gate Signals Capacitor Current
VxN Sx1 Sx2 Sx3 Tex1 Iex2
Vdc/2 1 1 1 0 0
Vde/6 | 1 0 0 +ix
T 0 1 +ix —ix
0 1 1 —ix 0
—Vdc/6 1 0 0 +ix 0
0 1 0 —ix +ix
0 0 1 0 —ix
—Vde/2 0 0 0 0 0
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3.4. Main Modulation Methods

In this section, a brief description of the main modulation techniques employed in
MLCs is presented. What differentiates the modulation techniques for MLCs is the switching
frequency. Some methods synchronize their switches with the fundamental frequency and
are known as low-frequency methods, whereas others operate at much higher frequencies,
earning the label of high-frequency methods. The most widely used high-frequency technique
is sinusoidal pulse-width modulation (SPWM) [61]. In SPWM, the reference voltage is
compared with one or more carrier signals, depending on the number of levels, to generate
the desired gate signals. Although SPWM is popular due to its simplicity and robustness, it
has limitations, such as voltage self-balancing difficulties and an impossibility to achieve the
maximum modulation index without injecting the third harmonic.

Space vector modulation (SVM) is another well-known method that addresses the
drawbacks of SPWM. SVM can be easily applied to various multilevel topologies.

The core idea behind SVM is to activate three adjacent vectors relative to a reference
vector during a sampling time. The switching times (Vj, Vi1, and Vj+2) corresponding
to these adjacent vectors can be calculated using an equation based on the volt-second

balancing principle.
. (TVi+ T Vg + Tia Vi)
VE = 171 ) J,T ] J (3)

SVM offers several advantages beyond those mentioned earlier, such as efficient
utilization of dc-bus voltage and the possibility to obtain maximum modulation index in a
natural way, lower values of the current ripples than SPWM, and ease of implementation
using a digital signal processor (DSP).

These advantages position SVM as an excellent choice for high-voltage, high-power
applications.

However, as the number of levels increases in multilevel inverters, the number of
redundant states also grows. While this flexibility enhances voltage balancing, it simultane-
ously introduces complexity. For instance, controlling a five-level SVM-based inverter is
significantly more intricate than managing a three-level counterpart.

High-frequency techniques like SPWM and SVM result in more commutations per
cycle, leading to increased switching losses. Nevertheless, the overall quality of their output
is superior.

In contrast, low-frequency switching techniques such as selective harmonic elimi-
nation (SHE), space vector control (SVC), and direct torque control (DTC) serve specific
applications, each tailored to its unique requirements.

As mentioned, all these modulation techniques can be implemented in all the typical
MLC topologies. As regards the CHB, the preferred method is phase-shifted pulse-width
modulation (PS-PWM), due to the inherent modularity of the converter [61—63]. In this
method, each cell is independently modulated using unipolar PWM with a common
reference signal. By introducing a phase shift across all carrier signals within each cell, a
stepped multilevel waveform is generated. Notably, the optimal output voltage quality is
achieved when employing 180° /k phase shifts between the carriers in a k-cell inverter.

PS-PWM is the best choice also for FCs. Unlike the CHB, where each cell employs
three-level outputs, the FC operates with two-level output voltages per cell. Specifically,
the FC introduces a 360° /k phase shift among the carriers, where k represents the number
of cells [64]. Additicnally, bipolar PWM is utilized in the FC, in contrast to unipolar PWM.
Other relevant techniques have been proposed, including field-oriented control combined
with a phase disposition (PD) carrier-based sine-triangle modulation for the four-level
FC-VSC [61]. In this modulation scheme, one-sixth of third harmonics is added to the
reference signals. To achieve balanced capacitors in a PD sine-triangle modulation, three
120° phase-shifted trapezoidal carriers are employed within each of the three modulation
bands (1to1/3,1/3to—1/3,and —1/3 to —1).

Regarding NPCs, one of the most relevant issues is the balancing of the neutral point,
which has been a topic of great interest for researchers and engineers in recent years.
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The most common modulation strategies for NPCs are multiple carrier PWMs, SVM,
and SHE, which can be adapted and extended for the multilevel case [63].

3.5. Comparison Summary

In this summarizing paragraph the three classical MLC topologies discussed above are
schematically compared in Table 3 regarding efficiency, total harmonic distortion (THD),
switch count, power level, applications, and modulation strategies.

As regards THD, its level in MLCs is influenced by several factors, including the
number of levels, switching frequency, DC voltage, the modulation technique, and other
design parameters. To compare the THD performance of the three classical topologies,
some simulation tests have been conducted in a MATLAB/Simulink environment. These
simulations have been performed with a switching frequency of 3 kHz and a DC voltage of
400 V, with the resulting output voltage THD levels shown in Figures 6-8.

Table 3. NPC, CHB and FC comparison.

NPC

CHB

FC

Typically high due to reduced
switching losses, especially at
lower switching frequencies.

High, particularly at higher power
levels, because of reduced compo

Generally lower compared to the
NPC due to the additional power
losses associated with charging

Efficiency However, the efficiency decreases  nent stress and the ability to and discharging the capacitors.
as the number of levels increases  distribute power conversion across Requires careful management of
due to the additional power losses  multiple modules. (97-99%) capacitor voltages to maintain
in the clamping diodes. (96-98%) efficiency. (94-97%)

Low THD due to the availability  Very low THD due to the Cenerllylow THD-ginilar ta
. . : NPC. The flexibility in voltage
of multiple voltage levels that independent operation of cach levels all for fi ;
reduce the steps in the output H-bridge, which can be modulated to apels gl aws laniineming ol the
THD ’ output waveform, thus reducing

waveform. However, achieving
low THD requires precise
balancing of capacitor voltages.

produce a near-sinusoidal output
waveform. The modularity allows for
better harmonic performance.

THD. However, the THD is
influenced by the capacitor
voltage balancing.

Power Level

Suitable for medium to
high-power applications.
Typically used in the range of
several MW [31].

Highly scalable, making it suitable for
a wide range of power levels, from
low to very high-power applications,
reaching several tens of MW [43].

Generally used in medium-power
applications, usually in the range
of several hundred kW to a few
MW [56].

Switch Count

Moderate, but increases
significantly with the number of
levels. Requires additional
clamping diodes which add to the
complexity.

Lower relative to NPC and FC for the
same number of levels, since each
H-bridge operates independently
with fewer components.

High, due to the requirement of
multiple capacitors and switches
for each level. This increases
rapidly as more levels are added.

Extensively used in renewable energy

Suitable for applications requiring

:ﬁ;ﬁ;ﬁ;ﬁiﬁ? Spt{;g‘;r HVDC applications (solar inverters, wind high modularity and redundancy,
Applications STATCOMS ar}: . d’iurn-vol’t . turbines), FACTS devices, electric such as high-voltage medical

drives [29] ! 8¢ vehicles, and medium to high-voltage equipment and aerospace

T drives [44]. systems [54].

Typically employs carrier-based Phase-s_}';lftled PWdMn?lr SHEd a}'e the Similar to NPC, it uses

PWM techniques, including phase most wi 2_]_3{ use f- ﬂe rr};? " i{ carrier-based PWM and SVM.
Modulation disposition, phase opposition gtrducturz tows t: rl ef)u ci?llb id Additionally, balancing the

Strategies disposition, and phase-shifted TISTREnae contedl of £a LS & capacitor voltages requires

PWM. SVM is also used for
higher performance [65].

module, making it easier to
implement advanced modulation
strategies [64].

specialized control
algorithms [61].

[t is important to note that increasing the number of levels significantly reduces the
THD. For instance, an 11-level CHB converter can achieve an output voltage THD level
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lower than 10%. Moreover, it has to be mentioned that referring to the simulation results
shown in Figures 6-8, in the case of a 2-level converter, the resulting THD is around 45%.

Fundamental {S0Hz) = 327.3, THD= J4.22%
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Figure 6. Output voltage THD of a 3-level NPC.
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4. Recent Advances and New Multilevel Topologies

Figure 9 shows a classification of the most common high-power converter structures
in the industry.

Since the inception of the first multilevel topologies nearly five decades ago, numerous
variations and novel multilevel converter architectures have been presented in the technical
literature. Several of these new configurations consist of modifications in the three classical
structures discussed earlier, or combinations thereof. As a matter of fact, for this reason
these topologies are called hybrid MLCs. These hybrid configurations combine the features
of two of the three classical architectures (NPC, CHB, and FC), in order to obtain the advan-
tages of each, achieve higher voltage levels, and reduce the system complexity. Some of the
topologies proposed in the literature in recent years, which gained attention for some high-
power applications are the active NPC (ANPC) [66], the T-type converter [67], the various
CHB-FC combined architectures proposed in [68,69], or the FC-NPC combined converters
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introduced in [70,71]. Among the newer topologies that have seen practical adoption, the
architectures presented in this study are the modular multilevel converter (MMC), the
matrix multilevel converter (M3C), the multiplexed multilevel converter (xPlexed), the
five-level H-bridge NPC (5L-HNPC) and the three-level active NPC (ANPC).

[Main Multilevel Converters ]

l ‘
¥

e —
CHB II ' NPC T E Flying Capacitor
| S — |

3 ! i !

'S ™
Asymmetric : FC + NPC HEB
[ CHB ] L NPC +CHB ] ? 3L-ANPC [ (xplasd) FC+Cl
p S

. :

[ S5L-HNPC ] S5L-ANPC

Multilevel Matrix
[ Converter J [ e J
Figure 9. Main multilevel converters in the industry.

4.1. Modular Multilevel Converter

The modular multilevel converter (MMC) was first introduced in the literature by
Marquardt [72]. This topology has become one of the most attractive multilevel structures
for medium- and high-voltage applications. As a matter of fact, the MMC emerged as a
novel solution to address the challenges associated with voltage scalability, reliability, and
efficiency in multilevel converters [73-75]. Its distinctive architecture comprises multiple
series-connected sub-modules, typically equipped with IGBTs or IGCTs, arranged in a
modular fashion. The topology of the MMC enables precise control of the output voltage
through adjusting the pulse-width modulation (PWM) of individual sub-modules, allowing
for superior voltage quality and reduced harmonic distortion [76-78]. Moreover, the
modular design inherently provides fault-tolerance capabilities, as failures in individual
sub-modules do not necessarily lead to complete system shutdown.

Since its inception, the MMC has undergone significant developments and optimiza-
tions to enhance its performance and applicability across various domains [79-82]. Early
research focused on refining control strategies to achieve optimal voltage balancing among
sub-modules and maximizing converter efficiency. Subsequent advancements explored
extending the MMC’s functionality to applications such as high-voltage direct current
(HVDC) transmission systems, flexible alternating current transmission systems (FACTS),
renewable energy integration, and motor drives [83-86]. Notably, efforts have been directed
toward improving the MMC’s dynamic response and grid synchronization capabilities,
crucial for ensuring stability and reliability in modern power systems.

Structurally, the MMC consists of multiple series-connected HB sub-modules. The
voltage across each submodule is independently controlled through a combination of PWM
techniques, ensuring precise modulation of the output voltage waveform. The capacitor
voltage balancing among sub-modules is achieved through dedicated control algorithms,
which actively regulate the charging and discharging of capacitors to maintain voltage
symmetry and mitigate circulating currents. Figure 10 shows the topology of the MMC,
and the most common sub-module is reported in Figure 11.

Functionally, the MMC operates by synthesizing the desired output voltage waveform
from the individual voltage levels of its sub-modules. By adjusting the switching states of
the sub-modules based on the desired output voltage reference, the converter generates
a staircase-like voltage waveform with reduced harmonic content. This waveform can
closely approximate sinusoidal voltage waveforms, thereby improving the quality of the
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output voltage and minimizing harmonic distortion. Additionally, the MMC'’s inherent
modularity and fault-tolerant design contribute to its robustness and reliability in demand-
ing operating conditions. In summary, the MMC represents a significant advancement in
power electronics, offering unparalleled voltage scalability, reliability, and efficiency. Its
modular architecture, coupled with advanced control strategies, enables precise voltage
control and superior performance across a wide range of applications. As research and
development efforts continue to unfold, the MMC remains a focal point of investigation
and innovation in the field of multilevel converters, promising continued advancements
and widespread adoption in modern power systems.

Idc
—

&

Vde/2

V phase a

Vdc/2

Ide
G

Figure 10. Modular multilevel converter structure.

Figure 11. Most common MMC sub-module.

4.2, Matrix Multilevel Converter

Several direct AC/AC MMCs have been proposed over the last years for various
applications, including a single-phase-to-single-phase configuration with four arms, a three-
phase-to-single-phase setup with six arms, and a three-phase to three-phase configuration
with either six or nine arms. Among these, a notable topology is the nine-arm three-
phase to three-phase structure, also referred to as the modular multilevel matrix converter
(M3C) or triple-star bridge-cells (TSBC). Its circuit configuration resembles a 3-by-3 matrix
and has garnered significant attention due to its potential applications in power grid
interconnection, low-frequency AC power transmission, and driving low-speed high-
torque motors. Compared to other converters, the M3C offers relatively lower power
requirements for semiconductors and sub-module capacitors [§7-90].

Figure 12 illustrates the primary circuit layout of the M3C, which establishes connec-
tivity between a three-phase load system and a three-phase supply system through nine
branches. Notably, the M3C functions as a direct AC/AC converter devoid of a DC-link
capacitor, a characteristic typically found in two-stage AC/DC/AC converters. As a result,
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it enables bidirectional power conversion while simultaneously controlling the sinusoidal
current waveform on the input side, regardless of power factors. Unlike the MMC, the
M3C experiences minimal capacitor voltage fluctuation during low-frequency operation,
rendering it more suitable for high-torque low-speed drive applications, particularly in
offshore wind power low-frequency AC transmission systems [91-93].

Initially proposed by Erickson and Al-Naseem without branch inductors [93], the
M3C employs a space vector modulation-based control strategy to synthesize the output
voltage and maintain balanced capacitor voltages. However, in a M3C where each branch
comprises n modules, the complexity arises from the 3?" potential switching states, making
implementation challenging. Additionally, as each branch functions as a controlled voltage
source, only five branches can switch simultaneously to prevent short circuits.

To address this limitation, a M3C structure with branch inductors was introduced,
wherein each branch operates as a controlled current source. This modification enables the
utilization of common multilevel carrier modulation strategies, such as phase-shift PWM
and phase-disposition PWM, simplifying control mechanisms.
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Figure 12. Matrix multilevel converter.

Among the several advantages offered by the M3C topology over traditional converter
topologies, one can find the following:

1. Enhanced power quality: by synthesizing multi-level output voltages, the M3C can
significantly reduce harmonic distortion and voltage ripple, thereby improving power
quality [94,95].

2. High-voltage capability: the modular structure of the M3C enables scalability to higher
voltage levels, making it suitable for high-voltage applications such as renewable
energy systems, electric vehicle charging, and grid-scale energy storage.
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3. Improved efficiency: with advanced control algorithms and modulation techniques,
the M3C can achieve high efficiency levels, minimizing losses and improving overall
system performance [96].

4.  Flexibility and versatility: the M3C topology offers flexibility in terms of voltage levels and
modulation strategies, allowing for customization to fulfill specific system requirements.

In recent years, there has been a growing interest in the development of advanced
control strategies, modulation techniques, and fault-tolerant schemes for the M3C. Re-
searchers are actively exploring innovative approaches to further improve the performance,
reliability, and efficiency of M3C-based systems, paving the way for widespread adoption
in various industrial sectors [97-99].

4.3. Multiplexed Converter

The structure of the multiplexed converter topology is depicted in Figure 13 [100].
It comprises 24 switches and integrates two distinct configurations: the FC and the NPC
topologies. The initial FC located on the upper side manages the upper dc-bus, while
the subsequent FC handles the lower portion of the de-bus [101]. Consequently, both top
and bottom FCs function as dc—dc converters and act as multiplexers. Each FC provides
four voltage levels (0, 1/2Vdc, 1/3Vdc, and 1/6Vdc for the top side and 0, —1/2Vide,
—1/3Vdc, and —1/6Vdc for the bottom side), resulting in the NPC topology being capable
of delivering seven voltage levels (0, +1/2Vdc, +1/3Vdc, and +1/6Vdc) in a single phase.

Flying Top

o

Vdc

Figure 13. Multiplexed multilevel converter.

The primary advantage of this setup is the elimination of the need for filters, allowing
the utilization of cost-effective silicon components or alternatively, SiC devices to enhance
efficiency and power density [101-103]. Regarding modulation, pulse-width modulation
(PWM) remains the prevalent technique for this topology. Figure 14 [100] illustrates the
implemented modulation scheme for the modulation index below and above 0.5.
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Figure 14. PWM technique for the multiplexed converter.

When M0 < 0.5, the top and bottom FCs provide +1/3Vdc (assuming SF3, SF5, SFé,
SF7, SF8, and SF10 are actively conducting in the on state), and two carrier signals (cNt2,
¢Nt3) are compared with the modulating signals to derive control signals for the power
semiconductors within the NPC.

For M0 > 0.5, it is observed that both the upper and lower segments of the modulation
signals (blue line) are regulated by the FCs, while the shifts in the modulation signals (red
line) are overseen by the NPC converter. Control signals for the switches within the bottom
FC are generated by comparing the lower modulating signal (highlighted in blue) with
three carrier signals (cFt1, cFt2, cFt3), while control signals for the switches within the top
FC are derived by comparing the greater modulating signal (blue line) with three carrier
signals (cFt4, cFt5, cFt6). The results of the comparison between the modulating signals
(red) and the two carrier signals (cNt2, cNt3) produce the control signals for the switching
devices within the NPC.

The multiplexed converter topology offers an interesting alternative for multilevel
converters, potentially reducing the number of high-frequency semiconductors required
and thereby lowering the overall cost of the converter. It is well suited for high-power
applications, offering various advantages like very high efficiency, optimal voltages, and
current waveforms quality, but it can also find space in PV systems, energy storage systems,
UPS systems, and MV drives.

4.4, 5L-HNPC

NPC converters are a cornerstone of multilevel converter technology, offering high-
quality voltage waveforms with lower harmonic content. To overcome certain limitations
of the conventional NPC design such as clamping diode losses and decreased efficiency
at higher voltage levels, new variants like H-NPC and A-NPC have been introduced in
recent years. These advanced topologies are designed to merge the advantages of NPCs
with improved performance characteristics to fulfill the requirements of modern power
conversion systems. The H-NPC converter is an evolution of the traditional NPC topology
which integrates elements of the CHB topology. This converter topology consists of an H-
bridge arrangement of two conventional 3L-NPC phase legs, forming a 5L-HNPC converter
as depicted in Figure 15, initially introduced in [104].

Combining the three voltage levels of each leg of the NPC (Vdc/2, 0, —Vdc/2) five
distinct output levels can be achieved (Vdc, Vdc/2, 0, —Vdc/2, —Vdc). Comparable to
the conventional H-bridge configuration, this setup necessitates an isolated DC source
for each H-bridge to prevent DC-link short circuits. Consequently, a transformer with
three secondary three-phase windings is necessary to supply the H-bridge of each phase of
the converter.

The complexity of the transformer brings along an attractive feature: improved input-
side power quality achieved through the phase-shifting transformer and multi-pulse rec-
tifier configuration. This setup effectively cancels low-order harmonics up to the 25th,
resulting in a notable reduction in the input current THD and obviating the need for filters,
similar to the CHB topology.
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Figure 15. One-phase 5L-HNPC converter.

In practical applications, this converter is typically encountered with a 36-pulse rectifier
systemn, supporting a power range of 2-7 MW (air cooled) or 5-22 MW (water cooled). The
H-NPC converter typically employs IGBTs or SiC MOSFETs for switching, with the H-bridge
section providing additional voltage levels without the need for clamping diodes, and com-
pensates for the neutral-point potential drift, maintaining voltage balance across the DC-link
capacitors. This topology has gained considerable attention in recent years [105,106].

It achieves lower switching losses compared to traditional NPC converters, together
with a better management of the neutral-point voltage, reducing the risk of voltage im-
balance, and an overall high efficiency, particularly in applications requiring medium-
to high-voltage levels. Some drawbacks are the higher cost and the system complexity,
requiring sophisticated control algorithms, compared to traditional NPC converters.

H-NPC converters are ideal for medium-voltage motor drives, where efficiency and
voltage quality are critical, even if they can also find applications in renewable energy
integration systems and in electrical vehicle systems, in particular in fast-charging sys-
tems [107-110].

4.5. 3L-ANPC

As mentioned above, the 3L-NPC classical topology presents a challenge due to
the unequal distribution of losses between the inner and outer switching devices within
each converter leg. This imbalance stems from the separate cooling systems for the semi-
conductors, resulting in asymmetrical semiconductor-junction temperature distribution.
Consequently, this affects the design of the cooling system and imposes limitations on the
maximum power rating, output current, and switching frequency of the converter, particu-
larly when using IGCT technology. This issue can be mitigated by using clamping switches
instead of the neutral clamping diodes, allowing for an adjustable route for the neutral
current, providing regulation of the loss distribution among the switching devices [111].
Unlike clamping diodes, which allow cutrent to freewheel through the upper or lower
clamping diode based on current polarity when generating the zero-voltage level, clamping
switches enable directing the current through a specific clamping path. This feature facili-
tates control over power loss distribution, addressing the limitations of the 3L-NPC and
enabling significantly higher power rates [66]. These additional components, termed active
neutral clamping switches, transform the topology into an active neutral-point-clamped
(ANPC) converter [112], as depicted in Figure 16.

This innovative converter topology has sparked significant interest since its intro-
duction, leading to extensive research efforts. It is quickly attracting attention from both
academic and industrial sectors {113-115]. By actively controlling the clamping switches,
the A-NPC converter can achieve more flexible and efficient switching patterns, reducing
the stress on the power devices and the switching losses, leading to higher overall efficiency
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and improving performance, in particular for high-power applications. In addition, by
optimizing the switching sequences, a very low output voltage THD level can be achieved,
making it suitable for high-power quality applications. An interesting derivative topology
of the 3L-ANPC is the 5L-ANPC, which also gained more attention in recent years [116,117].
As for the H-NPC topology, the increased system complexity can be considered a disad-
vantage, together with a higher component count, resulting in a higher cost and size of the
converter. Regarding the applications, ANPC converters are well suited for high-power
industrial drives, grid applications with renewable energies, and HVDC systems [116-118].

o
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Figure 16. Single phase 3L-ANPC converter.

5. Future Improvements and Perspectives

In this paragraph, some of the future development trends regarding MLCs are pre-
sented. The ongoing advancements in semiconductor technology, control strategies, and
converter design will continue to expand the capabilities of multilevel converters, making
them even more fundamental in the future landscape of power electromics.

The development of advanced control strategies is a crucial aspect for future improve-
ments in the field of MLCs. Sophisticated control algorithms such as model predictive
control and adaptive control are essential for managing the increasing complexity of multi-
level converters, especially in dynamic and fault-prone environments.

A second fundamental aspect is the integration of wide-bandgap semiconductors:
further integration of SiC and GaN devices could significantly increase efficiency and
reduce thermal management challenges, particularly in high-power applications.

Another crucial point is the modularity of the converter topology: enhancing the
modularity of converters like MMCs and CHBs can reduce maintenance costs and improve
fault tolerance, making them more attractive for large-scale industrial applications.

Research into better harmonic filtering techniques and novel modulation strategies
could also help reduce THD even further, improving power quality and reducing the need
for extensive filtering.

Regarding the applications, as renewable energy sources will continue to proliferate,
multilevel converters will increasingly be integrated with energy storage systems, requiring
advances in bidirectional power flow and energy management strategies.

As already mentioned in the paper, the electrification of transportation will drive
demand for compact, efficient, and high-power converters, particularly in fast-charging
infrastructure and onboard power systems.

Lastly, MLCs will also play a crucial role in smart-grid and micro-grid applications
where they will be required to handle distributed energy resources, provide auxiliary
services, and ensure grid stability.

In order to summarize and give the reader a better understanding of what shown in
the previous Section, Tables 4 and 5 have been reported to compare the five MLC topologies.
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Table 4. Comparison of the five considered MLCs.
Parameter MMC M3C Multiplexed 5L-H-NPC 3L-A-NPC
Efficiency 97-99% (high) [73-75]. ~97% [89]. 93-98% [101,102]. 96-98% [107]. 95-97% [111].
THD <3% [75]. ~3% [86]. ~6% [100,101]. <4% [105]. <6% [111].
Power Level Up to 100 s MW. Up to 1 MW. Up to 500 kW [102]. 5-20 MW [106]. 1-5 MW [66].
12n if half-bridge or 24n if 360
Switch Count -bri 100]. )5]. 56,112}
ot Ml | sbmometin OO0 we
2n+1 n+1 a
00-102 )5,106]. 3
Voltage levels (n = submodules) [73-75]. (= sub-modules) [§9,90]. 7 [100-102]. 5[105,106] 3[111]
Table 5. Comparison of the five considered MLCs regarding advantages, disadvantages and modulations.
Parameter MMC M3C Multiplexed SL-H-NPC 3L-A-NPC
High robustness and Reduced switch
reliability, high Direct AC-AC ESHERL SRR High efficiency and Improved efficiency and
P : ; count compared to o
scalability for conversion without ) reduced switching THD compared to
high-voltage DC link, and reduced other topologies, losses, lower THD standard 2-level
Advantages vy e o ; flexible topology for . p
applications, harmeoenic distortion . compared to converters, suitable for
high efficiency dueto  and voltage vanﬁusti (102 traditional 3-level medium-power
reduced switching ripple [89-92]. ?55 CAnang: e converters [104,108].  applications [66,112,113].
frequency [80]. i
Complex control and ~ Complex control and Complex circuit T .
. . _— . Limited to medium
balancing of commutation Limited voltage design and voltage levels, hicher
Disadvantages sub-module schemes, higher THD  scalability, higher additional com gonent cc;untg than
& capacitors, high in output voltage THD than MMC and  components, requires 2_1@})@1
component count compared to H-NPC [103]. complex control converters [114-117]
and size [82-85]. MMC [90-92]. strategies [109]. ) !
: PS-PWM, Nearest
Meodulation 5 SVM, SHE
: Level-PWM, SVM [4]. PWM [4,100]. AT [ SVM [4].
Strategies SHE [4,79]. PD-PWM [4].

6. Conclusions

More than five decades have passed since the first introduction in the technical liter-
ature and in the market of the multilevel converters. During these years, it has become
evident that multilevel converters offer significant advantages over traditional two-level
converters in terms of improved efficiency, reduced harmonic distortion, and enhanced volt-
age and current waveforms, and their relevance in the industry is nowadays well known,
especially in high-power applications. In summary, this paper has provided an overview
and discussion about the topological properties and interrelationships of the main multi-
level converter structures. The evolution of multilevel converter technology has witnessed
remarkable advancements in recent years, driven by the increasing demand for high-power,
high-efficiency conversion systems in various industrial applications such as renewable
energy integration, electric vehicles, and grid-connected systems. The development of new
semiconductor devices, along with innovative control algorithms and modulation schemes,
has further expanded the capabilities and performance of multilevel converters.

Despite the considerable progress made, several challenges and opportunities remain
for future research and development in the field of multilevel converters. These include the
optimization of converter topologies for specific applications, the enhancement of converter
efficiency and reliability, the integration of advanced control and modulation techniques,
and the exploration of new semiconductor materials and device technologies. In addition,
thermal management continues to be a critical issue, especially in high-power applications.
Research is ongoing to address these challenges, with a focus on advanced control strategies
and the integration of intelligent fault-detection mechanisms.
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