
2626 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 2, FEBRUARY 2023

New Converter Solution With a Compact Modular
Multilevel Structure Suitable for High-Power

Medium-Voltage Wind Turbines
Gustavo F. Gontijo , Member, IEEE, Tamas Kerekes , Senior Member, IEEE,
Dezso Sera , Senior Member, IEEE, Mattia Ricco , Senior Member, IEEE,

Laszlo Mathe , Senior Member, IEEE, and Remus Teodorescu , Fellow, IEEE

Abstract—Modern wind turbines with increasing power levels
are continuously emerging. These power levels are reaching a point
where excessively high currents are obtained if the traditional
low-voltage wind-turbine structure is adopted. High currents lead
to excessively high losses and the need for bulky and heavy con-
ductors to carry them. A medium-voltage structure should be a
more competitive alternative to be adopted in high-power wind
turbines. In this article, a new converter solution with a modular
multilevel structure suitable for driving modern/future high-power
medium-voltage wind turbines is proposed. This converter topology
has desirable features common to modular multilevel converters,
such as the improved reliability at high voltage levels, and the
possibility to synthesize high-power-quality staircase-shape volt-
ages, which leads to low requirements for harmonic and dv/dt
filters. Furthermore, the proposed converter presents reduced
capacitance and inductance requirements compared with other
well-established modular multilevel converter topologies, which
should result in a lighter and more compact solution. The proposed
solution could potentially allow for the reduction of the overall costs
of the supporting structure required to withstand the weight of the
wind turbine. Simulation and experimental results are presented
in this article to validate the proposed topology.

Index Terms—Modular multilevel converters (MMC), wind
turbines (WTs).

I. INTRODUCTION

W ITH the increasing development of engineering and
technology, wind turbines (WTs) with higher power

ratings are continuously emerging. If the traditional low voltage
structure (including generator, power-electronic converter, etc.)

Manuscript received 9 April 2022; revised 3 July 2022 and 27 August 2022;
accepted 1 October 2022. Date of publication 10 October 2022; date of current
version 18 November 2022. Recommended for publication by Associate Editor
F.-J. Lin. (Corresponding author: Gustavo F. Gontijo.)

Gustavo F. Gontijo, Tamas Kerekes, and Remus Teodorescu are with the
AAU Energy, Aalborg University, 9220 Aalborg East, Denmark (e-mail:
gfgo@et.aau.dk; tak@et.aau.dk; ret@et.aau.dk).

Dezso Sera is with the School of Electrical Engineering and Robotics,
Queensland University of Technology, Brisbane, QLD 4000, Australia (e-mail:
dezso.sera@qut.edu.au).

Mattia Ricco is with the Department of Electrical, Electronic and Infor-
mation Engineering, University of Bologna, 40136 Bologna, Italy (e-mail:
mattia.ricco@unibo.it).

Laszlo Mathe is with the Robert Bosch, 1103 Budapest, Hungary (e-mail:
laszlo2mathe@gmail.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2022.3213142.

Digital Object Identifier 10.1109/TPEL.2022.3213142

is adopted, then excessively high currents will flow through
the modern WTs, leading to undesirably high losses and to
the necessity of heavy and bulky conductors to carry such
currents [1], [2]. Adopting a medium-voltage structure can con-
siderably reduce the current levels of the WTs resulting in more
cost-effective solutions [3], [4], [5]. Besides, with the increased
voltage ratings, the size of the turbine transformer can be reduced
and even a transformer-less unit could eventually be built [6].

The two-level (TL) three-phase converter is the standard
solution for low-voltage applications. This topology presents
simple structure and control, and it is capable to synthesize
voltages with high-order harmonics, which can easily be filtered
out, when operating with high switching frequencies. However,
the usage of TL converters in applications with higher voltage
levels can be highly undesirable. To reach higher voltages using
the semiconductor devices that are currently available in the
industry, stacks built with series-connected devices might be
required. Problems related to static and dynamic voltage sharing
among the series-connected devices can occur, which can make
the system unsafe and unreliable [7]. These problems are more
evident with increased switching frequencies. Snubber circuits
could be adopted to avoid these problems but high losses would
occur due to the high switching frequencies [7]. High switching
frequencies also lead to high switching losses in the TL converter
dealing with increased voltage and current levels. Another prob-
lem related to the operation of the TL converter in increased volt-
age levels is the high dv/dt imposed to the load (electrical ma-
chine) that can be harmful to its insulation [8]. Diode-clamped
converters, such as the three-level neutral-point-clamped (NPC)
converters, present improved performance in applications with
increased voltages, and topologies with a higher number of
levels can be built. Nonetheless, after a certain number of levels,
diode-clamped converters become too complex to control and
operate [8].

The modular multilevel converter (see Fig. 6 in Section IV)
is the state-of-the-art solution for high-power high-voltage ap-
plications that require a dc stage, such as the high-voltage
direct-current (HVdc) transmission systems [9]. The modular
multilevel converter (MMC) is capable to reach high voltages
without the need of series-connected semiconductor devices due
to its modularity and scalability. Moreover, the MMC presents

https://orcid.org/0000-0001-5100-5192
https://orcid.org/0000-0001-7594-3298
https://orcid.org/0000-0001-9050-2423
https://orcid.org/0000-0002-7482-1173
https://orcid.org/0000-0002-1029-3340
https://orcid.org/0000-0002-2617-7168
mailto:gfgo@et.aau.dk
mailto:tak@et.aau.dk
mailto:ret@et.aau.dk
mailto:dezso.sera@qut.edu.au
mailto:mattia.ricco@unibo.it
mailto:laszlo2mathe@gmail.com
https://doi.org/10.1109/TPEL.2022.3213142


GONTIJO et al.: NEW CONVERTER SOLUTION WITH A COMPACT MODULAR MULTILEVEL STRUCTURE 2627

high reliability and the ability to synthesize a high-power-
quality staircase-shape voltage. For these reasons, the MMC has
also been proposed as an alternative for high-power electrical-
machine drives, and it could be a suitable option to drive mod-
ern/future high-power medium-voltage WTs. Nonetheless, the
MMC presents some drawbacks when driving electrical ma-
chines, such as its intolerably high submodule-capacitor voltage
ripple at low-frequency operation [10], [11]. Besides, due to its
topology, with the presence of a dc stage, an undesirably large
number of submodules are required. Each of these submodules
has its own capacitor. These capacitors can be quite bulky,
heavy, and expensive, depending on the power level of the
given application, which means that the MMC can be a quite
bulky, heavy, and expensive solution due to its large number of
submodules [8].

In order to overcome some of the disadvantages of the
MMC in machine-drive applications, new alternative converter
topologies have been proposed in the literature, and one of the
topologies that stands out the most is the so-called modular
multilevel matrix converter (M3C) [6], [12], [13], also referred
to as modular multilevel cascade converter based on triple-star
bridge-cells (MMCC-TSBC) [14], [15], [16]. The M3C (see
Fig. 7 in Section IV) presents improved performance at low-
frequency operation, in comparison to the MMC, as it can be con-
sidered as an interesting solution to drive high-power electrical
machines, especially in applications that require a low-frequency
operation [12]. Moreover, the M3C requires a reduced number
of submodules, in comparison to the MMC, which translates
into a reduced number of the heavy and bulky capacitors [12].
Nonetheless, the M3C presents some drawbacks, such as its
extremely complex modulation and control, in which many
internal control loops are required for the proper and stable
operation of the converter [6], [14], [15], [16]. Besides, the
M3C’s submodule-capacitor voltage ripple drastically increases
as closer to the grid frequency its load-side frequency gets,
despite the fact that this converter topology presents a reduced
submodule-capacitor voltage ripple at low frequencies. The
M3C presents an unstable behavior when its load-side frequency
is equal to the grid-side frequency [12]. In WT applications,
specifically, the use of an M3C might not be the best option
(even though it has been considered in the literature for such
application [2], [6], [12]) since in this case the generator is con-
trolled to operate within a frequency range that does not include
very low frequencies, but includes the nominal grid frequency
(50/60 Hz). In other words, if the wind speed is below the cut-in
speed, then the generator control is disabled, and the WT remains
in parking mode [17]. The wind cut-in speed corresponds to a
generator speed (and, thus, frequency), which is usually consid-
erably higher than the 0-Hz operation point. The converter does
not need to take the turbine out from its inertial state since the
wind itself can make the turbine start moving. When the WT
is producing its nominal power, on the other hand, it will be
controlled to its nominal speed that corresponds to its nominal
frequency, which is equal to the grid frequency [17]. In this case,
the M3C would face instability if it was used to drive the WT.

Recently, a new converter topology was presented, and it
was named modular multilevel shunt converter (MMShC) [18],

Fig. 1. MMShC topology.

[19], [20]. In [19], the MMShC was proposed with integrated
batteries into each submodule and the high-power WT driven
by it was capable to operate in a dispatchable fashion providing
benefits to both the power system operator and to the WT owner.
Nonetheless, a drawback of this configuration was that the bat-
teries had to be charged/discharged with the full WT power, and
thus, a large battery system was required, and the battery-system
lifetime was reduced. In order to solve this problem, in [20], a
hybrid version of the MMShC was proposed in which each string
was built with part of its submodules with integrated batteries
and part of its submodules with integrated capacitors. The sub-
module capacitors were responsible for transferring most of the
power generated by the WT to the grid and the batteries only
absorbed/supplied the surplus between the power produced by
the WT and the power to be injected into the grid according to a
predefined setpoint. In other words, the WT was still capable to
operate in a dispatchable fashion while optimizing the lifetime
of the batteries and the battery system dimensions. In the hybrid
MMShC, presented in [20], the submodule-capacitor voltages
were regulated by controlling the number of inserted battery
submodules, and the converter was always operating supplying
to the grid a power value different from the power generated by
the WT.

In this article, the MMShC with capacitors only is presented
(see Fig. 1) as an interesting alternative to drive modern/future
high-power medium-voltage WTs. In this case, the WT driven by
it is not capable to operate in a dispatchable fashion and a control
technique must be applied to the converter in order to regulate
its submodule-capacitor voltages. Thus, one of the contributions
of this article is the proposal of a control technique to regulate
the submodule-capacitor voltages of the converter. Obviously,
having an integrated energy storage system (as proposed in [19]
and [20]) allows the WT to perform many different functionali-
ties, even though the commitment with reduced volume, weight,
and cost is not the objective of the solution. On the other hand,
the converter with capacitors only, presented in this article, has
the potential to result in a WT solution with an overall reduced
weight, volume, and cost, because of its medium-voltage struc-
ture and due to the fact that the proposed converter presents
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a reduced number of submodules, capacitors, and inductors,
in comparison to other modular multilevel converters, as will
be demonstrated through a comparative analysis presented in
this work. Thus, another important contribution of this article
is the presentation of this comprehensive comparative analysis
between the MMShC, MMC, and M3C, which proves that the
MMShC can be built with a considerably reduced number of
submodules, in comparison to the other two topologies, which
means it requires a reduced number of the bulky, heavy, and
expensive submodule capacitors. Moreover, the comparative
analysis demonstrates that the MMShC presents a reduced in-
ductance requirement, in comparison to the other two topologies,
which further contributes to a reduced weight and volume. These
are attractive features for a converter used to drive WTs, espe-
cially offshore ones that require complex foundations to support
the system. Moreover, in opposition to the M3C, the MMShC
is capable to operate with the same frequency at its grid-side
and load-side terminals, as will be demonstrated in this article.
Similar to the conventional MMC, the ac submodule-capacitor
voltage ripple of the proposed topology is critical at very low
frequencies, but it is extremely reduced for increased frequency
values. Since WT applications do not require operation at very
low frequencies, then both the MMC and the proposed solution
should not experience a critical capacitor voltage ripple in these
applications. As explained in [19] and [20], the MMShC does
not have circulating currents, which is a consequence of its
topology and operation, where different submodule strings are
never connected, simultaneously, to the same terminal. First,
because each phase is composed of two submodule strings that
are independent from the submodule strings of the other two
phases, i.e., submodule strings from different phases are never
connected to the same terminal. Second, because even the two
submodule strings of the same phase operate in a complementary
fashion, i.e., they are connected to the grid and to the generator
terminals in an alternate fashion through the action of the swap
switches. The absence of circulating currents can be considered
as an advantage in relation to other topologies with a modular
multilevel structure since these currents must be suppressed to
limit the conduction losses of the converter. As will be shown
in this article, another advantage of the proposed converter
topology is the less complex control/modulation in comparison
to the MMC, but especially in comparison with the M3C. Finally,
simulation and experimental results are presented to explain
and validate the operation of the MMShC with capacitors only,
which is another contribution of this article. The rest of this
article is organized as follows. The operation of the proposed
topology and its control are introduced in Sections II and III,
respectively. In Section IV, the comparative analysis between
the MMC, M3C, and MMShC is presented. In Sections V and
VI, simulation and experimental results are shown, respectively.
Finally, Section VII concludes this article.

II. PROPOSED CONVERTER TOPOLOGY

As shown in Fig. 1, each phase of the MMShC is composed of
two strings (Strings X and Y) of full-bridge (FB) submodules,
along with four bidirectional-switch stacks (SXA, SXa, SY A,

Fig. 2. Basic operation of the MMShC.

and SY a in the phase-A case) that form the swap-switch circuit.
The two submodule strings operate in a complementary fash-
ion, meaning that while one is connected to the grid terminal,
the other is connected to the generator terminal, and thus, a
continuous power flow is established between the generator and
the grid. The alternated connection between grid and generator
terminals is made through the control of the swap switches
(bidirectional-switch stacks) that allow for the connection of
the submodule strings to both terminals. In Fig. 2, an illustration
of the MMShC basic operation is shown using the phase A of the
converter as an example. In this figure, it is possible to notice
that the MMShC strings behave as controlled voltage sources
that can be connected to both grid and load terminals.

The MMShC essentially operates alternating between States
1 and 2, as described in Fig. 2. In State 1, String X is connected
to the grid terminal and it injects into the grid the power Pga,
whereas String Y is connected to the generator terminal and it
absorbs from it the power Pla. In other words, in State 1, the
String-X capacitors are discharged and the String-Y capacitors
are charged. Since the MMShC is built with capacitors only,
in this article, then Pga is controlled to always be equal to Pla

in order to keep the average value of the submodule-capacitor
voltages regulated according to the desired reference. In State 2,
on the other hand, String Y is connected to the grid terminal and it
injects into the grid the powerPga, whereas String X is connected
to the generator terminal and it absorbs from it the power Pla. It
is interesting to notice that while the bidirectional-switch stacks
do not operate, the MMShC essentially is equal to two single-star
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Fig. 3. SSBC converter topology.

bridge-cells (SSBC) converters [21], [22], [23], each connected
to a different terminal. In Fig. 3, the SSBC converter topology
is shown. This is a well-established solution commonly used
in static synchronous compensator applications. By analyzing
Fig. 1, one can notice that the MMShC is indeed composed of
six submodule strings (two for each phase). The operation of
the swap switches is done in a way that the Strings X of each
phase are simultaneously connected to the same terminal while
the Strings Y of each phase are simultaneously connected to the
opposite terminal. Thus, there are two different neutral points
(see Fig. 1) in the converter: one connecting the Strings X of each
phase and the other connecting the Strings Y of each phase. This
way, the MMShC basically operates as two independent SSBC
converters that are connected, in a complementary fashion, to
the grid and to the turbine terminals.

As previously mentioned, the MMShC swap switches are
composed of bidirectional-switch stacks, which are sensitive
components of the topology that deserve special attention. In
other words, since the MMShC is proposed for medium-voltage
WT applications, then the bidirectional-switch stacks might
need to be built with series-connected semiconductor devices.
The voltage across the stacks in blocking mode is equal to the
difference between the instantaneous value of the voltage syn-
thesized by String X and the instantaneous value of the voltage
synthesized by String Y. Thus, these stacks must be capable to
withstand the sum of the peak values of the voltages synthesized
by each string, considering that these voltages might present
different frequencies. Nonetheless, it is important to emphasize
that since the medium-voltage levels considered for high-power
WT applications are usually in the range of 3 kV up to 6.6 kV [3],
then only a few series-connected semiconductor devices should
be required to build the MMShC bidirectional-switch stacks.
Besides, nowadays, there are semiconductor devices available in
the industry with voltage ratings of 6.5 kV, and some others with
voltage ratings of up to 10 kV under test, which emphasizes even
more the necessity of only few series-connected devices to build
the MMShC stacks. There are some products available in the

industry that correspond to stacks composed of several series-
connected semiconductor devices, and that operate with high
reliability due to advanced drivers that ensure static and dynamic
voltage sharing among the series-connected devices [8]. These
stacks could be adopted to build the MMShC swap switches.
Finally, another important characteristics of the MMShC swap
switches is that they can operate with low switching frequencies,
as will be demonstrated in this article. As previously men-
tioned, the problems of operating series-connected devices in
TL converters, for example, are amplified because of the high
switching frequencies used in such topology. The low switching
frequency of the MMShC bidirectional-switch stacks makes it
easier to operate the series-connected devices in a safe a reliable
manner. Even the use of snubber circuits with reduced losses
would be possible due to the low switching frequency of the
MMShC stacks. Besides, the low switching frequency of the
MMShC swap switches would lead to low switching losses.
The commutation strategy of the swap switches was discussed
and explained in [19], in which techniques, such as the four-step
method, commonly applied to matrix converters [24], [25], were
suggested. This topic will not be discussed in this article.

The classification of the proposed converter solution lies
between converters with a purely modular multilevel structure
and converters built with stacks of series-connected semicon-
ductor devices operating at high switching frequencies, i.e., the
MMShC is built with a combination of submodule strings (as
in any converter with a modular multilevel structure) and of
stacks of series-connected semiconductor devices. Because of
this combination, the proposed converter is capable to synthesize
a high-power-quality multilevel voltage, as any converter with
a modular multilevel structure, while presenting a considerably
reduced volume and weight because of its overall reduced com-
ponent count. Its modular multilevel structure also presents the
traditional features of being scalable, redundant, and reliable.
All these features related to the modular multilevel strings are
beneficial in comparison to the converters built with stacks of
series-connected devices operating at high frequencies, such
as the TL converter and the NPC converter. Nonetheless, the
bidirectional-switch stacks of the proposed converter solution
might reduce its reliability in comparison to the converters
with a purely modular multilevel structure. Still, it is important
to highlight that the stacks of series-connected semiconductor
devices of the MMShC operate with an extremely low switch-
ing frequency, which makes them considerably more reliable
and efficient than the stacks of series-connected semiconductor
devices operating at high switching frequencies of the TL con-
verter and of the NPC converter. In summary, the advantages of
the proposed MMShC in comparison to the TL converter and
to the NPC converter are the improved power quality of the
synthesized voltages and, thus, reduced filtering requirements,
and the improved reliability to operate at increased voltages due
to the use of the reliable submodule strings along with series-
connected semiconductor devices operating with a considerably
lower switching frequency. Nonetheless, the MMShC presents
increased structural and operational complexity in comparison
to the TL converter and to the NPC converter. The advantages of
the proposed MMShC in comparison to the MMC and the M3C
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TABLE I
SUMMARY OF FEATURES OF CONVERTER TOPOLOGIES

are its reduced operational complexity, its reduced component
count, and its possibly reduced capacitance and inductance
requirements that potentially leads to reduced cost, volume, and
weight. Nonetheless, the MMShC presents a reduced reliability
in comparison to the MMC and the M3C since it is not a
converter purely based on submodule strings, i.e., it presents
the bidirectional-switch stacks built with series-connected semi-
conductor devices. As previously mentioned, even though these
stacks operate with a low switching frequency, they are still
less reliable than the highly reliable strings of submodules.
The comparative information abovementioned suggests that the
proposed converter solution could represent an interesting trade-
off in terms of benefits and drawbacks in relation to the other
topologies, as summarized in Table I. Obviously, as any other
engineering solution, the proposed converter presents advan-
tages and disadvantages in comparison to other well-established
topologies that are available in the industry, and the best solution
to be adopted will depend on the specific application considered.

III. MMSHC CONTROL AND MODULATION

In this section, the MMShC’s grid-side and load-side closed-
loop control strategies are presented along with the converter’s
internal control, as shown in Fig. 4. The MMShC’s grid-side
control is responsible for regulating the converter’s submodule-
capacitor voltages, and it generates the reference for the voltages
to be synthesized at the grid terminals (v∗gabc). As shown in
Fig. 4, the MMShC’s grid-side control is composed of three
single-phase block diagrams. Each of these single-phase control
diagrams are responsible for regulating the submodule-capacitor
voltages of Strings X and Y of the corresponding converter
phase. The phase-A grid-side control block diagram is shown in
Fig. 4 as an example, and it is used to regulate the submodule-
capacitor voltages of Strings X and Y of the MMShC’s phase
A. The details of this control diagram will be explained later
in this section. In this article, the MMShC’s load-side control
is responsible for regulating the speed of the PMSG, and it
generates the reference for the voltages to be synthesized at the
generator terminals (v∗labc). The block diagram presenting the
MMShC load-side control is shown in Fig. 4, and it will also be
explained later in this section.

The MMShC’s internal control essentially consists of the
bidirectional-switch-stack control logic, of the modulation, and
of the sorting algorithm responsible for the submodule-capacitor
voltage balancing. The converter’s internal control is a single-
phase algorithm that is applied to each phase of the converter
(see Fig. 4). The MMShC’s phase-A internal control is explained
through the flowchart shown in Fig. 5, which is the same control

Fig. 4. General diagram of MMShC’s control.

algorithm used for the other two phases. In the simulation
and experimental analyses presented in this article, this control
algorithm was implemented through a programming code. The
converter’s internal control receives as input the voltage refer-
ences for both grid terminals (v∗gk) and load terminals (v∗lk),
which come from the grid-side and load-side controllers, where
k represents the given converter phase. Since, in Fig. 5, the
internal control of the MMShC’s phase A is explained, then the
references coming from the outer controllers are v∗ga and v∗la.
The MMShC’s phase-A internal control also receives as input
the currents measured at the converter’s load and grid terminals
(ila and iga, respectively), and the capacitor voltages of all the N
submodules within String X and of all the N submodules within
String Y (vAX1, vAX2,...,vAXN , vAY 1, vAY 2,...,vAYN ). Finally,
the MMShC’s internal control receives as input a triangular
signal (tri), which varies between 0 and 1, and that is used for
the bidirectional-switch-stack control logic.
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Fig. 5. MMShC’s phase-A internal control implemented through a programming code.

The first step of the MMShC’s internal control is the
bidirectional-switch-stack operation logic. An if statement is
used to check if the variable tri is greater or less than 0.5. If
tri > 0.5, then String X should be connected to the generator
terminal (charging mode) and String Y should be connected
to the grid terminal (discharging mode). This operation mode
corresponds to State 2 of Fig. 2. In this case, the following gate
signals are given to the bidirectional-switch stacks: SXA = 0,
SXa = 1, SY A = 1, and SY a = 0, in which 0 means OFF state
and 1 means ON state. Besides, in this operation mode, the
voltage to be synthesized across String X becomes equal to the
load voltage reference (v∗sX = v∗la), the voltage to be synthesized
across String Y becomes equal to the grid voltage reference
(v∗sY = v∗ga), the String-X current becomes equal to the load
current (iX = ila), and the String-Y current becomes equal to
the grid current (iY = iga). On the contrary, if tri < 0.5, then

String X should be connected to the grid terminal (discharg-
ing mode) and String Y should be connected to the generator
terminal (charging mode). This operation mode corresponds to
State 1 of Fig. 2. In this case, the following gate signals are
given to the bidirectional-switch stacks: SXA = 1, SXa = 0,
SY A = 0, and SY a = 1. Besides, in this operation mode, the
voltage to be synthesized across String X becomes equal to the
grid voltage reference (v∗sX = v∗ga), the voltage to be synthesized
across String Y becomes equal to the load voltage reference
(v∗sY = v∗la), the String-X current becomes equal to the grid
current (iX = iga), and the String-Y current becomes equal
to the load current (iY = ila). In the simulation analyses of
this article, two different frequency values are adopted for the
triangular signal (tri), i.e., 50 and 150 Hz, which means that the
bidirectional-switch stacks operate with switching frequencies
of either 50 or 150 Hz.
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The next stage of the algorithm is the String-X and String-Y
control. Considering the String-X control as an example, the
first step is the modulation that receives as input the voltage
reference v∗sX and provides as output the instantaneous number
of submodules to be inserted (M) and the polarity of the
submodules to be inserted in order to track the received voltage
reference. The modulation method adopted in this article is the
well-established level-shifted-carrier pulsewidth modulation
(LSC-PWM). The next step after the modulation is the sorting
algorithm responsible for the submodule-capacitor voltage
balancing. This algorithm essentially checks the polarity of the
submodules to be inserted (polarity of v∗sX ) and the direction
of the current iX . Depending on the combination of voltage
polarity and current direction, the current can be charging or
discharging the capacitors of the inserted submodules. Then, if
it is a charging current, the M submodules, out of the N available
submodules, with lower capacitor voltages are selected to be
inserted. On the contrary, if it is a discharging current, the
M submodules with higher capacitor voltages are selected to
be inserted. This algorithm guarantees that all the submodule
capacitors within the same string remain with similar voltage
values. The same procedure is adopted for String Y. The
output of the control algorithm implemented in a programming
code is the gate signals provided to the bidirectional-switch
stacks (SXA, SXa, SY A, and SY a), and the gate-signal
vectors that are provided to the IGBTs of the N submodules
within String X (�SFB1AX , �SFB2AX , . . ., �SFBNAX )
and to the IGBTs of the N submodules within
String Y (�SFB1AY , �SFB2AY , . . ., �SFBNAY ). For ex-
ample, the vector �SFB1AX is equal to �SFB1AX =
[SFB1AX1, SFB1AX2, SFB1AX3, SFB1AX4], in which these
four terms correspond to the gate signals provided to the four
IGBTs of the FB submodule number one of the MMShC
phase-A String X. Similarly, the vector �SFB1AY is equal
to �SFB1AY = [SFB1AY 1, SFB1AY 2, SFB1AY 3, SFB1AY 4],
in which these four terms correspond to the gate signals
provided to the four IGBTs of the FB submodule number one
of the MMShC phase-A String Y. It is important to notice
that this is a quite straightforward internal control, with a
reduced complexity in comparison to the internal control of
the MMC and of the M3C. For example, undesired circulating
currents are nonexistent, which obviously avoids the need of a
circulating-current suppression control. The simplified control
and modulation is an important advantage of the proposed
MMShC, especially in comparison to the M3C that presents
extremely complex control and modulation [6], [12], [13], [14],
[15], [16].

As previously mentioned, the MMShC’s phase-A grid-side-
control block diagram is shown in Fig. 4. This control diagram
is essentially composed of an inner current-control loop, based
on a proportional–resonant (PR) controller, and of an outer
control loop, based on a proportional–integral (PI) controller,
to regulate the submodule-capacitor voltages. As previously ex-
plained, the MMShC operates connecting its submodule strings,
alternately, to the grid and to the load terminals according to
the signal tri, as demonstrated in Fig. 5. Thus, the submodule-
capacitor voltage control requires a block (Switch) to receive

capacitor–voltage measurements from both submodule strings
(Strings X and Y) in an alternate fashion. If the signal tri is
greater than 0.5, then String Y is the one connected to the grid
terminal, and thus, its submodule capacitors are the ones whose
voltages must be regulated. In this case, the voltage controller
will receive as an input the error between the measured capacitor
voltage of the first submodule of String Y (vAY 1) and the de-
sired voltage reference v∗dc. Even though the measured capacitor
voltage of the first submodule of String Y was considered in this
case, any other capacitor voltage of any submodule within String
Y could be used since a sorting algorithm is adopted to maintain
all the capacitors within the same submodule string with similar
voltage values. On the contrary, if the signal tri is less than 0.5,
then String X is the one connected to the grid terminal, and
thus, its submodule capacitors are the ones whose voltages must
be regulated. In this case, the voltage controller will receive as
an input the error between the measured capacitor voltage of
the first submodule of String X (vAX1) and the same desired
voltage reference v∗dc. The output of the submodule-capacitor
voltage controller is the amplitude of the current reference (i∗ga)
that is multiplied by a sin function with the angle of the phase-A
grid voltage (θA). In other words, since the grid-side control is
responsible for regulating the submodule-capacitor voltages by
charging/discharging these capacitors with active power, then
the phase-A grid-current reference (i∗ga) must be in phase with
the phase-A grid voltage (vga). The inner current controller will
generate the phase-A grid-side-control voltage reference (v∗ga)
that is provided to the MMShC internal control explained in
Fig. 5. It is important to emphasize that, even though the control
technique shown in Fig. 4 was adopted in this article, any other
well-established control method applied to the SSBC converter
to regulate its submodule-capacitors voltages [21], [22], [23]
could potentially be used in the MMShC.

Finally, the MMShC’s load-side control, shown in Fig. 4,
is based on a field-oriented control (FOC) technique. In this
control strategy, two inner control loops are used to regulate
the generator current in a dq rotating reference frame. The
q-axis current component is used to control the machine speed.
The q-axis current controller is connected in cascade with an
outer speed controller used to regulate the generator speed (ωR)
according to a given reference (ω∗). The FOC generates a voltage
reference v∗labc to be synthesized by the MMShC at the generator
terminals. In the phase-A internal control case, v∗la is received
as an input, as shown in both Figs. 4 and 5.

IV. COMPARATIVE ANALYSIS

In this section, a comparative analysis among the MMC,
M3C, and MMShC in terms of component count and power
ratings is presented. To carry out a fair comparative analysis,
some assumptions were considered. First, it was considered that
the three converter topologies operated synthesizing the same
voltage at both their terminals with phase-to-neutral peak value
equal to Vpeak. Another assumption was that the three converters
operated supplying power to the same load, resulting in an
equal load current with rms value equal to Irms. Finally, it was
considered that the three converters operated with an unit power
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Fig. 6. MMC topology.

factor at both their load-side and grid-side terminals in such
a way that the current injected into the grid by the converter
presented same rms value as the load current (Ig = Il = Irms).
To carry out the comparative analysis in terms of submodule and
capacitor count, a fixed IGBT-rated voltage equal to VIGBT was
considered for the three converter topologies.

A. Modular Multilevel Cascade Converter

The topology of the MMC used for this comparative analysis
is shown in Fig. 6. In order for the MMC to be capable to
synthesize a voltage with amplitude equal to Vpeak at its ac
terminals, then its dc-link voltage should ideally be designed
as [8]

Vdc ≥ 2Vpeak. (1)

As a natural consequence of the MMC topology and op-
eration, the converter’s dc-link voltage is divided among the
N capacitors within one submodule string (one arm of the
converter).

Since a sorting algorithm responsible for the submodule-
capacitor voltage balancing is always used for the proper opera-
tion of the converter, then it is a fair assumption to consider that
the nominal operational voltage of each submodule capacitor
within one arm (Vcap) is equal to Vcap = Vdc

N . Ideally speaking,
the converter’s submodules, and their IGBTs, must be able to
tolerate at least the capacitor’s nominal operational voltage, i.e.

Vsub ≥ Vcap =
Vdc

N
(2)

whereVsub is the maximum voltage that the submodule’s IGBTs
are capable to withstand. The current that flows through each
MMC arm is equal to

Iarm =
Irms

2
+

Idc
3

+ Icirc (3)

where Idc is the MMC dc-terminal current and Icirc represents
the ac circulating current components. Considering the approxi-
mation that the MMC ac-side power is equal to its dc-side power,

the following is obtained:

VdcIdc =
√
3

(√
3Vpeak√

2

)
Irms. (4)

Through (4), the MMC dc current can be described as follows:

Idc =
3√
2

VpeakIrms

Vdc
. (5)

Based on (1), the ideal case where Vdc = 2Vpeak is consid-
ered, and thus, (5) can be rewritten as

Idc = 1.06Irms. (6)

By substituting (6) into (3) and by disregarding the ac cir-
culating current components (considering they are properly
compensated), the following is obtained:

Iarm = 0.85Irms. (7)

The MMC is built with half-bridge (HB) submodules that are
composed of two IGBTs and of one capacitor. Each IGBT must
be capable to withstand the voltage Vsub [defined in (2)] and
must be capable to conduct Iarm [defined in (7)]. Considering
the ideal case whereVsub = Vcap = Vdc

N =
2Vpeak

N (which means
to design the IGBT’s rated voltage equal to the submodule-
capacitor nominal voltage), then the power ratings of the MMC’s
semiconductor devices can be calculated as follows:

PIGBT = VsubIarm = 1.7
VpeakIrms

N
. (8)

Once again, each MMC’s HB submodule has two IGBTs.
Each MMC arm is composed of N HB submodules, and the
entire back-to-back MMC is composed of 12 arms. Thus, the
total number of IGBTs in the MMC is equal to NIGBT = 12×
N × 2 = 24 N . Finally, the total semiconductor-device power
ratings of the MMC, as a function of Vpeak and Irms, is equal to

PSD = PIGBTNIGBT = 40.8VpeakIrms (9)

Now, fixing the IGBT’s rated voltage with a value equal to
VIGBT, and noticing that the total voltage across the N submod-
ule capacitors within one MMC arm is equal to Vdc = 2Vpeak

(sum voltage of the N capacitors), then the number of submod-
ules composing each MMC arm can be calculated as

N =
Vdc

VIGBT
=

2Vpeak

VIGBT
. (10)

Once again, each MMC HB submodule has one capacitor.
Each MMC arm is composed of 2Vpeak/VIGBT HB submodules,
and the entire back-to-back MMC is composed of 12 arms. Thus,
the total number of submodules and of capacitors in the MMC is
equal toNsub = Ncap = 12× 2Vpeak

VIGBT
× 1 =

24Vpeak

VIGBT
. The back-

to-back MMC also requires 12 arm inductors, as shown in Fig. 6.

B. Modular Multilevel Matrix Converter

The topology of the M3C considered for this comparative
analysis is shown in Fig. 7.

In order for the M3C to be capable to synthesize a voltage
with amplitude equal to Vpeak at its ac terminals, then its string
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Fig. 7. M3C topology.

voltage should ideally be designed as [12]

Vstring ≥ Vg + Vl + Vcom (11)

where Vg and Vl are the peak values of the voltages to be
synthesized by the M3C at its grid-side and load-side terminals,
respectively, and Vcom is the common-mode voltage necessary
for the proper operation of the converter in certain situations. In
this analysis, Vg = Vl = Vpeak is considered. Disregarding the
common-mode component, then the M3C string voltage should
ideally be designed as

Vstring ≥ Vg + Vl = 2Vpeak. (12)

The M3C string voltage is naturally divided among theN sub-
module capacitors within the string. Considering that a sorting
algorithm is always adopted to maintain all the submodule ca-
pacitors within the same string with similar voltage values, then
it is a fair assumption to consider that the nominal operational
voltage of each submodule capacitor within one string (Vcap)
is equal to Vcap =

Vstring

N . Ideally speaking, the converter’s
submodules, and their IGBTs, must be able to tolerate at least
the capacitor’s nominal operational voltage, i.e.

Vsub ≥ Vcap =
Vstring

N
(13)

whereVsub is the maximum voltage that the submodule’s IGBTs
are capable to withstand. The same ideal assumption considered
for the MMC is also adopted for the M3C, which in the M3C
case means that Vstring = 2Vpeak, and Vsub = Vcap =

Vstring

N =
2Vpeak

N . The current that flows through each M3C string is equal
to

Istring =
Ig
3

+
Il
3
+ Icirc (14)

where Icirc are the circulating-current components that are es-
sential for the proper and stable operation of the M3C. Nonethe-
less, these components will be neglected in this comparative
analysis. Thus, considering that Ig = Il = Irms, then (14) can

be rewritten as

Istring =
Irms

3
+

Irms

3
= 0.67Irms. (15)

The M3C is built with FB submodules that are composed of
four IGBTs and of one capacitor. Each IGBT must be capable to
withstand the voltage Vsub [defined in (13)] and must be capable
to conduct Istring [defined in (15)]. Once again, considering
the ideal case where Vsub = Vcap =

Vstring

N =
2Vpeak

N , then the
ideal power ratings of the M3C semiconductor devices can be
calculated as follows:

PIGBT = VsubIstring = 1.34
VpeakIrms

N
. (16)

Once again, each M3C’s FB submodule has four IGBTs. Each
M3C string is composed of N FB submodules, and the entire
M3C is composed of nine strings. Thus, the total number of
IGBTs in the M3C is equal to NIGBT = 9×N × 4 = 36 N .
Finally, the total semiconductor-device power ratings of the
M3C, as a function of Vpeak and Irms, is equal to

PSD = PIGBTNIGBT = 48.24VpeakIrms. (17)

Now, fixing the IGBT’s rated voltage with a value equal to
VIGBT, and noticing that the total voltage across the N submod-
ule capacitors within one M3C string is equal toVstring = 2Vpeak

(sum voltage of the N capacitors), then the number of submod-
ules composing each M3C string can be calculated as

N =
Vstring

VIGBT
=

2Vpeak

VIGBT
. (18)

Once again, each M3C FB submodule has one capacitor. Each
M3C string is composed of 2Vpeak/VIGBT FB submodules,
and the entire M3C is composed of nine strings. Thus, the
total number of submodules and of capacitors in the M3C is
equal to Nsub = Ncap = 9× 2Vpeak

VIGBT
× 1 =

18Vpeak

VIGBT
. The M3C

also requires nine string inductors, as shown in Fig. 7.

C. Modular Multilevel Shunt Converter

In order for the MMShC to be capable to synthesize a voltage
with amplitude equal to Vpeak at its ac terminals, then its string
voltage should ideally be designed as

Vstring ≥ Vg = Vl = Vpeak (19)

where Vg and Vl are the peak values of the voltages to be syn-
thesized by the MMShC at its grid-side and load-side terminals,
respectively. The MMShC string voltage is naturally divided
among the N submodule capacitors within the string. Consid-
ering that a sorting algorithm is always adopted to maintain all
the submodule capacitors within the same string with similar
voltage values, then it is a fair assumption to consider that the
nominal operational voltage of each submodule capacitor within
one string (Vcap) is equal to Vcap =

Vstring

N . Ideally speaking,
the converter’s submodules, and their IGBTs, must be able to
tolerate at least the capacitor’s nominal operational voltage, i.e.

Vsub ≥ Vcap =
Vstring

N
(20)
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whereVsub is the maximum voltage that the submodule’s IGBTs
are capable to withstand. The same ideal assumption considered
for the MMC and for the M3C is also adopted for the MMShC,
which in the MMShC case means that Vstring = Vpeak and
Vsub = Vcap =

Vstring

N =
Vpeak

N .
The MMShC’s bidirectional-switch stacks must also be con-

sidered in the analysis. Each bidirectional-switch stack must be
capable to block a voltage equal to the sum of the peak values of
the voltages synthesized by the two complementary submodule
strings at the grid and at the load terminals, i.e., the voltage
ratings of the MMShC’s bidirectional-switch stacks must be
designed as follows:

VBS ≥ Vg + Vl = 2Vpeak (21)

where VBS is the maximum voltage that the bidirectional-switch
stack can withstand. The expression shown in (21) is based on the
assumption considered in this analysis where Vg = Vl = Vpeak.
The current that flows through each MMShC string and through
each MMShC bidirectional-switch stack is equal to

Istring = IBS = Ig = Il = Irms. (22)

The MMShC is built with FB submodules that are composed
of four IGBTs and of one capacitor. Each IGBT must be capable
to withstand the voltage Vsub [defined in (20)] and must be
capable to conduct Istring [defined in (22)]. Once again, con-
sidering the ideal case where Vsub = Vcap =

Vstring

N =
Vpeak

N ,
then the ideal power ratings of the semiconductor devices of
the MMShC’s FB submodules can be calculated as follows:

PIGBTFB = VsubIstring =
VpeakIrms

N
. (23)

Each bidirectional-switch stack is composed of two IGBT
stacks. Because of the natural operation of a bidirectional
switch, each IGBT stack must be capable to withstand the
full bidirectional-switch-stack voltage (VBS = 2Vpeak in the
ideal case) and must be capable to conduct the string current
IBS = Istring = Irms. Then, the ideal power ratings of each
IGBT stack of the MMShC bidirectional-switch stacks can be
calculated as follows:

PIGBTBS
= VBSIBS = 2VpeakIrms (24)

Each MMShC FB submodule has four IGBTs. Each MMShC
string is composed of N FB submodules, and the entire MMShC
is composed of six strings. Thus, the total number of IGBTs in
the MMShC FB submodule strings is equal to NIGBTFB = 6×
N × 4 = 24 N . Moreover, each MMShC bidirectional-switch
stack has two IGBT stacks. The entire MMShC is composed
of 12 bidirectional-switch stacks. Thus, the total number of
IGBT stacks in the MMShC bidirectional-switch stacks is equal
to NIGBTBS

= 12× 2 = 24. Finally, the total semiconductor-
device power ratings of the MMShC, as a function of Vpeak

and Irms, is equal to

PSD = PIGBTFBNIGBTFB + PIGBTBS
NIGBTBS

= 24VpeakIrms + 48VpeakIrms = 72VpeakIrms. (25)

TABLE II
SEMICONDUCTOR-DEVICE POWER REQUIREMENTS (PSD)

TABLE III
SUBMODULE AND CAPACITOR COUNT

Now, fixing the IGBT rated voltage with a value equal to
VIGBT, and noticing that the total voltage across the N submod-
ule capacitors within one MMShC string is equal to Vstring =
Vpeak (sum voltage of the N capacitors), then the number of
submodules composing each MMShC string can be calculated
as

N =
Vstring

VIGBT
=

Vpeak

VIGBT
. (26)

Once again, each MMShC FB submodule has one capacitor.
Each MMShC string is composed of Vpeak

VIGBT
FB submodules,

and the entire MMShC is composed of six strings. Thus, the
total number of submodules and of capacitors in the MMShC
is equal to Nsub = Ncap = 6× Vpeak

VIGBT
× 1 =

6Vpeak

VIGBT
. Besides,

The MMShC only requires three inductors, as shown in Fig. 1.

D. Summary

In this section, a summary of the results obtained through
the comparative analysis is presented. In Table II, the
semiconductor-device power requirements of each topology
are presented. In Table III, a summary of the submodule and
capacitor count of each topology is presented.

Even though the proposed MMShC presents a reduced num-
ber of submodules in comparison to the MMC and the M3C, it
has the highest semiconductor-device power requirements due
to the presence of the bidirectional-switch stacks. The MMShC
presents an increase of 76.4% in the semiconductor-device re-
quirements in relation to the MMC and an increase of 49.3%
in relation to the M3C. Thus, the MMShC will require a higher
expenditure with semiconductor devices. The MMC is the topol-
ogy with the lowest semiconductor-device requirements. How-
ever, as given in Table III, the proposed MMShC presents the
lowest submodule and capacitor count. The MMC requires four
times more submodule and capacitors (an increase of 400%) than
the MMShC, and the M3C requires three times more submodule
and capacitors (an increase of 300%) than the MMShC. These
capacitors can be quite bulky, heavy, and expensive [8]. Thus,
the expressively reduced submodule and capacitor requirements
of the new MMShC is an important advantage over the other
two topologies, which should result in an overall reduced size,
volume, and weight. The basic concept for the comparative
analysis presented in this section is illustrated in Fig. 8.

In other words, let us consider a situation where a five-level
voltage with peak value equal to 2 kV (see the lower right
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Fig. 8. Illustrative representation of comparative analysis.

figure of Fig. 8) is to be synthesized by the MMC and by
the MMShC using 1-kV IGBTs. In an ideal case, the nominal
capacitor voltage of each submodule could be equal to 1 kV. As
shown in the left-hand side of Fig. 8, the MMC leg (composed
of the upper and of the lower arms) would have to be built
with eight 1-kV HB submodules to be able to synthesize the
desired voltage. The MMShC string could be built with only
two 1-kV FB submodules (see the upper right figure of Fig. 8)
to be capable to synthesize the same desired voltage. Since the
back-to-back MMC is composed of six legs and the MMShC is
composed of six strings, then the MMC would have to be built
with four times more submodules than the MMShC to be capable
to synthesize the same voltage. This is the conclusion reached in
the comparative analysis, which is summarized in Table III. Even
though the capacitor is the bulkiest and heaviest element of a
submodule, other elements, such as the heat sink, the mechanical
by-pass switch, and the submodule structure itself, also play an
important role in the total volume and weight of a submodule.
Thus, having a reduced number of submodules should contribute
for an overall reduced volume and weight of the converter
solution. Besides, the relation between a capacitor capacitance
and its volume and weight is not completely linear, i.e., one 1-kV
10-mF capacitor should be lighter and more compact than two
1-kV 5-mF capacitors. Finally, there should be a considerable
space between each submodule for insulation purposes; thus,
the total space occupied by two submodules with 1-kV 5-mF
capacitors is certainly bigger than the space occupied by one
single submodule with a 1-kV 10-mF capacitor. This means that,
despite the total converter capacitance, and how this capacitance
is distributed among the submodule strings, having a reduced

number of submodules and of capacitors should contribute for
an overall reduced volume and weight. Nonetheless, the size of
the submodule capacitors of each converter should obviously be
considered in the comparative analysis. The size (capacitance) of
the submodule capacitors should be designed with a value high
enough to keep the voltage ripple limited within an acceptable
range. The MMC’s submodule-capacitor voltage ripple can be
mathematically described as follows: In order to synthesize an ac
voltage with frequencyω, the MMC arms must operate inserting
and by-passing submodules with the following pattern:

SMMC(t) = 0.5sin(ωt) + 0.5 (27)

whereSMMC(t) is a sinusoidal signal that varies between 0 and 1,
where 0 means that all the submodules in the arm are by-passed,
whereas 1 means that all the submodules in the arm are inserted.
The instantaneous MMC arm current is described as follows,
disregarding circulating currents:

iarm(t) =
iac(t)

2
+

idc(t)

3
. (28)

Let us suppose that the MMC operates synthesizing a given
ac voltage that results in the following ac current:

iac(t) = Ipeaksin(ωt+ θ). (29)

Supposing an operation with unit power factor and consider-
ing the approximation that the MMC ac-side power is equal to
its dc-side power, then the following equation is obtained:

√
3

(√
3√
2
Vpeak

)
Ipeak√

2
= VdcIdc. (30)

Rearranging (30), the following expression is obtained for the
dc current:

idc(t) = Idc =
3VpeakIpeak

2Vdc
. (31)

By substituting (29) and (31) into (28), the following expres-
sion is obtained:

iarm(t) =
Ipeak
2

sin(ωt+ θ) +
VpeakIpeak

2Vdc
. (32)

The current that flows through the MMC submodule capaci-
tors causing the ac voltage ripple can be calculated as follows:

icapMMC(t) = SMMC(t)iarm(t). (33)

In order to synthesize an ac voltage with frequency ω, the
MMShC strings must operate inserting and by-passing submod-
ules with the following pattern:

SMMShC(t) = sin(ωt) (34)

where SMMShC(t) is a sinusoidal signal that varies between −1
and 1, where −1 means that all the submodules in the string
are inserted with negative polarity, whereas 1 means that all
the submodules in the string are inserted with positive polarity.
Considering the exact same ac current as in the MMC case, then
the instantaneous MMShC string current is described as follows:

istring(t) = iac(t) = Ipeaksin(ωt+ θ). (35)
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The current that will flow through the MMShC submodule
capacitors causing the ac voltage ripple can be calculated as
follows:

icapMMShC(t) = SMMShC(t)istring(t). (36)

Considering Ipeak = 1kA and consideringVdc = 2Vpeak [see
(1)], then the MMC’s arm current and the MMShC’s string
current can be described as follows:

iarm(t) = 0.5sin(ωt+ θ) + 0.25 kA (37)

and

istring(t) = sin(ωt+ θ) kA. (38)

By substituting (27) and (37) into (33), the following capacitor
current is obtained:

icapMMC(t)=[0.5sin(ωt) + 0.5]× [0.5sin(ωt+ θ) + 0.25] kA.
(39)

By substituting (34) and (38) into (36), the following capacitor
current is obtained:

icapMMShC(t) = sin(ωt)× sin(ωt+ θ) kA. (40)

Considering the following trigonometric identity:

sin2(ωt) =
1− cos(2ωt)

2
. (41)

Then, (39) can be rewritten as follows if θ = 0:

icapMMC(t) = −0.125cos(2ωt) + 0.375sin(ωt) + 0.25 kA.
(42)

Similarly, considering (41) and θ = 0, then (40) can be rewrit-
ten as follows:

icapMMShC(t) = −0.5cos(2ωt) + 0.5 kA. (43)

By analyzing the MMC’s and the MMShC’s capacitor cur-
rents described in (42) and (43), respectively, it is clear that the
capacitor voltage ripple will be higher for the MMC case than
for the MMShC case. In other words, the capacitor reactance is
inversely proportional to the frequency of the current flowing
through it (XC = 1

ωC ). Let us consider a situation where ω =
314.16 rad/s (corresponding to 50 Hz), and where C = 1

314.16
in such a way that the capacitor reactance for the ω component
is equal to 1 Ω and the capacitor reactance for the 2ω compo-
nent is equal to 0.5 Ω. In this case, the voltage drop (voltage
ripple) for the MMC’s ω component will be equal to Vωripple =
0.375×XC = 0.375× 1 = 0.375 kV, where the voltage drop
(voltage ripple) for the MMShC’s 2ω component will be equal
to V2ωripple = 0.5×XC = 0.5× 0.5 = 0.25 kV. The MMC’s ω
ripple is considerably bigger than the MMShC’s 2ω ripple. In
the MMC case, there is still a second ripple component caused
by the 2ω current. This voltage ripple will have an amplitude
equal to V2ωripple = 0.125×XC = 0.125× 0.5 = 0.0625 kV.
The 2ω ripple component can add up to the ω one, resulting in
an increased overall voltage ripple.

To validate the previously explained analysis, a simple sim-
ulation was performed, as shown in Fig. 9. In this simulation,
the MMC’s and the MMShC’s capacitor currents described by
(42) and (43) were separately applied to a current source, and

Fig. 9. Simulation to observe and compare the MMC’s and the MMShC’s
submodule-capacitor voltage ripple.-

Fig. 10. Simulation results to compare MMC and MMShC submodule-
capacitor voltage ripple. (a) MMC and MMShC capacitor currents. (b) MMC
and MMShC submodule-capacitor voltage ripple.

these currents were used to charge a 1-mF capacitor. An angular
frequency ofω = 314.16 rad/s was considered in the simulation.
A high-pass filter was used to eliminate the dc components of
the two currents in such a way that only the ac ripple could be
observed in the measured capacitor voltages.

In Fig. 10(a), the MMC’s and the MMShC’s capacitor cur-
rents described by (42) and (43) are shown (considering θ =
0). In Fig. 10(b), the corresponding MMC’s and MMShC’s
submodule-capacitor voltage ripple is shown. As expected from
the mathematical analysis previously presented, the MMC’s
submodule-capacitor voltage ripple is in fact bigger than the
MMShC’s one. It is well known that the MMC’s submodule-
capacitor voltage ripple can vary depending on its power fac-
tor [26]. To observe this variation, different values for the angle
θ were considered, and the corresponding results are shown in
Fig. 11(a) and (b).

In Fig. 11(a), the cases where the MMC’s submodule-
capacitor voltage ripple is greater than the MMShC’s one are
shown, whereas in Fig. 11(b), the cases where the MMC’s
submodule-capacitor voltage ripple is less than the MMShC’s
one are shown. As shown in Fig. 11(a), the MMC’s capacitor
voltage ripple is considerably bigger than the MMShC’s capac-
itor voltage ripple in many cases. Thus, it can be concluded that
the total capacitance in one MMC arm needs to be bigger than
the total capacitance in one MMShC string so that the same ac
voltage ripple is obtained in the worst-case scenario. According
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Fig. 11. Simulation results to compare MMC and MMShC submodule-
capacitor voltage ripple. (a) Cases where MMC’s submodule-capacitor voltage
ripple is higher than MMShC’s one. (b) Cases where MMC’s submodule-
capacitor voltage ripple is lower than MMShC’s one.

to the results shown in Fig. 11(a), the MMC’s arm capacitance
should be approximately 1.63 times bigger than the MMShC’s
string capacitance. Since the back-to-back MMC is composed
of 12 arms and the MMShC is composed of six strings, then the
total MMC’s capacitance should be approximately 3.25 times
bigger than the MMShC’s capacitance in order to maintain the ac
submodule-capacitor voltage ripple of the two topologies similar
in the worst-case scenario.

The previously explained analysis corresponds to what is re-
ferred to as the ac ripple of the MMShC. However, the MMShC’s
submodule-capacitor voltage also presents what is referred to
as the swapping ripple, which will be explained in detail later
in this article. The swapping ripple is caused by the dc com-
ponent of the capacitor current, which charges and discharges
the submodule capacitors depending if the corresponding string
is connected to the grid (discharging) or connected to the WT
(charging). The submodule-capacitor swapping ripple will be
higher or lower depending on the amount of power handled by
the converter. The submodule-capacitor swapping ripple will be
higher or lower also depending on the total capacitor energy in
the MMShC’s strings. The capacitor energy increases propor-
tionally to the capacitance and with the square of the capacitor
voltage (Ec =

1
2CV 2). Thus, adopting increased voltage levels

will contribute to a reduced swapping ripple since the capacitor
voltages will suffer a smaller variation before a swapping action
occurs connecting the submodule string to the opposite termi-
nal. In any case, the amplitude of the swapping ripple can be
reduced by increasing the switching frequency of the MMShC’s
bidirectional-switch stacks (swap switches), i.e., the faster the
submodule strings are swapped between the charging and dis-
charging terminals, the smaller will be the capacitor voltage
variation caused by the dc current component. In summary, the
swapping ripple might lead to the requirements of increased
capacitance values for the MMShC if it is desired to keep the
switching frequency of the swap switches low, i.e., the tradeoff

between having a reduced swapping ripple (and, thus, reduced
capacitance requirements), and having improved reliability (due
to the low switching frequency of the swap switches) will have
to be assessed in the design stage of the converter solution, on a
case-by-case basis.

The natural behavior of the MMShC is that it will present
higher ac voltage ripple at low-frequency operation. This is also
the case for the MMC, which presents a typical submodule-
capacitor voltage ripple with the components ω and 2ω. The
MMShC operates switching alternately between the grid and the
generator terminals, which means that current components with
frequencies ωg and ωl (grid and load frequencies, respectively)
will flow through the submodule capacitors causing a voltage
ripple. Nonetheless, it is important to emphasize once again
that WT applications do not require a low-frequency operation
since the generator speed will be controlled to operate within
a frequency range that does not include very low frequencies.
Thus, a high voltage ripple should not occur in the MMShC nor
in the MMC in the WT application. It means that submodule
capacitors with a relatively small capacitance values can be
adopted in both converters. The M3C, on the other hand, presents
reduced voltage ripple at low frequencies (which makes it an
attractive solution for some machine drives) but it presents ex-
tremely high voltage ripple when its load-side frequency comes
close to the grid-side frequency [12]. The M3C presents an
unstable behavior when ωl = ωg [12], which is a situation that
will commonly happen in a WT application. Thus, the usage of
the M3C in a WT application can be quite tricky and challenging.
At least, bigger capacitors should be required for the M3C, in
comparison to the MMC and to the MMShC, because of its
increased submodule-capacitor voltage ripple when ωl ≈ ωg .

Another important characteristic of the MMShC is the fact
that it only requires three inductors at the connecting point of
each converter phase and each grid phase (see Fig. 1). The
MMC requires 12 arm inductors and the M3C requires nine
string inductors. The arm/string inductors in the MMC and in
the M3C have two main functions [27], [28]: to limit undesired
ac circulating currents that increase the conduction losses and
deteriorate the converter efficiency, and to limit overcurrents
that occur due to internal faults, especially dc-side faults that
represent a critical problem for MMCs built with HB submod-
ules. One of the interesting characteristics of the MMShC is
the lack of circulating-current paths, which is a consequence
of its topology in which different submodule strings are never
connected, simultaneously, to the same terminal. In other words,
each phase of the MMShC is decoupled from the other two
phases and is composed of two submodule strings that operate
in a complementary fashion, meaning that these strings are
never connected simultaneously to the same terminal. There is
only one submodule string connected to any grid terminal and
to any generator terminal at any time. In the MMC case (see
Fig. 6), each leg is composed of two arms that are connected
to the same terminal of the grid. Arm inductors are necessary
because these two arms cannot be directly connected to the same
terminal. In the M3C case (see Fig. 7), there are three different
submodule strings connected to each phase of the grid, and thus,
string inductors are required because the three submodule strings
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cannot be directly connected to the same terminal. Once again,
the MMShC only requires three inductors connected between
each phase of the converter and each phase of the grid. These
inductors are necessary to allow for the control of the current
and power injected into the grid. The reduced capacitance and
inductance requirements of the MMShC can be considered as an
important advantage in comparison to the MMC and the M3C,
especially if these converters are used in applications that require
lightness and compactness, such as offshore WTs, i.e., these
turbines are built on top of complex foundations that must be
capable to support the turbine structure.

V. SIMULATION RESULTS

In this section, simulation results will be presented based on
the software PSCAD/EMTDC to demonstrate the basic opera-
tion and behavior of the MMShC, as well as to demonstrate the
performance of the converter in a machine-drive application rep-
resenting a high-power WT. In the first simulation analysis, the
MMShC will operate supplying power to an RL load and its load
side will be controlled in an open-loop fashion synthesizing volt-
ages with different frequencies and different amplitudes at the
load terminals. In the second simulation analysis, the converter
will operate driving a permanent-magnet synchronous generator
(PMSG) representing the WT, and the load-side control will
be performed according to the FOC technique presented in
Fig. 4. In both cases, however, the grid-side of the converter will
be controlled in a way as to regulate the submodule-capacitor
voltages, while controlling the current injected into the grid (see
control diagram presented in Fig. 4).

A. MMShC Supplying Power to an RL Load

As previously mentioned, the first simulation analysis is re-
lated to the operation of the MMShC supplying power to an
RL load. In this simulation, the converter is connected to a
50-Hz, 5-kV grid and it supplies power to an RL load with the
following parameters: L=10 mH and R=25 Ω. The MMShC
is built with N = 5 submodules per string and it has 5-mH
inductors connected between each of its phases and each phase of
the grid. This simulation aims to demonstrate the basic operation
of the converter. Initially, the voltage synthesized at the load
terminals presents amplitude equal to 5 kV and frequency equal
to 50 Hz, and the submodule-capacitor voltages are regulated
with a value equal to 1 kV. At t = 2.5 s, the submodule-capacitor
voltage reference increases to v∗dc = 1.2 kV. At t = 4 s, the
submodule-capacitor voltage reference goes back to v∗dc = 1 kV.
At t = 6 s, a new RL load (L= 5 mH and R= 25Ω) is connected
to the load terminals. Initially, the switching frequency of the
swap switches is equal to 50 Hz. At t = 8 s, the switching
frequency of the bidirectional-switch stacks (swap switches)
increases to 150 Hz. Finally, at t = 10 s, the frequency of the
voltage synthesized at the load terminals changes to 20 Hz and its
amplitude changes to 3.25 kV. The obtained simulation results
are shown in Figs. 12–14. In Fig. 12(a), the multilevel 50-Hz
voltages synthesized by the MMShC at the grid terminals are
shown. In Fig. 12(b), the multilevel voltages synthesized by
the MMShC at the load terminals are shown. As previously

Fig. 12. Simulation results. (a) Voltages synthesized at grid terminals.
(b) Voltages synthesized at load terminals. (c) Grid-side and load-side power.

Fig. 13. Simulation results. (a) Grid-side currents. (b) Load-side currents.

explained, initially, the converter is controlled to synthesize a
5-kV, 50-Hz voltage at the load terminals. At t = 10 s, the
converter starts to synthesize a 3.25-kV, 20-Hz voltage at the
load terminals. These results demonstrate that the MMShC is
capable to behave as a controlled voltage source. In Fig. 12(c),
the grid-side power (Pg) and load-side power (Pl) of the MMShC
are shown. The first thing that is important to notice is the fact
that the grid-side and the load-side power remain with equal
values, in steady state, throughout the entire simulation period.
This is a consequence of the grid-side control that absorbs from
the grid the power to be supplied to the load, while maintaining
the submodule-capacitor voltages regulated according to the
desired reference.

In Fig. 13(a) and (b), the MMShC’s grid-side and load-side
currents are shown, respectively. These are currents with a
relatively high power quality (maximum of 5% of total harmonic
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Fig. 14. Simulation results. (a) MMShC phase-A String-X submodule-
capacitor voltages. (b) MMShC phase-A String-Y submodule-capacitor
voltages.

distortion). An even higher power quality could be obtained if
a higher number of levels was adopted in the converter. In this
simulation analysis, the MMShC was modeled with onlyN = 5
levels to limit the simulation time, which was already quite
high. In a real application, a higher number of levels would be
adopted, which would lead to currents with high power quality.
It is important to highlight that the voltage synthesized by the
MMShC is the typical staircase-shape voltage synthesized by
any converter with a modular multilevel structure. The voltage
comes closer to a perfect sinusoidal signal as the number of
levels in the submodule strings becomes higher. Increasing the
frequency of the LSC-PWM carriers would also contribute for an
increased power quality of the MMShC’s grid-side and load-side
currents.

In Fig. 14(a) and (b), the phase-A String-X submodule-
capacitor voltages and the phase-A String-Y submodule-
capacitor voltages are shown, respectively. As previously men-
tioned, at t = 2.5 s, the submodule-capacitor voltage reference
changes from 1 to 1.2 kV. This fact obviously imposes an
oscillation to the grid-side and load-side power values, as shown
in Fig. 12(c). By observing Fig. 14(a) and (b), it is possible
to notice that the proposed control is capable to regulate the
submodule-capacitor voltages of both strings according to the
provided reference (v∗dc = 1.2 kV). At t = 4 s, the submodule-
capacitor voltage reference goes back to 1 kV, and the proposed
control is capable once again to track this reference, as shown
in Fig. 14(a) and (b). This variation is once again reflected in
oscillations in the grid-side and load-side power, as shown in
Fig. 12(c).

At t = 6 s, the new load is connected, which leads to an
increase of the grid-side and load-side power values as shown in

Fig. 12(c). The connection of the new load represents a distur-
bance to the submodule-capacitor voltage control, as shown in
Fig. 14(a) and (b). Nonetheless, the proposed control technique
is capable to maintain the submodule-capacitor voltages regu-
lated according to the reference v∗dc = 1 kV. By observing the
zoom in the submodule-capacitor voltages, a 50-Hz ripple can be
noticed. This is a consequence of the 50-Hz switching frequency
of the bidirectional-switch stacks that connect each submodule
string to the grid terminal (charging mode in this case) and to
the load terminal (discharging mode in this case) in an alternate
fashion. This ripple is referred to as swapping ripple and it will
be further explained in the experimental result section of this
article. A deeper zoom in the submodule-capacitor voltages [see
Fig. 14(a) and (b)] shows the voltages of the capacitors of each
individual submodule within the given string. These voltages
present similar values due to the sorting algorithm responsible
for the submodule-capacitor voltage balancing. It is interesting
to notice that the submodule-capacitor voltage ripple increases
when the new load is connected at t = 6 s. Since the power sup-
plied to the load increases (and, thus, the power absorbed from
the grid increases as well), then the submodule capacitors will
be charged/discharged faster because the switching frequency of
the bidirectional-switch stacks is kept fixed. At t = 8 s, although,
the switching frequency of the bidirectional-switch stacks in-
creases to 150 Hz, and thus, the submodule-capacitor-voltage
swapping ripple is reduced, i.e., the submodule strings switch
between the charging and discharging terminals with a higher
frequency, which means that they are less charged/discharged
before they are connected to the opposite terminal. Finally, at
t = 10 s, both the amplitude and the frequency of the voltage
synthesized by the MMShC at the load terminals are reduced, as
previously mentioned, which results in a reduced power being
supplied to the RL load. This fact can be noticed by observing
Fig. 12(c). In Fig. 14(a) and (b), it is possible to notice that
the variation in the load power represents a disturbance to the
control of the submodule-capacitor voltages, but the proposed
control is once again capable to maintain the capacitor voltages
regulated in steady state. Another important issue to observe in
this simulation analysis is that the MMShC is capable to operate
in a stable and low-voltage-ripple fashion when the frequency
of its grid-side voltage is equal to the frequency of its load-side
voltage (fg = fl = 50 Hz). This is an advantage in comparison
to the M3C.

B. MMShC Driving PMSG-Based WT

The second simulation corresponds to the analysis of the
MMShC operation while driving a PMSG, which represents the
WT generator. In this simulation, the converter is connected to a
50-Hz, 5-kV grid and it drives a PMSG with rated power, voltage,
and frequency equal to 3 MVA, 5 kV, and 60 Hz, respectively.
The MMShC is built with N = 5 submodules per string and
it has 5-mH inductors connected between each of its phases
and each phase of the grid. In this analysis, the grid side of the
MMShC is once again controlled through the method shown in
Fig. 4.
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Fig. 15. Simulation results. (a) Voltages synthesized by the MMShC at the grid
terminals. (b) Voltages synthesized by the MMShC at the generator terminals.
(c) Machine angular speed. (d) Grid-side and generator-side power.

Fig. 16. Simulation results. (a) MMShC phase-A String-X submodule-
capacitor voltages. (b) MMShC phase-A String-Y submodule-capacitor volt-
ages.

The obtained simulation results are shown in Figs. 15 and
16. In Fig. 15(a), the multilevel voltages synthesized by the
MMShC at the grid terminals are illustrated, which are 50-Hz
signals. In Fig. 15(b), the multilevel voltages synthesized by the
MMShC at the generator terminals are shown. As previously
mentioned, these voltages are a consequence of the generator

control aiming to regulate the machine speed. At t = 1 s, the
system is started and the speed reference is set to a value equal to
ω∗ = 022per unit (p.u.) At t = 3 s, the generator speed reference
is increased to 0.25 p.u. The voltages shown in Fig. 15(b) are
15-Hz signals since, in the given period, the generator speed is
equal to 0.25 p.u. and since the machine-rated frequency is equal
to 60 Hz. In Fig. 15(c), the generator angular speed is shown, and
it is possible to notice that the proposed control applied to the
MMShC is capable to regulate the generator speed according to
the mentioned reference. At t = 6 s, the wind speed is increased,
which results in a higher power value produced by the turbine. In
Fig. 15(d), the power absorbed from the turbine by the MMShC
(Pl) and the power injected into the grid by the converter (Pg)
are shown. Once again, the power injected into the grid by the
converter is kept equal to the power absorbed from the turbine,
in steady state, which is a consequence of the grid-side control
aiming at regulating the submodule-capacitor voltages.

In Fig. 16(a) and (b), the MMShC phase-A String-
X submodule-capacitor voltages and phase-A String-Y
submodule-capacitor voltages are shown, respectively. These
signals are kept regulated with the desired voltage value equal
to 1 kV throughout the entire simulation period. Besides, the
zoom in the submodule-capacitor-voltage signals illustrate once
again the effectiveness of the sorting algorithm responsible for
maintaining all the capacitors within the same submodule string
with similar voltage values.

VI. EXPERIMENTAL VALIDATION

In this section, experimental results obtained through a low-
scale prototype will be presented. The built prototype is shown in
Fig. 17, and it is a single-phase version of the proposed converter
solution. The hardware is composed of two strings with N =
3 FB submodules (String X and String Y) based on IGBTs.
Each submodule has a C = 16-mF capacitor integrated. Four
bidirectional switches are also part of the built hardware and
two of these switches form one swap circuit resulting in Swap
1 and Swap 2. A Texas Instruments TMS320F28379D digital-
signal processor (DSP) was used to control the converter. A
Lg = Lt = 5-mH inductor was connected to both grid and load
terminals of the converter. The hardware was connected to an ac
power supply that emulated a Vg = 50-V, fg = 50-Hz ac grid,
and the converter supplied power to a load resistor (Rl = 16
mΩ). In this experimental test, the grid side of the MMShC was
controlled according to the method presented in Fig. 4, aiming
to regulate the submodule-capacitor voltages while absorbing
power from the grid. The submodule-capacitor voltages were
regulated with an average value equal to v∗cap = 23 V, where
the symbol ∗ indicates a control reference. The load side of
the converter, on the other hand, was controlled in an open-
loop fashion synthesizing a V ∗

l = 50-V, f ∗
l = 20-Hz voltage.

The internal control of the MMShC was implemented according
to the algorithm described in Fig. 5. The switching frequency
of the swap circuit (bidirectional switches) was kept fixed with
a value equal to fBS = 20 Hz. The test setup parameters are
summarized in Table IV.



2642 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 2, FEBRUARY 2023

Fig. 17. MMShC low-scale test setup.

TABLE IV
EXPERIMENTAL PROTOTYPE PARAMETERS

The collected experimental results are shown in Figs. 18
–21. In the first, second, third, and fourth figures of Fig. 18,
the load-side voltage, load-side current, grid-side voltage, and
grid-side current of the converter are shown, respectively. These
results demonstrate that the proposed converter is capable to

Fig. 18. Experimental results. The first figure (upper one) shown the load-side
voltage, the second figure shows the load-side current, the third figure shows the
grid-side voltage, and the fourth figure shows the grid-side current.

Fig. 19. Experimental results. String-X submodule-capacitor voltages.

synthesize staircase-shape multilevel voltages with different
frequencies at its two terminals. This would be the case in a WT
application in which the grid-side frequency is fixed by the grid
and the generator-side frequency varies to control the machine
speed. In Fig. 19, the String-X submodule-capacitor voltages are
shown, and one can notice that the proposed control is capable
to regulate the average value of the capacitor voltages according
to the given reference. In this figure, the 20-Hz ripple in the
voltage signals can be observed, which is a consequence of the
switching frequency of the bidirectional switches. Once again,
it is important to notice that these switches can operate with this
extremely low frequency in the proposed topology. In Figs. 20
and 21, a closer view in the String-X submodule-capacitor volt-
ages and String-Y submodule-capacitor voltages, respectively,
is shown by using an ac coupling in the oscilloscope. In these
figures, the three individual voltages of each capacitor in each
submodule string can be seen. It is important to notice that
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Fig. 20. Experimental results. ac coupling of String-X submodule-capacitor
voltages.

Fig. 21. Experimental results. AC coupling of String-Y submodule-capacitor
voltages.

the three submodule capacitors within the same string remain
with similar voltage values due to the sorting algorithm (see
Fig. 5), responsible for the submodule-capacitor voltage balanc-
ing. These results validate the internal control of the proposed
MMShC.

The experimental results presented in this article demonstrate
some important features of the proposed MMShC in comparison
to other converter topologies well established in the industry.
For example, these results show that the MMShC is capable to
synthesize a multilevel staircase-shape voltage, with a relatively
high power quality, which can easily be filtered out. This voltage
profile can even be improved if a higher number of levels is
adopted in the converter solution, which would be something
straightforward to do because of the modularity and scalability
of the submodule strings. This is a special feature common to
all the converter topologies with a modular multilevel structure,
such as the MMC and the M3C. The possibility of synthesizing

the multilevel ac voltage is an important advantage in com-
parison to TL and NPC converters since this voltage profile
is easier to be filtered out in terms of both harmonic content
and dv/dt.

Another important feature of the MMShC demonstrated
through the experimental results is the operation of the swap
circuit. The submodule-capacitor voltages shown in Figs. 19–21
are capable to illustrate important characteristics of the capac-
itor voltage ripple. Besides having an average value, which is
regulated by the control with 23 V in these experimental results,
the MMShC submodule-capacitor voltage is also composed of
two different ripple components. The first is an ac component,
which is a consequence of the ac currents flowing through the
submodule strings. As previously explained, the ac component
of the submodule-capacitor voltage ripple is the same as in a
SSBC converter that presents a typical 2ω submodule-capacitor
voltage ripple, in which ω corresponds to the frequency of
the ac current flowing through the submodule string. Since the
submodule strings of the MMShC can be connected to both grid
and load terminals, then the ac submodule-capacitor voltage
ripple will depend on the frequency of the terminal to which
the string is connected. The second voltage ripple component is
what can be referred to as a swapping component, i.e., in the
MMShC, when one of its strings is connected to a load, its
submodule capacitors are continuously discharged supplying
power to this load. In this case, a decreasing dc component
appears in the submodule-capacitor voltages. When the string
is then connected to the grid, its submodule capacitors are
continuously charged, and then, an increasing dc component
appears in the submodule-capacitor voltages. The swapping
voltage ripple is a function of the switching frequency of the
bidirectional switches that are responsible for alternating the
connection of the submodule strings between the load and the
grid/source terminals. By observing the experimental results
shown in Figs. 19–21, it is possible to notice the presence of the
20-Hz swapping voltage ripple (because of the 20-Hz switching
frequency of the bidirectional switches), and the smaller ac rip-
ple that occurs in between the 20-Hz switching operation. Once
again, in this experimental test, the bidirectional switches of
the swap circuit operated with 20 Hz, which is an extremely low
switching frequency for a semiconductor device. The possibility
of operating the swap switches with a low switching frequency
will be extremely important when a large-scale medium-voltage
converter is developed, in which the swap circuit will have
to be built with series-connected semiconductor devices. The
low switching frequency of the MMShC bidirectional-switch
stacks is an important advantage compared with the TL and
the NPC converters that must operate with a high switching
frequency, resulting in poor reliability and poor efficiency for
their stacks of series-connected semiconductor devices. The
switching frequency of the MMShC swap circuit should be
defined according to how fast its submodule capacitors are
charged and discharged, which depends on the size of these
capacitors and on the power handled by the converter. Then, it
would be reasonable to expect that, in a large-scale solution,
the switching frequency of the swap switches would have to
be increased since increasing the size of the capacitors in not
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an attractive option. Nonetheless, it is important to highlight
that a capacitor’s energy is calculated as Ec =

1
2CV 2, which

means that the energy stored in it increases with the square of
its voltage. Thus, for higher voltage levels, which will be the
case in a large-scale MMShC, considerably more energy will
be stored in the converter’s submodule capacitors, which will
lead to slower charging/discharging cycles of these capacitors,
contributing for the possibility of operating the swap switches
with a low switching frequency.

VII. CONCLUSION

This article introduced the MMShC version with capacitors
only, which could be a promising converter solution to drive
modern/future high-power medium-voltage WTs. In this article,
a control technique is proposed to control the grid side of the
converter in order to regulate its submodule-capacitor voltages
while injecting power into the grid. Moreover, a comparative
analysis with other well-established converter solutions was pre-
sented in terms of power ratings of semiconductor devices and
in terms of submodule/capacitor count. This analysis concluded
that, even though the proposed solution presents an increased
requirement in semiconductor device power, it presents a consid-
erably reduced submodule, capacitor and inductor count, which
could lead to advantages in terms of weight, volume, and costs.
In this article, simulation results were presented demonstrating
the basic operation of the MMShC with the proposed control
technique and demonstrating the effectiveness of the converter
in driving an electrical machine representing the WT generator.
The simulation results proved that the proposed grid-side control
is capable to maintain the submodule-capacitor voltages of
the converter regulated in every tested conditions. Moreover,
the simulation results proved that the proposed topology was
capable to regulate the generator speed while injecting the
produced power into the grid. Finally, experimental results in
a low-scale prototype were presented validating important as-
pects of the proposed converter solution, such as its grid-side
control, its internal control and sorting algorithm, the ability of
the converter in synthesizing different voltages with different
frequencies at its two terminals, and the operation of the swap
circuit.
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