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Abstract: Due to its scalability, reliability, high power quality and flexibility, the modular multilevel
converter is the standard solution for high-power high-voltage applications in which an AC-DC-AC
connection is required such as high-voltage direct-current transmission systems. However,
this converter presents some undesired features from both structural and operational perspectives.
For example, it presents a high number of components, which results in high costs, size, weight
and conduction losses. Moreover, the modular multilevel converter presents problems dealing with
DC-side faults, with unbalanced grid conditions, and many internal control loops are required for
its proper operation. In variable-frequency operation, the modular multilevel converter presents
some serious limitations. The most critical are the high-voltage ripples, in the submodule capacitors,
at low frequencies. Thus, many different AC-AC converter solutions, with modular multilevel
structure, have been proposed as alternatives for high-power machine-drive applications such as
offshore wind turbines, pumped-hydro-storage systems and industrial motor drives. These converters
present their own drawbacks mostly related to control complexity, operational limitations, size and
weight. This paper introduces an entirely new medium-voltage AC-AC modular multilevel converter
solution with many operational and structural advantages in comparison to the modular multilevel
converter and other alternative topologies. The proposed converter presents high performance
at low frequencies, regarding the amplitude of the voltage ripples in the submodule capacitors,
which could make it very suitable for machine-drive applications. In this paper, an analytical
description of the voltage ripples in the submodule capacitors is proposed, which proves the high
performance of the converter under low-frequency operation. Moreover, the proposed converter
presents high performance under unbalanced grid conditions. This important feature is demonstrated
through simulation results. The converter solution introduced in this paper has a simple structure, with
decoupled phases, which leads to the absence of undesired circulating currents and to a straightforward
control, with very few internal control loops for its proper operation, and with simple modulation.
Since the converter phases are decoupled, no arm inductors are required, which contributes to
the weight and size reduction of the topology. In this paper, a detailed comparison analysis with
the modular multilevel converter is presented based on number of components, conduction and
switching losses. This analysis concludes that the proposed converter solution presents a reduction
in costs and an expressive reduction in size and weight, in comparison to the modular multilevel
converter. Thus, it should be a promising solution for high-power machine-drive applications that
require compactness and lightness such as offshore wind turbines. In this paper, simulation results are
presented explaining the behavior of the proposed converter, proving that it is capable of synthesizing
a high-power-quality load voltage, with variable frequency, while exchanging power with the grid.
Thus, this topology could be used to control the machine speed in a machine-drive application.
Finally, experimental results are provided to validate the topology.

Energies 2020, 13, 3664; doi:10.3390/en13143664 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-5100-5192
https://orcid.org/0000-0001-7594-3298
https://orcid.org/0000-0002-2617-7168
http://dx.doi.org/10.3390/en13143664
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/14/3664?type=check_update&version=2

Energies 2020, 13, 3664 2 of 48

Keywords: modular multilevel converter; wind turbines; pumped hydro storage

1. Introduction

The world is going through a change of its energy-consumption paradigm, moving towards
a renewable-energy-based energy matrix. Wind turbines are in a constant evolution and units with
larger power are emerging [1]. This upscaling process aims at increasing the amount of power
generated while reducing the structural costs and weight [2]. This is especially important for
offshore wind turbines that require extremely expensive supporting structures and that must be
installed at remote areas. With the high penetration of renewable energy sources, with complex
predictability, energy-storage systems will be required to maintain the load/generation balance in the
electrical grid [3-7]. Flexible hydro turbines in the pumped-hydro-storage configuration constitute
an interesting option [8,9]. Most of the pumped-hydro-storage systems currently available are based
on doubly-fed-induction generators that use a reduced-power converter. This topology does not allow
for a very flexible operation because of its low-torque characteristic at low speeds, leading to the
requirement of a dewatering procedure (to remove the water from the hydro turbine in order to reduce
the friction force) when changing from pump mode to generation mode and vice versa. In order to
obtain a highly flexible hydro turbine, the usage of a synchronous machine along with a full-scale
converter is necessary [8-10].

Upscaled wind turbines, flexible pumped-hydro-storage systems and industrial motor drives are
applications that operate with variable frequency and that must deal with a considerably high amount
of power. These increasing power levels will eventually result in the necessity of higher voltages.
Thus, proper power-electronic devices will be required to drive these systems. Conventional modular
multilevel converters (MMCs) are the state-of-the-art solution for high-voltage applications such as
high-voltage-direct-current (HVDC) transmission systems operating as controlled voltage sources.
This converter topology can reach very-high voltage levels using semiconductor devices currently
available in the industry, due to its modular structure. Moreover, the MMC allows for a flexible HVDC
system, with high reliability, high power quality and low switching losses. The MMC topology in
a back-to-back configuration is shown in Figure 1. The HVDC systems operate with fixed frequency at
their AC terminals (usually 50 Hz or 60 Hz). Even though many papers have proposed methods to keep
the MMC submodule-capacitor voltage ripples within acceptable limits [11,12], at low frequencies, this
problem can be much more serious [13,14]. For lower frequencies, the submodule-capacitor voltage
ripples increase since they are consequence of the fundamental frequency and double-fundamental
frequency current components flowing through the capacitors, and since the capacitor reactance is
inversely proportional to the frequency. The voltage ripples can reach intolerable values for very low
frequencies. In a pumped-hydro-storage system, the synthesized AC voltage even crosses the 0-Hz
operation point as the hydro turbine switches from pumping mode to generating mode, or vice versa.
This situation would lead to the destruction of the MMC submodule capacitors, since a 0-Hz current
flowing through these capacitors would lead, in theory, to an infinite voltage ripple. Moreover, since the
MMC phases are connected to common points at their positive and negative DC terminals, unbalanced
grid conditions can cause serious ripple problems at both submodule level and DC-link level [15,16].
Moreover, conventional MMCs have critical problems dealing with DC-side faults, at least, if the
submodules are half-bridge (HB) ones [17,18]. Full-bridge (FB) submodules could be used but with the
downside of increasing the cost and losses of the converter, due to the high number of components
required in the converter structure. Furthermore, MMCs must deal with undesired circulating currents
that must be constantly suppressed to keep the conduction losses within a tolerable range [19-21].
However, the suppression of the circulating currents increases the problems with the capacitor-voltage
ripples. Finally, the MMC has a complex structure, with a high number of components, which leads to
high costs, weight and size. Moreover, many internal control loops are required for its proper operation.
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Figure 1. MMC topology.

It seems that in medium-voltage AC-AC applications operating with variable frequency, such as
large wind turbines, pumped-hydro-storage systems or industrial motor drives, the usage of
conventional MMCs is not very appropriate. Undesired issues, inherent to the conventional MMC,
could be avoided. Many different AC-AC converters using a modular multilevel structure have been
proposed in the literature [22-42]. Two converter solutions stand out among all the mentioned ones.
The first one, is often referred to as the series-connected H-bridge (SCHB) multilevel converter [30-32]
and it has attracted a lot of attention from industry, becoming a product regarded as the most
proven medium-voltage drive in the market (SIEEMENS SINAMICS PERFECT HARMONY GH180).
This converter is composed of strings of FB submodules connecting each phase of a given machine to
a common neutral point. In order to exchange power with the grid, rectifiers are connected to each of the
submodule capacitors. These rectifiers maintain the capacitor voltages regulated as they do not experience
voltage-ripple problems. Since this is a converter for medium-voltage applications, a very complex, heavy
and bulky transformer structure is required to adapt the grid voltage to the voltage at the terminals of
each rectifier. Thus, this solution is not suitable for applications that require lightness and compactness
such as wind turbines (especially offshore ones) or maritime drive applications, for example.
Probably, the state-of-the-art converter solution for medium-voltage AC-AC drive applications that
require lightness and compactness is the so-called modular multilevel matrix converter (MMMC
or M3C) [2,33,34,38-40], many times also referred to as direct MMC (D-MMC) [8,9,41] or modular
multilevel cascade converter based on triple-star bridge-cells (MMCC-TSBC) [35-37]. This converter
can be considered to be a mix of a direct matrix converter (DMC) [43,44] and an MMC, and it presents
superior performance, in comparison to the conventional MMC, at low frequencies, regarding the
amplitude of the submodule-capacitor voltage ripples. Basically, this converter is composed of strings
of FB submodules connecting each phase of the grid to a common point that is connected to one
of the phases of the load terminal. Three of such structure are required to be connected to each of
the three phases of the load, resulting in a three-phase converter. The MMMC can act as a voltage
source to both load and grid side with the absence of a DC stage. However, the MMMC presents
some drawbacks. First, this is a converter with high control and structural complexity. Moreover,
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complex modulation strategies are required. Since each phase of the grid is connected, through
submodules strings, to a common point, undesired circulating currents are still an issue to deal
with. One of the most serious drawbacks is related to the MMMC operation under unbalanced grid
conditions [45,46]. Basically, the MMMC is composed of three modular multilevel converters based
on single-star bridge-cells and it is widely known that this converter presents critical problems under
unbalanced grid conditions [45]. Due to the neutral point of this converter, unbalanced grid conditions
can, not only, increase the submodule-capacitor voltage ripples, but even more serious, can result in
an uneven power distribution among the phases leading to an unstable operation of the capacitor
voltages that might diverge. This paper introduces an entirely new medium-voltage AC-AC converter
solution that can overcome some of the previously mentioned structural and operational drawbacks of
already established converter topologies. The authors named it modular multilevel series converter
(MMSC) and its structure is illustrated in Figure 2.
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Figure 2. MMSC topology.

The MMSC is a converter solution with simple structure and reduced number of components
in comparison to the MMC. The MMSC is a three-phase converter composed of three, completely
independent and decoupled, single-phase structures (see Figure 3). Thus, circulating currents are
non-existent, which simplifies the converter control and operation, and that results in a topology
with no requirements of arm inductors. In both MMC and MMMC, many bulky and heavy inductors
are required to avoid internal short circuits, among the coupled submodule strings, and to suppress
undesired AC circulating currents. Since the three phases of the MMSC are completely decoupled,
unbalanced grid conditions are not a critical problem for the MMSC to deal with as will be further
explored in this paper. The proposed converter topology presents very low control complexity. In fact,
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the only internal control loop for the proper operation of the MMSC is the submodule-capacitor-voltage
balance, along with a straightforward modulation technique. This is an important advantage over the
MMC and the MMMC. Moreover, the MMSC presents a very low requirement of output-voltage filters
due to its multilevel structure that generates a high-power-quality staircase-shape voltage, which is
a common feature of converters with modular multilevel structure. Finally, as will be explained in
detail in this paper, the MMSC presents high performance at low-frequency operation, regarding
the voltage ripples in the submodule capacitors, which is a natural consequence of its topology and
control. For this reason, the MMSC could be a very promising solution for high-power machine-drive
applications. In comparison to the conventional MMC, the MMSC presents a simplified control and
a reduction in the number of semiconductor devices and an expressive reduction in the number of
bulky and heavy submodule capacitors. In this paper, a detailed comparison analysis is carried out
between the MMC and the MMSC, focusing on the number of components, conduction and switching
losses of the topologies. This analysis leads to important conclusions regarding cost, size and weight,
which are favorable to the MMSC over the MMC. Moreover, the MMSC does not have a DC stage,
avoiding problems with DC faults, and does not need to deal with undesired circulating currents.
Finally, the MMSC presents higher performance at low frequencies. In comparison to the SCHB
multilevel converter, the MMSC is very light and compact due to the absence of the bulky transformers.
In comparison to the MMMC, the MMSC presents a reduced control complexity, since the MMMC
requires very complex modulation techniques and it needs to have different internal control loops
such as the circulating-current-suppression control. Moreover, the MMSC presents high performance
under unbalanced grid conditions, which is an important advantage over the MMMC.

Figure 3. MMSC represented as three single-phase converters.

Facts that are widely described in the literature about the MMC, the MMMC and the SCHB
multilevel converter are summarized in Table 1. The characteristics of the proposed MMSC, which are
described in Table 1, will be explored and explained in detail in this paper. In Section 2, the authors
explain the topology, behavior and operational characteristics of the MMSC. In Section 3, an explanation
of the converter control and modulation is provided, which proves the low control complexity of
the MMSC. In Section 4, a detailed analytical description of the submodule-capacitor voltage ripples
is proposed, which explains the high performance of the MMSC at low frequencies. In Section 5,
a detailed comparison analysis between the MMSC and the MMC is carried out, aiming at analyzing
the total number of components, conduction and switching losses of the topologies. This analysis leads
to interesting conclusions regarding cost, size, weight and efficiency, showing that since the MMSC
presents a reduced number of semiconductor devices and an expressive reduction in the number
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of capacitors, in relation to the MMC, then the MMSC should be a solution with reduced cost and
considerably reduced size and weight. In Section 6, simulation results are presented showing that
the MMSC is capable of synthesizing a high-power-quality load voltage, with variable frequency,
operating as a controlled voltage source from the load perspective, while injecting a high-power-quality
current into the grid. Moreover, simulation results are presented proving the high-performance
behavior of the MMSC under unbalanced grid conditions. Finally, in Section 7, experimental results
are presented, validating the proposed converter topology. Due to the mentioned operational and
structural advantages, in relation to other alternative converter topologies, the MMSC should be
a promising industrial solution for high-power machine-drive applications that require lightness and
compactness (offshore wind turbines, for example) and applications that operate at low frequencies
(such as pumped-hydro-storage systems or industrial motor drives).

Table 1. Characteristics of Different Converter Topologies.

MMC MMMC SCHB MMSC

Performance at Low Frequencies Low High High High
Structural and Control Complexity High High Average Average
Presence of Circulating Currents Yes Yes No No
Presence of DC Stage Yes No No No
Performance Under Unbalanced Grid Conditions = Average Low High High
Presence of Heavy Filters and Transformers Average Average High Average

2. AC-AC MMC as a Series-Connected Voltage Source

The MMSC topology is composed of strings of FB submodules along with bidirectional switches.
The MMSC is supposed to operate as controlled voltage sources (vs) connected in series between
each phase of the grid and each phase of the load. Strings of FB submodules are required to emulate
the controlled voltage source since they allow synthesis of a series voltage with both positive and
negative polarities. As higher the number of submodules connected in series (N >> 1), closer to
a sinusoidal signal will be the series synthesized voltage due to more steps in the staircase-shape
waveform. Supposing that the bidirectional switches are connecting each of the grid phases to their
corresponding load phases, then, for the phase-A case, the following is obtained through Kirchhoff’s
law if a balanced system is considered:

Veq + Usg — Uog =0 1)

In which vg, is the phase-to-ground grid voltage, v,, is the phase-to-ground load voltage and vs,
is the voltage across the string of submodules in the phase-A leg. Therefore, if one wants to control,
for example, phase A of the load voltage (vos = vyef,), then they need to synthesize a given series
voltage (vs,), depending on the instantaneous value of the grid voltage (vg,). In other words:

Usa = Urefa — Uga ()

The bidirectional switches perform two essential tasks for the operation of the MMSC. Since the
strings of submodules are connected in series between the grid and the load, in steady state, the average
voltage of the capacitor of each submodule reaches a value equal to approximately %, in which Vg
corresponds to the peak, phase-to-ground value of the grid voltage and N corresponds to the number of
series-connected submodules. It means that the grid voltage is naturally divided among the capacitors
of each submodule in one string. The average capacitor voltage is not equal to %, in steady state,
due to a small voltage drop across the load. If the system is balanced, then both the grid neutral
point and the load neutral point can be considered to be grounded. Then, one can follow a closed
voltage path (Kirchhoff’s law) from the grid neutral point, passing through the string of submodules
until the load neutral point. Considering the small voltage drop in the load and considering each
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submodule as a diode rectifier (anti-parallel diodes), then the voltage in each capacitor will be equal
to approximately %. This is exactly what happens in the pre-charge of the MMSC (see Figure 4).
The submodules IGBTs are kept in off state and the grid voltage charges the submodule capacitors,
through the anti-parallel diodes, with a value equal to approximately % It is interesting that even
when the MMSC starts to operate, the average capacitor voltage still has a balance value that is
imposed by the grid-voltage amplitude. The capacitor voltages oscillate according to the current
flowing through the string, but their average values are kept constant and regulated. That is how
the power transfer between the load and the grid occurs. When there is a power variation at the
load side, the average capacitor voltages are kept stable and regulated (imposed by Kirchhoff’s law
and conservation of energy), and, thus, the grid power varies accordingly in order to meet the new
load-power value. The variation of the grid power is a natural consequence of Kirchhoff’s law and
conservation of energy. If it did not happen, then there would be a power mismatch between grid
and load and the average value of the capacitor voltages would vary, as the capacitors would charge
or discharge in order to fill the power mismatch. In this case, Kirchhoff’s law would not be fulfilled.
To sum up, the average value of the capacitor voltages in one string does not need to be controlled as it
is kept regulated in order to fulfil Kirchhoff’s law. Even if the load varies, there is a balance average
value for the capacitor voltages, which is equal to approximately %

Y
Grid Vep = N
Vy (peak value)

= |7/
* T Ver = o7
. v,
® Ueny = Ng

Load -

Figure 4. MMSC pre-charge representation.

If all the submodules are inserted in series, the value of the synthesized voltage (v;) will be equal
to Vg, which is the maximum value possible to be synthesized. However, it is considered that the
grid voltage and output voltage have different frequencies (f; and f,, respectively), which means that
there will be moments in which the peak of the grid voltage will meet the valley of the output-voltage
reference. According to (2), at these moments the instantaneous value of the voltage required to be
synthesized in series (vs) will be higher than the maximum voltage possible (V,). In other words,
at these moments the output voltage (v,) will deviate from its reference (v,, ) since the MMSC is not
capable of synthesizing the necessary voltage. Therefore, the first essential task of the bidirectional
switches is to connect the strings of submodules to a different phase of the grid at the moments in
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which the voltage to be synthesized in series is higher than V;. As an example, for the phase-A case,
the bidirectional switches will connect the phase B of the grid to the phase-A leg and, thus, the voltage
to be synthesized in series, according to Kirchhoff’s law, will then be equal to vs;, = Urefa — Ughs
which will be lower than Ve and, thus, the MMSC maintains control over the load voltage.

In Figure 5, one can observe equivalent electric circuits that represent the behavior of the MMSC
from both grid and load perspectives. From the load perspective, the MMSC is a controlled voltage
source that generates the voltage reference (v;,s) at its terminals. It is important to notice, though,
that the load and grid are connected in series through a string of submodules. Thus, it would be
naturally expected that the load current (i,) would flow to the grid, which would result in an intolerable
operation condition. In fact, from the grid perspective, the MMSC operates as a current source.
However, this is a current source that injects, not only, the load current (i,) into the grid, but also
components with other frequencies, including the grid frequency (f; = 50 Hz). That is the second
essential task of the bidirectional switches. In other words, as will be shown later, the bidirectional
switches operate with the grid frequency (f; = 50 Hz) resulting in a 50-Hz component in the current
injected into the grid (ig). The f,-Hz-current component that flows to the grid (load current) can
be filtered out. That is why a band-pass current filter, tuned with the grid frequency (f; = 50 Hz),
should be added at the point of connection of the MMSC and the grid. Thus, as shown in Figure 5,
from the grid perspective, the MMSC can be represented by a current source with the load-current
component (i,), as well as a current source with the 50-Hz component (i, ), which is the filtered current.
The load current (i,) will be drained by the filter, whereas the 50-Hz component (i, ¢) will flow to the
grid, interacting with the grid voltage, producing the active power that is exchanged with the load
(P; = P,). The band-pass filter is tuned in such a way as to allow only the 50-Hz-current component to
flow to the grid.

Grid Perspective (f;=50 Hz)

N

Load Perspective (f, Hz)

~
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1
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Figure 5. Equivalent electric circuits that represent the MMSC behavior from grid and load perspectives.
The filter used in this paper is the one shown in Figure 6 with the following transfer function:

iout sL

im  (LCR)sZ+Ls+R ®)
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This is a second-order filter that has the Bode plot depicted in Figure 7 if the following parameters
are used: R = 25 (), L = 10.13 mH and 1 mF. By analyzing Figure 7, one can notice that the filter
has a resonance characteristic with a peak at 314.16 rad/s. In other words, at 314.16 rad /s, the filter
presents 0 dB meaning that the 50-Hz current is allowed to pass through the filter. The Bode plot
shows negative magnitudes for other frequencies, meaning that currents with other frequencies will be
attenuated. In this paper, the filter design was executed in such a way as to illustrate the proposed idea.
However, it is important to emphasize that a more efficient design would be required in an eventual
industrial product. Higher order filters could be used to obtain a thinner resonance peak, which would
improve the filtering performance.

Lout lin
h

—
. ] °
R

L JE—

Figure 6. Band-pass current filter circuit.
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-30
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-50
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-90 i
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Figure 7. Bode plot of band-pass filter.

A critical component of the MMSC that deserves special attention is the bidirectional switch.
The MMSC is supposed to be used in medium-voltage applications, which means that the bidirectional
switches should be able to withstand these voltage levels. Thus, series-connected semiconductor
devices are required. The operation of these series-connected devices is a challenge commonly
faced by power-electronic manufacturers. It is important to emphasize, though, that since these
are medium-voltage applications and not high-voltage applications, only a few series-connected
devices would be required. There are some products currently available in the industry [47,48] that
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correspond to valves composed of many series-connected semiconductor devices that operate with
high reliability, due to advanced drivers that ensure static and dynamic voltage sharing among the
semiconductor devices. Moreover, one very important issue about the MMSC is that as previously
mentioned and as will be further explained in this paper, the bidirectional switches operate with
a very low switching frequency (f; = 50 Hz). In other words, even though series-connected devices
are required, these devices switch at very low frequencies and, thus, snubber circuits could be used,
with tolerable losses, in order to guarantee a safe transient voltage balance among the semiconductor
devices connected in series [49-51]. This way, the MMSC can operate in a safe and reliable fashion.
Moreover, the low switching frequency results in low switching losses. Another very interesting
consequence of the low switching frequency of the bidirectional switches in the MMSC is the fact that
the complex multi-step commutation techniques [52,53], commonly used in matrix converters, could
be avoided through the use of snubber circuits. In other words, a simple dead-time could be used
in combination with the snubber circuit to guarantee the bidirectional-switch current commutation,
providing a path for the load current to flow through during the commutation. Due to the low
switching frequency, tolerable losses would be obtained since the current would only flow through the
snubber circuit during the current commutation.

3. Internal Control Loops and Modulation Strategy

As previously mentioned, the converter structure proposed in this paper is very simple and not
many internal control loops are necessary for its operation, which is an important advantage over other
converter solutions composed of a modular multilevel structure. For example, in the conventional
MMC, many internal control loops are required for the correct operation of the converter. One of the
internal control loops is responsible for maintaining the equal sharing of the DC-link voltage among
the upper and the lower arms. Another internal control loop is the circulating-current-suppression
control required to guarantee that the circulating current is only composed of a DC component and
that the undesired AC components are suppressed. Finally, the voltage balance among the capacitors
of the submodules in one arm is also required for the proper operation of the MMC. In the MMMC
case, also many internal control loops are required for its proper and stable operation. Moreover,
very complex modulation techniques are necessary in order to operate the MMMC as a voltage source
from both grid and load perspectives, while respecting important constraints of not creating short
circuits and not creating situations in which a given current does not have a path to flow through,
since there are inductors at both grid and load sides.

In the MMSC case, the only internal control loop required for the correct operation of the converter
is the voltage balance among the capacitors of the submodules in one string. This control is explained,
along with the used modulation technique, in Figure 8, in which the internal control and modulation
for the phase-A case are shown. It is important to emphasize that in this paper the MMSC is controlled
in an open-loop fashion without any outer control loops. In other words, a voltage reference (v;,) is
provided to the MMSC, which is a signal with fixed amplitude and variable frequency as will be shown
later. The flowchart shown in Figure 8 corresponds to the MMSC internal control (submodule-capacitor
voltage balance), plus the control logic of the bidirectional-switch valves, plus the modulation technique
that is responsible for tracking the voltage reference. The entire control logic illustrated in Figure 8 is
implemented in a C code.

The error (E) is equal to the voltage that must be synthesized in series (vs,) in order to obtain the
desired voltage at the load terminals (vos = vy, f,). Thus, the error is calculated as follows:

E = Upefq — Vga 4)
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Figure 8. MMSC control and modulation.

While E is within the limits corresponding to —Nv.,; and Nv,1, phase-A leg is kept connected to
phase A of the grid, because the voltage that must be synthesized in series is within the limits of voltage
that the converter is capable of synthesizing. Even though v.,; was used in this case, any capacitor
voltage could be used considering that all of them have equal values due to the voltage balancing
control. As soon as E is not within the mentioned limits anymore, then the phase-A leg must be
connected to phase B of the grid through the bidirectional switches. Sgip, and Sgip; are the gate
signals sent to the bidirectional switches connected to phase A and phase B of the grid, respectively.
If these signals have value equal to 1, then the bidirectional switch is turned on, whereas if they have
value equal to 0, then the bidirectional switch is turned off. It is important to emphasize that the
bidirectional switches of each submodule string operate in a complementary fashion. In other words,
if Sgips = 1, then Sgipy = 0 and vice versa. Both IGBTs in one bidirectional switch are activated
simultaneously because a snubber circuit was used along with a dead-time technique, avoiding the
multi-step commutation approach. In other words, both IGBTs in one bidirectional switch can be seen
as a single switch. After checking if E is within the limits corresponding to —Nv.,; and Nv,, it is
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necessary to analyze if E has a positive or a negative value to know if the submodules need to be
inserted with positive or with negative polarity in order to obtain the desired instantaneous voltage at
the load terminal. After deciding the polarity of the voltage to be synthesized in series, the number
of submodules to be inserted (M) must be calculated. This is a modulation process similar to the
nearest-level control [47]. Basically, N submodules with voltage equal to ;1 = V2 = ... = U are
available to be inserted in series. The control must test in which voltage range the value calculated for
E is, in order to decide how many submodules must be inserted in series (see Figure 8). Finally, in order
to obtain the capacitor-voltage balance, the direction of the output current (io;) should be measured.
The capacitors of the submodules to be inserted will be charged or discharged depending on the
polarity of the inserted submodules and on the current direction. If this is a charging current, the M
submodules with lower capacitor voltages are selected to be inserted and if this is a discharging current,
the M submodules with higher capacitor voltages are selected to be inserted. With this technique,
all the submodule capacitors, in the string, remain with equal voltage.

4. Submodule-Capacitor-Voltage-Ripple Analysis

To understand the submodule-capacitor voltage ripple, one can observe the behavior of the voltage
that must be added in series (vs) in order to obtain the desired voltage (v,.f) at the load terminal:

vs(t) = Uref(t) —vg(t) = Vrefsin(wot) — Vgsin(wit + ) (5)

In which V. is the phase-to-ground peak value of the voltage reference. The voltage that the
MMSC is capable of synthesizing in series, however, neglecting the submodule-capacitor voltage
ripple, can be described as:

vs(t) = VeapS(t) 6)

In which V) is the average value of the voltage in each submodule capacitor and S(t) is
an insertion index pattern that varies periodically, in a discrete fashion, from —N to N representing the
instantaneous number of submodules inserted in series. However, in this analysis S(t) is approximated
by a continuous signal, normalized by N, that varies from —1 to 1, resulting in the following equation:

04(t) = NVapS(£) = N25(1) = VS (1) @)
To sum up, (5) is the voltage that must be added in series in order to obtain the desired voltage
reference at the load terminals, whereas (7) is the voltage that the converter is capable of synthesizing
in series, if the bidirectional switches are disabled. By analyzing (7), one can observe that this is
a signal that varies periodically with amplitude equal to V. However, if one analyzes (5), they will
notice that in order to obtain the desired voltage at the load terminals, the required series voltage
should have an amplitude higher than V; at some moments. This fact explains the necessity of using
the bidirectional switches to commutate between different phases of the grid. The ideal insertion
index pattern required to reach the desired load voltage can be obtained by substituting (7) into (5)
resulting in:
Vie f . .
S(t) = Tgsm(wot) — sin(wit + ¢) ®)
Equation (8) is illustrated in Figures 9a, 10a and 11a for the cases in which the output-voltage
reference has frequencies equal to 1 Hz, 10 Hz and 45 Hz, respectively. These signals represent how
the submodules in one string should be inserted to obtain the desired voltage at the load terminals.
However, these are insertion-index values that do not correspond to reality. One should notice that
these signals vary periodically reaching values higher than 1. Since the insertion index was normalized
by the number of submodules (N), then a value higher than 1 represents an unfeasible insertion-index
value that would correspond to more than N submodules inserted in series. Thus, the real insertion
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index pattern that represents how the submodules would actually be inserted if the bidirectional
switches were kept disabled, is a signal represented by (8), but that saturates when it reaches the
values equal to 1 or —1. This signal is represented in Figures 9¢c, 10c and 11c for the cases in which the
output-voltage reference has frequencies equal to 1 Hz, 10 Hz and 45 Hz, respectively. In other words,
this is exactly how the MMSC behaves if the bidirectional switches are disabled and, when the insertion
index reaches the saturation limits, the MMSC loses control over the load voltage as it deviates from
its reference. The MMSC is only capable of synthesizing the desired output voltage because it connects
different grid phases to each of the submodule strings through the bidirectional switches. Therefore,
the real insertion index pattern, considering the bidirectional switches enabled, is a signal represented
by (8) if —1 <= S(t) <= 1 and represented by (9) if S(t) < —1 or if S(t) > 1. The addition of the
term — 27” means that the submodule string is connected to a different phase of the grid. This signal
is represented in Figures 9e, 10e and 11e for the cases in which the output-voltage reference has
frequencies equal to 1 Hz, 10 Hz and 45 Hz, respectively.

S(t) = Msin(wot) — sin(wit + ¢ — 2—”) ©)
Ve 3

Let us analyze the frequency spectrum of the insertion-index-pattern signal for the case in which
the output-voltage reference has frequency equal to 1 Hz (Figure 9a,c,e). In Figure 9b, one can notice
that, as expected, the insertion-index-pattern signal contains only the frequencies f, = 1 Hz and
fi = 50 Hz. However, in order to analyze the more complex signals represented in Figure 9c,e, the fast
Fourier transform (FFT) is necessary. The FFT tool of the software Matlab is used in this article. It is
very important to notice that for the real insertion index pattern (see Figure 9e,f), the amplitude of the
1-Hz component becomes very small. In fact, the main harmonic components of the signal frequency

spectrum are represented by the following pattern:

fswy = Ynfi+ Y mfi+ fo (10)

Forn=1,3,5,..coand m = 2,4,6, ...c0.
Considering that the MMSC is supplying power to a RL load, the current that flows through the
load (and, thus, through the submodule string because of the series connection) is equal to:

_ Up(t)  Viegsin(wot +0)
N IR + jw,L| N R + jw,L|

io(t) (11)
In which 0 is the load angle that is neglected in this case since R >> L is considered. The current that
flows through the submodule capacitors (icqp), generating the voltage ripples, can be obtained as follows:

icup(t) = S(t)io(t) (12)

The output current (i, (t)) is a sinusoidal signal with the output-voltage frequency (w, = 27f,).
The insertion index pattern (S(t)) is a signal composed of many different frequencies
(see Figures 9f, 10f and 11f and Equation (10)) including the output-voltage frequency (w,), even though
with a very small amplitude. Thus, the frequency spectrum of the capacitor current (ic;p) can be
calculated based on the two following trigonometric identities:

1 — cos(2wqt)

> (13)

sin(wqt)sin(wyt) =

and
sin(wit)sin(wyt) = cos((wy — wa)t) — cos((wy + wa)t) (14)
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shown in Figures 9¢, 10e and 11e, respectively.
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In Figure 12a—c, one can observe the frequency spectrum of the capacitor current (i) obtained
by multiplying the output current (i,), calculated according to (11), by the insertion-index signals (S(t))
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Figure 9. 1-Hz output-voltage reference: (a) ideal S(t), (b) Fourier spectrum of Figure 9a, (c) real S(t)
with bidirectional switches disabled, (d) Fourier spectrum of Figure 9¢, (e) real 5(¢) with bidirectional
switches enabled and (f) Fourier spectrum of Figure e.

T T

o

Time (s)

Amplitude

Amplitude

Amplitude

o
©

o
=

o
IS

o
N

o

4
©

o
=

o
IS

o
)

o

50 Hz
10 Hz
0 20 40 60 80 100 120 140 160 180 200
(b)
L 50 Hz ]
| 10 Hz |
A L A L A L A
0 20 40 60 80 100 120 140 160 180 200
(d)
L 50 Hz |
/ 110 Hz
i 90 Hz 1
| 10Hz \ / 150Hz |
A h A h A A LA A
0 20 40 60 80 100 120 140 160 180 200

(U]
Frequency (Hz)
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with bidirectional switches disabled, (d) Fourier spectrum of Figure 10c, (e) real S(¢) with bidirectional
switches enabled and (f) Fourier spectrum of Figure 10e.
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Figure 11. 45-Hz output-voltage reference: (a) ideal S(t), (b) Fourier spectrum of Figure 11a, (c) real S(t)
with bidirectional switches disabled, (d) Fourier spectrum of Figure 11¢, (e) real S(¢) with bidirectional
switches enabled and (f) Fourier spectrum of Figure 11e.

The trigonometric identity shown in (13) is used to analyze the product of the sinusoidal
components with frequency equal to w, = 27f, that are present in both i,(t) and S(t). The result
obtained is a DC component and a sinusoidal component with frequency equal to 2w,, as one can
confirm by taking a close look in the left-hand side of Figure 12a—c. Since the amplitude of the
sinusoidal component with frequency equal to w, is very small in S(t), then the DC and the 2w,
components are also very small in the frequency spectrum of i¢;p. In fact, this DC component is
a residual component that appears due to the approximation of considering the insertion index as
being a continuous signal. The DC component does not exist in reality as will be shown in the
Simulation Results section. Moreover, the very small amplitude of the 2w, component illustrates
the high-performance behavior of the MMSC at low frequencies. For example, this converter is
able to synthesize a 1-Hz output voltage with a capacitor current (ic,p) without a 1-Hz (w, = 27f,)
component and with a 2-Hz (2w,) component with very small amplitude (see Figure 12a), resulting
in a submodule-capacitor voltage with low ripples. This is a huge advantage over the traditional
MMC that when synthesizing a 1-Hz output voltage, a 1-Hz and a 2-Hz component, with considerably
high amplitudes, appear in the capacitor current, which results in intolerably high voltage ripples.
This capacitor current is a consequence of the arm current (composed of a 1-Hz component and a DC
component) and the MMC insertion-index pattern, which is a 1-Hz signal in this case [54].

Finally, the trigonometric identity shown in (14) is used to analyze all the other harmonic
components resulting from the product of the w, component present in the output current (i,(t))
by all the different frequency components present in S(t) (see Figures 9f, 10f and 11f). As an example,
one can observe the 50-Hz component present in S(t), as illustrated in Figure 91, for the case in which
fo =1Hz and, thus, i, is a 1-Hz signal. The product of these two sinusoidal signals, with frequencies
equal to 1 Hz and 50 Hz, results in a 49-Hz and a 51-Hz components in the capacitor current (icap),
according to (14). This fact is confirmed in Figure 12a.

It is important to emphasize that as the load-voltage frequency (f,) comes close to the grid
frequency (f; = 50 Hz), the performance of the MMSC is deteriorated, regarding the amplitude of the
voltage ripples in the submodule capacitors. By analyzing Figure 12¢c, and according to Equation (14),
for the 45-Hz case, a 5-Hz current component appears flowing through the submodule capacitor.
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If the load-voltage frequency was 49 Hz, instead, then a 1-Hz current component would appear
flowing through the submodule capacitor. The MMSC performance, regarding submodule-capacitor
voltage ripples, is opposite to the performance of the conventional MMC. The conventional MMC
presents good performance for frequencies close to the grid frequency, but poor performance at low
frequencies. The MMSC has improved performance at low frequencies, but deteriorated performance
as the load-voltage frequency comes close to the grid frequency. It is important to highlight that this is
a similar behavior in comparison to the MMMC.
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Figure 12. (a) Calculated ic,p for the 1-Hz output-voltage reference, (b) calculated i, for the 10-Hz
output-voltage reference and (c) calculated i,y for the 45-Hz output-voltage reference.

5. Comparison Analysis

To prove the structural advantages of the MMSC, a detailed comparison analysis is carried out
between the MMSC and the MMC, which is the most established converter topology for high-power
applications. This comparison analysis is divided into two parts: First, the cost, size and weight analysis
is carried out, which is based on the total number of components of each converter solution; Second,
the efficiency analysis is carried out, which is based on both conduction and switching losses. In these
analyses, two assumptions are made to obtain a fair comparison between the two topologies. First, it is
considered that in both converter solutions, the same semiconductor devices are used. In other words,
the same diodes and the same IGBTs with same voltage and current ratings are used. The authors
selected as a reference the commercial IGBT SEMITRANS 2 SKM 145GB176D from SEMIKRON.
This semiconductor device presents the following characteristics: Veps = 1.7 KV, icyo = 100 A,
taton) = 250 ms, (o) = 630 ns and Vep(se) = 2V, in which Vigg is the collector-to-emitter voltage
(maximum voltage that the IGBT can block), icnom is the nominal collector current, £ .,y and f4,5f)
are the commutation period when the devices are turned on and turned off, respectively, and V¢ (sa)
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is the collector-to-emitter saturation voltage in on state. Two simplifications are made: First, is to
consider Vcps = 2 kV, which simplifies calculations; The second is to consider £;(,,) = ta(off) = 250 ns.
The second assumption is to consider that both converters must synthesize an output voltage equal to
Vo = 10 kV (phase-to-ground peak value), while providing power to the same RL load, resulting in
an identical AC current with rms value equal to I4c = 100 A.

5.1. MMC

The topology of the MMC analyzed in this paper is shown in Figure 1. This is a converter in
a back-to-back configuration that is composed of 12 arms. Each arm is composed of N HB submodules,
along with an arm inductor. Each HB submodule is composed of two IGBTs, two diodes and one
capacitor. In Figure 13, one can observe a representation of the MMC in which each of its submodules
is represented by a DC-voltage source. If a given AC voltage v4c, with a given amplitude V,
(phase-to-ground, peak value) is to be synthesized, then, ideally, the minimum value required of
the DC-link voltage should be equal to [47]:

Vbe = 2V, (15)

In other words, if the MMC DC-link voltage is equal to Vpc, then the maximum possible amplitude
of the voltage synthesized at its AC side (v c) is equal to %. Moreover, the sum of the average values
of the capacitor voltages of all submodules in one arm should be equal to Vp¢, so that it is possible to
keep the DC-link voltage regulated, with the reference value equal to Vpc, in every operation point.
Thus, the average value of the capacitor voltage in each submodule should be controlled to be equal to
%. In order for the MMC to synthesize a given AC voltage (v 4c), with a given frequency f,, the upper
and lower arms should operate according to an insertion-index pattern (5(¢)) described by a discrete
signal that varies from 0 to N, with frequency equal to f,, representing the instantaneous number of
submodules inserted in series. In Figure 13, one can observe the representation of an inserted and
a by-passed HB submodule, in which the green color represents the current path, whereas the red color
represents the open-circuit path. When the HB submodule is inserted, the MMC arm current (1)
flows through one of its IGBTs, and through the submodule capacitor, and the submodule terminal
voltage is equal to the capacitor voltage (%). When the HB submodule is by-passed, the MMC arm
current flows through the other IGBT and the submodule terminal voltage is null. In a three-phase
MMC, the arm current is represented by:

_Iac | Ipc (16)

In which I4¢ is the rms value of the AC current (i 4¢) and Ip¢ is the DC-link current. In order
to analyze the switching losses, it is necessary to observe the currents and voltages in each IGBT
in the commutation process between each switching state. In this paper, the authors analyze the
average switching losses since the rms values of the AC quantities are considered, instead of their
instantaneous values. Every time a new HB submodule is inserted or by-passed, two IGBTs change
their switching state (from on state to off state or from off state to on state). In the commutation
process, one IGBT changes from conducting I, to conducting null current, and from blocking null
voltage to blocking %, whereas the other IGBT changes from conducting null current to conducting
Lirm, and from blocking % to blocking null voltage. During the commutation, both IGBTs present
current and voltage values different of zero. The commutation occurs during the times 4,,) and
taoff), depending if the IGBT is being turned on or turned off, respectively. The switching losses are
equal to the energy lost in this process, or the integration of the instantaneous power values of both
upper and lower IGBTs during the commutation period. According to the graphs shown in Figure 13,
the peak of the power curve presents a value equal to:
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Vpe 1
Pigpr = % Zm (17)

In this paper, two approximations are made: First, it is considered that £;,,) = f4(of); The second
is to consider that during the commutation, the power is a constant signal with value equal to the peak
of the power curve as described in (17) (see Figure 13). The same approach will be adopted in the
MMSC case and, thus, a fair comparison between the two converters can be carried out. Instead of
considering that every time a new submodule is inserted or by-passed, two IGBTs present switching
losses with value represented by (17), the authors consider that one equivalent IGBT presents double

the losses, which is equal to:
Vbe
PLossHB ZIID\] Iarm (18)

In other words, (18) represents the switching losses that occur every time one HB submodule is

inserted or by-passed.
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Figure 13. MMC characteristics.

taon) = tacoff) tacon) = tacosf)

5.1.1. Number of Components

The MMC DC-link voltage should be designed according to Equation (15), which means that the
optimal value of the DC-link voltage is equal to Vpc = 20 kV. Then, considering that Vcps = 2 kV and
considering that the submodule capacitor voltage must be equal to % (see Figure 13), then the ideal
number of submodules in each arm can be calculated as follows:
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% = Vecks (19)
which leads to N = 10 submodules per arm. Since this is a back-to-back MMC, then the entire solution
presents 12 arms. Each HB submodule is composed of two IGBTs, two diodes and one capacitor,
besides DC-voltage sensor and driver. Thus, the MMC solution is composed of 12 x 10 x 2 = 240
IGBTs, 240 diodes and 12 x 10 x 1 = 120 capacitors. Other components that should be considered
are the arm inductors. The back-to-back MMC requires 12 considerably bulky arm inductors, used to
avoid short circuits between the converter arms and to mitigate undesired AC circulating currents.

5.1.2. Conduction Losses

As previously mentioned, the current that flows through each arm of the MMC, considering that all
the undesired AC-circulating-current components are suppressed, is the one described in Equation (16).
In order to obtain a relationship between the MMC AC and DC currents, the approximation Pac = Ppc
is considered, which leads to:

\/g(g Vo)Iac = Vbelpc (20)

Considering that the reactive power is null. Equation (20) can be rewritten as follows:

Vo

Ioc = (5) g lac @
By substituting V, = 10 kV and Vpc = 20 kV into (21), the following is obtained:
Ipc = 1.0614c¢ (22)
By substituting (22) into (16), the following is obtained:
Liym = 0.8514¢ (23)

Once again, this is a back-to-back MMC and it is considered that the same AC voltage that is
synthesized at the load side (with amplitude equal to V,, = 10 kV) is also synthesized at the grid side,
in such a way that the AC current that flows to the grid has the same rms value as the load current,
which is equal to I4¢. Thus, the arm current, represented in (23), flows simultaneously through each
of the 12 arms that compose the MMC. Since the MMC is composed of HB submodules, then the arm
current flows through one IGBT per submodule, no matter if the submodule is inserted or by-passed.
Thus, the arm current will flow simultaneously through 12 x 10 x 1 = 120 IGBTs. Finally, the MMC
total conduction losses can be calculated as follows:

PCLoss = 120VCE(sat)Iurm (24)

By substituting (23) into (24), and by remembering that Vg (gq) = 2V and Inc = 100 A, the value
obtained for the MMC conduction losses is equal to:

Peross = 20.4 kW (25)

5.1.3. Switching Losses

As highlighted in Figure 13, every time a HB submodule is inserted or by-passed, a switching

loss occurs, for a period equal to t;,,) = faoff) = 250 ns, which is described by Equation (18).

Then, by substituting (23) into (18), and by remembering that Vpc = 20kV, N = 10 and I4¢c = 100 A,
the following is obtained:

Prossyp = 85 kW (26)
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The energy that is lost every time a HB submodule is inserted or by-passed (Eonug = Eofrrp) can
be calculated as follows:

Eontie = Eoffup = ta(on)Prossup = 0.02125Ws (27)

To obtain a fair comparison with the MMSC, the level-shifted-carrier pulse-width-modulation
(LSC-PWM) technique will be used, in the MMC case, with carrier frequency equal to f. = 1500 Hz,
which is selected with the following criteria: lower frequency possible in order to obtain an AC current
with similar power quality in comparison to the MMSC case. Still considering that Vpe = 20 kV,
Vo =10 kV, N = 10 submodules per arm and that the MMC provides power to a RL load (R = 100 Q)
and L = 50 mH illustrating the impedance of a high-power electrical machine), let us suppose that
the frequency of the AC voltage to be synthesized assumes three different values equal to f, = 1,10
and 45 Hz. The insertion-index signals (S(t)), of both upper and lower arms of one phase of the MMC,
are illustrated in Figure 14a—c for the frequency values equal to f, = 1,10 and 45 Hz, respectively.
In Figure 14d—f, one can observe the synthesized load voltage for the frequency values equal to
fo = 1,10 and 45 Hz, respectively. In Figure 14g—i, one can observe the resulting load current for the
frequency values equal to f, = 1,10 and 45 Hz, respectively.
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Figure 14. MMC upper and lower-arm insertion-index signal: (a) f, = 1 Hz, (b) f, = 10 Hz and
(c) fo = 45 Hz. MMC load voltage: (d) f, = 1 Hz, (e) fo = 10 Hz and (f) f, = 45 Hz. MMC load
current: (g) fo = 1 Hz, (h) f, = 10 Hz and (i) f, = 45 Hz.

Let us analyze the f, = 10-Hz case. In Figure 14b, one can observe the insertion-index signal for
the f, = 10-Hz case and the total number of steps, in one period of the fundamental frequency, is equal
to 264 steps and it is obtained by counting. Every time there is one step change, one HB submodule is
inserted or by-passed, which corresponds to a switching loss with value represented in Equation (26).
However, this power loss only occurs for a short period of time equal to the commutation period
(taon))r and the total energy lost is the one represented in (27). In order to understand the actual
switching losses, it is necessary to know the frequency in which the submodules are inserted or
by-passed. As previously mentioned, one arm of the MMC will present 264 step changes in the period
of t = ﬁ = 0.1 s. Since the load side of the MMC is composed of six arms, then it is possible to
say that there will occur 264 x 6 = 1584 step changes in the period of t = 10% =0.1s. Thus,in1s5,
there will occur 15,840 step changes. In other words, it is possible to say that the HB submodules
are inserted and by-passed with a frequency equal to 15,840 Hz, or that, in 1 s, one new submodule
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will be inserted or by-passed 15,840 times. Every time one new submodule is inserted or by-passed
an energy loss occurs, which is represented by (27). Thus, the switching losses of the load side of
the MMC can be calculated as: 15,840E,,yp = 336.6 W. However, the grid side of the MMC operates
with a fixed frequency equal to f; = 50 Hz. In this case, the total number of steps, in one period of
the fundamental frequency, is equal to 50 steps, in the period of t = ﬁ = 0.02 s, and it is obtained
by counting. Since the grid side of the MMC is composed of six arms, then it is possible to say that
there will occur 50 x 6 = 300 step changes is the period of f = ﬁ = 0.02 s. Thus, in 1 s, there
will occur 15,000 step changes. In other words, it is possible to say that the HB submodules are
inserted and by-passed with a frequency equal to 15,000 Hz, or that, in 1 s, one new submodule will be
inserted or by-passed 15,000 times. The switching losses of the grid side of the MMC can be calculated
as: 15,000E,,yp = 318.75 W. Finally, the total switching losses of the MMC, when operating with
fo = 10 Hz at the load side, is equal to:

Ps19ss = 336.6 + 318.75 = 6565.35 W (28)

The MMC switching losses for different load-frequency values are summarized in Section 5.3.

5.2. MMSC

The MMSC is composed of three strings of FB submodules along with six bidirectional switches
and a band-pass current filter. Each FB submodule is composed of four IGBTs, four diodes and one
capacitor. Each bidirectional switch is composed of two IGBTs and two diodes. However, since this
converter is proposed for medium-voltage applications, then series-connected semiconductor devices
are required to build the bidirectional-switch valve that must be able to block the line-to-line grid
voltage. In Figure 15, one of the three single-phase converters that composes the MMSC is represented
by a string of DC-voltage sources (that can be connected with positive and negative polarities
representing the FB submodules) and two switches connecting the string to two different phases
of the grid. As previously explained, the average value of the MMSC submodule-capacitor voltages
is equal to approximately %, in steady state. Thus, the DC-voltage sources, in the representation

shown in Figure 15, present value equal to %. Once again, the basic operation of the MMSC consists of
synthesizing a given series voltage (vs), depending on the instantaneous value of the grid voltage (vg,),
in such a way as to obtain the desired voltage at the load terminals (v 4¢). In other words, according to
Kirchhoff’s law:

Uga +0s —0ac =0 (29)

Therefore:
vs(t) = vac(t) — vga(t) = Vosin(wot) — Vesin(wit + ¢) (30)

in which V, corresponds to the phase-to-ground, peak value of the AC voltage to be synthesized at
the load terminals, and w, and w; are the angular speed values corresponding to the load-voltage
frequency (f,) and grid-voltage frequency (f;), respectively. Since the DC voltage of each submodule
is equal to %, then if all the submodules are inserted, the voltage synthesized in series will be equal
to Vg or —V;, depending on the polarity of the FB submodules inserted. In other words, this is the
maximum voltage value that the MMSC is capable of synthesizing in series. Considering that the
grid-voltage frequency and the load-voltage frequency are different, then, according to (30), there will
be moments in which the absolute value of the instantaneous voltage to be synthesized in series (|vs|)
will be higher than V; and, thus, the converter would lose control over the load voltage. At these
moments, the bidirectional switches are used to connect the submodule string to the other phase of the
grid, phase B in this case. Then, the new instantaneous value of the voltage to be synthesized in series
will be equal to:

Vs = 0VAC — Ugp (31)
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In other words:

0y(t) = vac(t) — vgy(£) = Vosin(wot) — Visin(wit + ¢ — 2?”) (32)
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Figure 15. MMSC characteristics.

In this case, the absolute value of vs will necessarily be lower than V; and, thus, the MMSC
maintains control over the load voltage. As an example, let us suppose that one wants to control
the load voltage (vac), according to a given reference (v,.¢). In other words, vac = v,s. Let us
also suppose that the voltage reference has frequency equal to 10 Hz (f, = 10 Hz) and amplitude
equal to 10 kV (V, = 10 kV). In this case, let us suppose that the grid voltage has frequency equal to
50 Hz (f; = 50 Hz) and amplitude equal to 20 kV (V, = 20 kV). According to this example, the voltage
reference (v,.f), phase A (vg,) and phase B (vg;) of the grid voltage are shown in Figure 16. If one
observes the instant highlighted in Figure 16a, they will notice that at this moment, the absolute value
of the voltage that needs to be synthesized in series (|vs| = [0, — Vgql) is higher than Vg, which is the
maximum value that the converter is capable of synthesizing. However, if the submodule string is
connected to phase B, then the absolute value of the new voltage that needs to be synthesized in series
(|vs| = [vres — vgp|) will be lower than V.
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Figure 16. Design criteria explanation. (a,b) illustrate the phase-A grid voltage (vg,), the phase-B grid
voltage (vg,) and the load-voltage reference (v, f).

These curves define one of the design criteria of the converter as illustrated in Figure 16b. In other
words, as previously mentioned, the maximum voltage value that the MMSC is capable of synthesizing
in series is V. The instant that is highlighted in Figure 16b illustrates a situation in which the peak
of the voltage reference meets the moment in which vy, and vy, have the same instantaneous value

(equal to %) and opposite polarity in relation to the reference. This is the worst-case scenario that
corresponds to the highest value of v, no matter if the string of submodules is connected to phase
A or phase B of the grid. In this example, this moment corresponds to an instant in which the
instantaneous value of the voltage reference is v,y = V, = 10 kV, and the instantaneous value of

phase A and phase B of the grid voltage is equal to vg; = vg, = —% = —22—0 = —10 kV. Thus, at this

moment, the voltage that must be synthesized in series would be equal to |vs| = |V, — (— %)| =20kV,
no matter if the string of submodules were connected to phase A or phase B of the grid. Fortunately,
this is equal to the maximum voltage that the MMSC is capable of synthesizing in series in this case
(Vsmax = Vg = 20 kV). For example, if the grid-voltage amplitude were equal V, = 18 kV instead,
then, at the same moment illustrated in Figure 16b, the voltage to be synthesized in series would be
equal to |vs| = |V, — (— %)| = 10+ 9 = 19 kV, but the maximum voltage that the MMSC would be
able to synthesize would be equal to Vsyax = Vg = 18 kV. Thus, the MMSC would lose control over
the load voltage. To sum up, this analysis defines the minimum necessary value of the grid voltage,
so that the MMSC can synthesize the desired load voltage for all the operation points. In other words:
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Vg
Vemax = Vg > Vo+ 7 (33)

And thus:
Ve > 2V, (34)

This is a very important design criteria for the MMSC that defines the number of submodules
connected in series in one string, as well as the number of series-connected semiconductor devices
required to build the bidirectional-switch valves. This analysis will be used to calculate the number
of components of the MMSC. As described in Figure 15, the FB submodules present three different
possible states: inserted with positive polarity (terminal voltage equal to %), inserted with negative
polarity (terminal voltage equal to —%) or by-passed (terminal voltage equal to 0). Every time
one FB submodule is inserted or by-passed (terminal voltage changing from % to 0, or vice versa,

or changing from — % to 0, or vice versa), two IGBTs change their switching states. In the commutation
process, one IGBT changes from conducting Ising = Iac to conducting null current, and from

blocking null voltage to blocking %, whereas the other IGBT changes from conducting null current to
conducting Ising, and from blocking % to blocking null voltage. However, when a polarity inversion

occurs (terminal voltage changing from % to — %, or vice versa), four IGBTs change their switching
states. In the commutation process, two IGBTs change from conducting Is;ing to conducting a null

current, and from blocking null voltage to blocking %, whereas the other two IGBTs change from
conducting null current to conducting Ling, and from blocking % to blocking null voltage. During the
commutation, all the IGBTs have current and voltage values different of zero. The switching losses
are equal to the energy lost in this process, or the integration of the instantaneous power values of all
IGBTs during the commutation period. According to the graphs shown in Figure 15, the peak of the

power curve presents a value equal to:

Vo Lstri
Prgpr = ﬁ% (35)

The same approximations as in the MMC case are made: First it is considered that f;,,) = fa(off);
The second is to consider that during the commutation, the power is a constant signal with value equal
to the peak of the power curve as described in Equation (35) (see Figure 15). Instead of considering
that two IGBTs present switching losses equal to the value described in (35), the authors consider that
one equivalent IGBT presents double the losses, which is equal to:

Ve
Pigpr = 57 lstring (36)

Thus, every time a FB submodule is inserted or by-passed a switching loss occurs which is equal to:

Vs
ProssrB1 = ﬂlstring (37)

And every time a FB submodule suffers a polarity inversion, a switching loss occurs which is

equal to:
Vs

Prossrp2 = Wlstring (38)

To consider the switching losses of the bidirectional-switch valves, one may observe Figure 17.

Every time the submodule string is connected to a different phase of the grid, one of the

bidirectional-switch valves changes from conducting null current to conducting the string current

(Lstring) and from blocking the grid line-to-line voltage (Vgap) to blocking null voltage, while the other

bidirectional-switch valve changes from conducting the string current (Lsing) to conducting null

current and from blocking null voltage to blocking the grid line-to-line voltage (Vggp). Vggp is the



Energies 2020, 13, 3664 25 of 48

rms value of the line-to-line grid voltage (vg,p). Then, each of the bidirectional-switch valves suffer
a switching loss equal to:
Pgs = Vgub Istring
2 2
Once again using the approximation of considering the switching losses in the commutation
process to be equal to the peak value of the power curve (see Figure 17), as well as considering
that £3,,) = fa(ff)- Instead of considering that every time the submodule string is connected to
a different phase of the grid, two bidirectional-switch valves suffer a switching loss as described in (39),
the authors consider that one equivalent bidirectional-switch valve suffers a switching loss equal to:

(39)

Vaab
ProssBs = %Istring (40)

Thus, every time a submodule string is connected to a different phase of the grid, through the
bidirectional-switch valves, a switching loss occurs which is equal to (40).
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Figure 17. Bidirectional-switch-valve characteristics.
5.2.1. Number of Components

As previously explained, the value of the grid voltage should be designed according to
Equation (34), which means that the optimal value of the grid voltage is equal to Vy = 20 kV. Then,
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considering that Vcps = 2 kV and considering that the submodule capacitor voltage must be equal to
% (see Figure 15), then the number of submodules in each arm can be calculated as follows:

Vg
N VcEs (41)

which leads to N = 10 submodules per string. The entire solution is composed of three strings.
Each FB submodule is composed of four IGBTs, four diodes and one capacitor, besides DC-voltage
sensor and driver. Thus, the total number of components composing the MMSC submodule strings is
equal to 3 x 10 x 4 = 120 IGBTs, 120 diodes and 3 x 10 x 1 = 30 capacitors. Besides the submodule
components, the components of the bidirectional-switch valves must also be considered. As previously
mentioned and as will be further explained in this paper, the bidirectional switches in the MMSC
operate with a very low switching frequency and, thus, both IGBTs in the bidirectional switch
can be triggered simultaneously, in combination with a dead-time technique and with a snubber
circuit, in order to avoid the complex multi-step commutation techniques usually used in matrix
converters. Thus, the bidirectional switch, composed of two IGBTs plus two anti-parallel diodes, can be
considered to be a single switch with double rated voltage. In other words, since two series-connected
IGBTs with rated voltage equal to Vcps = 2 kV are used to compose one bidirectional switch, then
each bidirectional switch can be considered to be an individual semiconductor device with rated
voltage equal to 4 kV. The maximum voltage that each bidirectional-switch valve must be capable
of blocking is equal to the line-to-line peak value of the grid voltage equal to v/3V, = 34.64 kV.
Thus, the bidirectional-switch valve must be composed of % = 8.66 ~ 9 bidirectional switches
connected in series. Since each individual bidirectional switch is composed of two IGBTs and two
diodes, then each bidirectional-switch valve is composed of 9 x 2 = 18 IGBTs and 18 diodes. The MMSC
solution is composed of six of such bidirectional-switch valves. In other words, two bidirectional-switch
valves connecting each of the submodule strings to two different phases of the grid (see Figure 2).
Thus, the total number of components composing the MMSC bidirectional-switch valves is equal to
6 x 18 = 108 IGBTs and 108 diodes.

Finally, the total number of semiconductor devices of the MMSC is the sum of the devices
that compose the submodule strings (120 IGBTs and 120 diodes) plus the devices that compose the
bidirectional-switch valves (108 IGBTs and 108 diodes), which results in a total of 228 IGBTs and
228 diodes. Other components that should be considered, in the MMSC case, are the band-pass-
filter components.

5.2.2. Conduction Losses

The current that flows through each of the MMSC submodule strings is equal to:

Istring = lac (42)

This current flows simultaneously through each of the three submodule strings. However, the two
bidirectional-switch valves, which connect each submodule string to two different phases of the grid,
operate in a complementary fashion. In other words, if one of them is conducting current, then the other
one is in off state and, thus, no current flows through it. It means that three bidirectional-switch valves
(one for each phase) conduct current simultaneously at any time. In the MMSC case, the submodules
used are FB ones, which means that the current flows through two different IGBTs in each submodule,
no matter if the submodule is inserted with positive polarity, with negative polarity or by-passed.
Thus, the string current flows through 3 x 10 x 2 = 60 IGBTs, simultaneously, only considering the
submodule strings.

As previously defined, each bidirectional-switch valve is composed of 9 bidirectional switches.
Each of these bidirectional switches are composed of two IGBTs connected in series along with
their corresponding anti-parallel diodes. Thus, the string current will flow through 18 IGBTs in
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each bidirectional-switch valve. In total, the string current will flow through 3 x 18 = 54 IGBTs.
This number is calculated by multiplying the number of bidirectional-switch valves that conduct
current simultaneously, which is equal to 3 (one for each phase) by the number of series-connected
IGBTs in each bidirectional-switch valve (equal to 18).

The total number of IGBTs conducting simultaneously the string current (i) is obtained by
summing the number of IGBTs that conduct this current in the submodule strings plus the number
of IGBTs that conduct this current in the bidirectional-switch valves. The total number is equal to
60 + 54 = 114 IGBTs. Finally, the total MMSC conduction losses can be calculated as follows:

Pcross = 114VCE(sat) Istring (43)

By substituting (42) into (43), and by remembering that Vcp,) = 2V and Iy = 100 A,
the following is obtained:
Peross = 22.8kW (44)

5.2.3. Switching Losses

To calculate the total switching losses of the MMSC, it is important to remember that the FB
submodules present two different possible switching losses described in (37) and in (38). Moreover,
the switching losses that occur when the bidirectional-switch valves act to change the phase connected
to a submodule string is described in (40). Then, by substituting (42) into (37) and (38), and by
remembering that Vo = 20 kV, N = 10 and I4¢c = 100 A, the following is obtained:

Prosse1 = 100kW (45)

And
Prossep2 = 200 kW (46)

By substituting (42) into (40), and by remembering that V), = \/§Vg =34.64kVand I4c =100 A,
the following is obtained:
Prossps = 1.73MW 47)

The switching losses represented in equations (45), (46) and (47) occur for a period equal to
taton) = ta(ofr) = 250 ns. The switching losses presented in (45) correspond to the case in which any
new submodule is inserted or by-passed and, thus, only two of the four submodule IGBTs change
their switching state. The switching losses presented in (46) correspond to the case in which there
is a polarity inversion in the FB submodule and, thus, all the four IGBTs of the submodule change
their switching state. The energy that is lost every time a FB submodule is inserted or by-passed
(EonrB1 = EoffFB1), considering ta(on) = ta(off) = 250 ns, can be calculated as follows:

EonrB1 = EoffrB1 = tg(on)PrLossrr1 = 0.025Ws (48)

The energy that is lost every time a FB submodule suffers a polarity inversion (E,urp2 = Eoffrp2)
can be calculated as follows:

Eonrs2 = EoffrB2 = ta(on) ProsseB2 = 0.05 Ws (49)

Finally, the energy that is lost every time one bidirectional-switch valve acts to connect a different
phase of the grid to a submodule string (E;ps = E,frps) can be calculated as follows:

Eongs = EoffBs = ta(on)PLossBs = 0.43 Ws (50)

Considering that V, = 20 kV, V, = 10 kV, N = 10 submodules per string and that the MMSC
provides power to a RL load (R = 100 () and L = 50 mH illustrating the impedance of a high-power
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electrical machine), let us suppose that the frequency of the AC voltage to be synthesized assumes three
different values equal to f, = 1,10 and 45 Hz. These are the exact same assumptions adopted for the
MMC switching-loss analysis. In Figure 18a—c, one can observe the MMSC insertion-index signal (S(t))
for the cases in which the synthesized AC voltage presents frequencies equal to f, = 1,10 and 45 Hz,
respectively. In Figure 18d—f, one can observe the resulting AC synthesized voltages for the cases
in which the load frequency is equal to f, = 1,10 and 45 Hz, respectively. It is clear that for every
frequency, the voltage is a high-power-quality signal with only high-order harmonic components
that are easily filtered out, resulting in the currents shown in Figure 18g—i, for the cases in which
the load frequency is equal to f, = 1,10 and 45 Hz, respectively. These currents present equivalent
total harmonic distortion (THD) as the currents obtained in the MMC case, as shown in Figure 14g—i,
which means that the carrier frequency adopted for the LSC-PWM technique, in the MMC case,
allows for a fair comparison regarding switching losses.
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Figure 18. MMSC phase-A submodule-string insertion-index signal: (a) f, = 1 Hz, (b) f, = 10 Hz and
(c) fo = 45 Hz. MMSC load voltage: (d) fo = 1 Hz, (e) f, = 10 Hz and (f) f, = 45 Hz. MMSC load
current: (g) fo = 1 Hz, (h) f, = 10 Hz and (i) f, = 45 Hz.

As an example, let us analyze the f, = 10-Hz case. In order to calculate the total switching losses
of the MMSC, both the switching of the submodule strings and the switching of the bidirectional-switch
valves must be considered. In Figure 19a, one can observe the MMSC insertion-index signal (S(t)),
for the 10-Hz case, which is the same signal illustrated in Figure 18b. Every time the insertion-index
signal reaches the limits equal to —10 and 10, the submodule string is connected to the other phase of
the grid (phase B in this case). While the insertion-index signal remains within the limits equal to —10
and 10, the FB submodules are inserted and by-passed in a one-by-one fashion and, thus, the switching
losses in every new step are calculated according to Equation (45). When the insertion-index signal
reaches the limits equal to —10 and 10, however, many of the ten submodules inserted will suffer
a polarity inversion, while others will only be by-passed. In other words, the insertion-index signal
reaches a limit in which either all the submodules are inserted with positive polarity or all the
submodules are inserted with negative polarity and, instantaneously, the voltage that must be
synthesized in series changes polarity since the submodule string is connected to a different phase
of the grid. The total switching losses in this case should be calculated by summing the losses of all
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the submodules that suffer polarity inversion (whose losses are calculated according to (46)) plus the
losses of the submodules that are simply by-passed (whose losses are calculated according to (45)).
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Figure 19. MMSC operation at f, = 10 Hz. (a) Phase-A submodule-string insertion-index signal and
(b) switching state of bidirectional-switch valve that connects Phase-A submodule string to phase A of
the grid.

By counting the number of steps in the insertion-index signal illustrated in Figure 19a, in one
period of the fundamental frequency (f, = 10 Hz), the result obtained is equal to 232 steps. Moreover,
four polarity-inversion situations occur. Thus, in one period of the fundamental frequency (f, = 10 Hz),
the FB submodules will be inserted or by-passed, in a one-by-one fashion, 232 times. Every time
there is one step change, one FB submodule is inserted or by-passed, which results in a power loss
with value represented in Equation (45). However, this power loss only occurs for a short period
of time equal to the commutation period (f4(,,,)), and the total energy lost is the one represented
in (48). In order to understand the actual switching losses, it is necessary to know the frequency
in which the submodules are inserted or by-passed. The MMSC will present 232 step changes in
the period of t = 10% = 0.1 s. Since the MMSC is composed of 3 strings, then it is possible to say
that there will occur 232 x 3 = 696 step changes in the period of ¢ = ﬁ = 0.1s. Thus,in1s,
there will occur 6960 step changes. In other words, it is possible to say that the FB submodules are
inserted and by-passed with a frequency equal to 6960 Hz, or that, in 1 s, one new submodule will be
inserted or by-passed 6960 times. Every time one new submodule is inserted or by-passed an energy
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loss occurs, which is represented by (48). Thus, the switching losses are equal to: 6960E,,rg; = 174 W.
However, in order to complete the switching-loss analysis for the submodule strings, the polarity-inversion
situations must be considered. Considering the four polarity-inversion situations, in one period of the
fundamental frequency (f, = 10 Hz), a total of 22 submodules suffer a polarity inversion, while a total
of 18 submodules are simply by-passed. These numbers were obtained by counting. Since the MMSC
is composed of three strings, then, in one period of the fundamental frequency (f, = 10 Hz), a total
of 3 x 22 = 66 submodules suffer a polarity inversion, whereas a total of 3 x 18 = 54 submodules
are simply by-passed. Thus, in 1 s, 10 x 66 = 660 submodules suffer polarity inversion, while
10 x 54 = 540 submodules are simply by-passed. Then, the polarity-inversion switching losses are
equal to 660E,,rpy + 540E,,rp1 = 33 + 13.5 = 46.5 W. Finally, the total switching losses related to the
submodule strings are equal to 174 + 46.5 = 220.5 W.

To fully describe the MMSC switching losses, the losses related to the bidirectional-switch-valves
operation should be considered. In Figure 19b, one can observe the switching state of the
bidirectional-switch valve that connects phase-A submodule string to phase A of the grid. If this
signal is equal to 1, it means that the submodule string is connected to phase A of the grid, whereas
if this signal is equal to 0, then the submodule string is connected to phase B of the grid. In one
period of the fundamental frequency (f, = 10 Hz), the bidirectional-switch valves, of one MMSC
phase, switch eight times (see Figure 19b). Then, for the three-phase case, in one period of the
fundamental frequency (f, = 10 Hz), the bidirectional-switch valves switch 24 times. Thus, in 1s,
the bidirectional-switch valves will operate 10 x 24 = 240 times. In other words, it is possible to say
that the bidirectional-switch valves switch with a frequency equal to 240 Hz. The bidirectional-switch
losses are equal to: 240E,,ps = 103.2 W. Finally, the total switching losses of the MMSC operating at
fo =10 Hz is equal to:

Psross = 220.5+103.2 = 323.7 W (51)

It is very important to notice that even though the bidirectional-switch valves must withstand
the peak value of the line-to-line grid voltage, resulting in a high power value in the commutation
period as described in Equation (47), these devices switch at very low frequencies and, thus, their
contribution to the switching losses is very small. Following the same approach, the switching losses
of the MMSC for different values of the load-voltage frequency are summarized in Section 5.3.

5.3. Summary

In this subsection, the comparison analysis between the MMC and the MMSC is summarized in
tables. In Table 2, one can see the number of components of both converter topologies. The MMSC
presents a 13% reduction in the number of semiconductor devices in relation to the MMC. Even more
important, the MMSC presents a 75% reduction in the number of capacitors in comparison to the
MMC, which is a very expressive reduction. Moreover, since these converters are supposed to operate
with variable frequency, reaching very low frequency values, then the submodule capacitors should
have considerably high capacitances to withstand the voltage ripples. Thus, the MMSC should be
a solution with reduced cost, and with considerably reduced size and weight, in comparison to the
MMC, due to the expressive reduction in the number of the bulky and heavy submodule capacitors.
In this paper, it is considered that the effect of the potentially bulky band-pass filter of the MMSC
that needs to withstand the load current, is equivalent to the effect of the bulky arm inductors of the
MMC that need to suppress circulating currents and avoid short circuits, in the total weight of the
converter topologies. In other words, it is considered that the impact of such elements, in the size and
weight of the MMSC and the MMC, cancel each other out.
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Table 2. Number of Components.

Component MMC MMSC

IGBTs 240 208
Diodes 240 208
Capacitors 120 30

31 0f 48

In Tables 3 and 4, one can observe the conduction and switching losses, respectively, of the MMC
and the MMSC. As expected, since these are converter topologies with modular multilevel structure,
the switching losses are low. It is very important to emphasize that even the bidirectional-switch valves,

in the MMSC case, present very low switching losses because of their very low switching frequency.

In other words, the conduction losses are much more influential in the total semiconductor-device

losses of the converters.

Table 3. Conduction Losses (Pcyss) [KW].

MMC MMSC
20.4 22.8

Table 4. Switching Losses (Psy,ss) [W].

fo [Hz]

MMC LSC-PWM (f, = 1500 Hz)

MMSC

5
10
15
20
25
30
35
40
45

989.4
655.35
655.35
645.15
656.63

663
640.05
645.15
605.63

376.5
323.7
378
413.55
376.5
435.3
383.25
429.3
427.05

In Table 5, the total semiconductor-device losses of the converter topologies are shown.
These losses are obtained through the summing of the conduction and switching losses. In the

last row of Table 5, it is possible to see the average losses of each topology, which is calculated as the
average value of the losses obtained for the different frequency values.

Table 5. Total Semiconductor-Device Losses (Pryoss) [KW].

fo[Hz] MMCLSC-PWM (f, = 1500 Hz) MMSC
5 21.39 23.18
10 21.06 23.12
15 21.06 23.18
20 21.05 23.21
25 21.06 23.18
30 21.06 23.24
35 21.04 23.18
40 21.05 23.23
45 21 23.23

Average 21.09 23.19

Clearly, the MMSC presents slightly higher losses in comparison to the MMC. Since V, = 10 kV
and I4c = 100 A, then the nominal power of the converters is:
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Puom = Jé(gvo)uc =212 MW (52)

Using the nominal power described in (52) and the average losses described in Table 5,
the efficiency values of the MMC and the MMSC can be obtained as they are summarized in Table 6.

Table 6. Efficiency [%].

MMC LSC-PWM (f, = 1500 Hz) MMSC
99.01 98.91

Since the conduction losses of the MMSC is only slightly higher than the MMC ones, then the
MMSC efficiency is also only slightly lower than the MMC one, as the two topologies present equivalent
efficiency values.

6. Simulation Results

In this section, the MMSC (illustrated in Figure 2) is modeled in the software PSCAD/EMTDC
and simulation analyses are carried out. The MMSC has 20 submodules per string (N = 20) and
it is connected to a Vg = 35-kV grid (phase-to-ground, peak value). The submodule capacitors
have capacitance equal to 5 mF. The MMSC control, as depicted in the flowchart of Figure 8,
is implemented in a C code with sampling frequency equal to 20 kHz. The bidirectional-switch valves
are represented by simple bidirectional switches in this simulation. Both the submodule switches and
the bidirectional switches are represented by IGBT models. The MMSC band-pass filter presents the
following parameters: R = 25 (), L = 10.13 mH and 1 mF, which corresponds to the Bode plot shown
in Figure 7. From t = 0 s to t = 1 s, all the submodule IGBTs are kept in off state and their capacitors
are pre-charged, through the anti-parallel diodes, reaching a steady-state value equal to approximately
%. At t =1, the submodule control is enabled; however the switching of the bidirectional switches
is kept disabled, meaning that each phase of the grid is connected to its corresponding load phase
(Ato A, BtoBand C to C). Initially, the output-voltage reference has amplitude equal to V, = 12 kV
(phase-to-ground, peak value) and frequency equal to f, = 1 Hz. The MMSC provides power to a RL
load (R = 100 Q) and L = 0.1 H). At t = 2.2 s, the bidirectional-switch control is enabled and the
submodule strings start to commutate between two different phases of the grid during the MMSC
operation. Att = 4 s, the output-voltage-reference frequency changes to f, = 10 Hz. Att = 55,
an extra load is connected (R = 150 Q). Finally, at t = 6 s, the output-voltage-reference frequency
changes to f, = 45 Hz.

6.1. MMSC Supplying Power to RL Load

In Figure 20a, one can observe the output voltage (v,..) along with its reference (vyefapc)-
It is clear that the MMSC can only properly synthesize the output voltage when the bidirectional
switches are operating. The MMSC can synthesize a high-power-quality voltage, without any
output filter, for all the different frequencies under consideration (1 Hz, 10 Hz and 45 Hz).
In other words, these high-power-quality waveforms are obtained, even though the MMSC does
not have arm inductors and, even though no output-voltage filter was used in this simulation.
The harmonic components, present in the voltage waveform, are high-order harmonics that can
be easily filtered out. For all the three different values of frequency considered, the output voltage
presents a total-harmonic-distortion (THD) value lower than 5%. This high-power-quality behavior
is reflected to the output current (i, ) illustrated in Figure 20b. In Figure 21a, one can analyze
the submodule-capacitor voltages of one string in which the pre-charge can be observed. Moreover,
the zoom in the voltage signals reveals the balanced behavior of the capacitor voltages. The most
important information in Figure 21a is the very small voltage ripple obtained for the 1-Hz operation
when the bidirectional switches are enabled, which reveals the high performance of the MMSC at
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low frequencies. However, it is important to notice the high voltage ripples for the 45-Hz operation
that reveals the MMSC reduced performance when the output-voltage frequency approximates from
the grid frequency. As one can observe in Figure 12¢, for the 45-Hz case, the capacitor current (icp)
contains a 5-Hz component that results in high voltage ripples. In Figure 21b, one can analyze the
input (P;) and the output (P,) power. It is clear that their average values are equal, meaning that the
power that is being supplied to the load comes from the grid, which can be confirmed by the fact that
the average value of the submodule-capacitor voltages are kept constant and stable. In other words,
the power supplied to the load never comes from the energy stored in the capacitors. When the new
load is connected, at t = 5 s, the average value of the capacitor voltages is kept constant, according to
Kirchhoff’s law and conservation of energy, and, thus, the grid power instantaneously increases in
order to meet the new power value demanded by the load, preserving the power exchange between
the grid and the load. The small difference between the output and input power are the losses in the
input filter. A more efficient filter can be designed for an eventual real application. For the 45-Hz case,
the input power starts to pulsate as the used filter (2nd order band-pass filter tuned at 50 Hz) is not
capable of completely filtering the 45-Hz current that flows to the grid.
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Figure 20. Simulation results. (a) load voltage (vyq5c) and load-voltage reference (vyef,p.) and (b) load
current (iyupc)-
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Figure 21. Simulation results. (a) submodule-capacitor voltages of one string and (b) grid and load power.

In Figure 22a, one can observe the phase-A grid current (ig,) along with the phase-A load current
(ioq) for the 10-Hz operation. The grid current (ig,) is a switched signal because there are four different
connection possibilities for the phase A of the grid. both phase-A leg and phase-C leg can be connected
to the phase A of the grid, at the same time, only one of the two legs can be connected to phase A of the
grid or neither of them can be connected to phase A of the grid. Thus, the phase-A grid current (ig,)
can be equal to phase-A load current (i,;), can be equal to phase-C load current (ioc), can be equal to
a combination of the two currents or can be equal to zero. Phase-A leg and phase-C leg are connected
to phase A of the grid through the switching of the bidirectional switches that operate with 50 Hz,
as will be explained later. Due to the 50-Hz switching, a 50-Hz component appears in the grid current
(iga). Of course, that a fy-Hz component (10 Hz in this case) will also be present in the grid current (ig,)
since this is the load current that flows to the grid due to the series connection of the grid and the load.
However, the f,-Hz component can be filtered out, resulting in the current profile shown in Figure 22b,
which is a 50-Hz signal. The currents shown in Figure 22b (i 45c) are the currents that flow to the grid
after the filtering process. These currents interact with the 50-Hz grid voltage resulting in the active
power exchanged with the load.
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Figure 22. Simulation results. (a) phase-A grid current and phase-A load current and (b) filtered
grid currents.

In Figure 23a, one can observe the error signal (E), which corresponds to the voltage that should
be added in series, along with two constant lines corresponding to Vg and — V. If the bidirectional
switches are disabled, when |E| < V, the MMSC can synthesize the correct voltage at the load terminal.
However, when |E| > V, the load voltage deviates from its reference. This operation can be analyzed
in Figure 23b in which the phase-A output voltage (vo,) is shown, along with its reference (v, ).
In Figure 23b, it is clear that before t = 2.2 s (when the bidirectional switches are disabled), at some
instants the output voltage deviates from its reference. However, as soon as the bidirectional switches
start to operate, at t = 2.2 s, the output voltage starts to follow the reference perfectly. It is interesting
to observe the zoom in Figure 23a and notice that the moments in which v,, deviates from v;,s,,
in Figure 23b, correspond exactly to the moments in which |E| exceeds V. In Figure 23c, one can see
the switching state of the bidirectional switch that connects the phase-A leg to phase A of the grid
(SBIDa)- If this signal is equal to 1, the string is connected to phase A of the grid, whereas if this signal
is equal to 0, the string is connected to phase B of the grid through the other bidirectional switch. It is
important to notice that the moments in which |E| exceeds Vj, in Figure 23a, are the moments that the
submodule string is connected to phase B of the grid. The signal E is composed of f; = 50 Hz and of
fo = 1Hz, in this case. It is important to notice that |E| exceeds V; with the grid frequency (f; = 50 Hz).
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Thus, the bidirectional switches operate with this low frequency, which is a very important feature of
the proposed MMSC. The bidirectional switches must be able to withstand the grid voltage, which is
a medium voltage in the applications considered. Then, series-connected IGBTs are required. However,
since they operate at a low frequency (grid frequency), then snubber circuits can be used, with tolerable
losses, to allow for a safe transient voltage balance among the series-connected switches. Moreover,
a snubber circuit can also be used to facilitate the current commutation in the bidirectional switches,
without the need for more complex commutation strategies.
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Figure 23. Simulation results. (a) Error (E), (b) load voltage and load-voltage reference at the moment
in which the bidirectional switches start to operate and (c) switching pattern of bidirectional switch
that connects phase-A leg and phase A of the grid.

6.2. Validation of the Submodule-Capacitor-Voltage-Ripple Analytical Description

In Figure 24a, one can observe the normalized insertion index (for the 1-Hz case) calculated
in Section 4 and illustrated in Figure 9e (referred to as “Calculated” in Figure 24a), along with the
real normalized insertion index obtained in the PSCAD/EMTDC simulation (referred to as “PSCAD”
in Figure 24a). The real normalized insertion index corresponds to the instantaneous values of M
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(see Figure 8) in which M is positive if E is positive and M is negative if E is negative. It is interesting to
notice how similar these two signals are, meaning that the analytical description proposed in Section 4
is accurate.

In Figure 25a, one can see the Fourier spectrum of the real normalized insertion index illustrated
in Figure 24a. This Fourier spectrum is quite similar to the Fourier spectrum of the calculated insertion
index that is illustrated in Figure 9f. In Figure 24b, one can analyze three different representations
of the capacitor current (icap) (for the 1-Hz case), which is the current that flows through the
submodule capacitors generating the voltage ripples. One of the representations (referred to as
“Calculated” in Figure 24b) is the value calculated in Section 4 according to Equation (12). Another
representation (referred to as “PSCAD” in Figure 24b) is the real switched capacitor current, measured
in the simulation.
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Figure 24. For the 1-Hz case. (a) PSCAD/EMTDC and calculated S(t) and (b) PSCAD/EMTDC
measured and calculated icqp and calculated icqp.

Finally, the third representation (referred to as “PSCAD Calculated” in Figure 24b) is obtained by
multiplying the real normalized insertion index, obtained in the simulation and illustrated in Figure 24a,
by the real load current (iy;) also measured in the PSCAD/EMTDC simulation. This product is
executed according to Equation (12). It is interesting to notice how the signal referred to as “PSCAD



Energies 2020, 13, 3664 38 of 48

Calculated” is a good approximation of the real switched signal referred to as “PSCAD”. Moreover,
the signal obtained through the analytical method proposed in Section 4, referred to as “Calculated” is
a very accurate representation of the real current. This fact can be confirmed by analyzing the Fourier
spectrum of the “PSCAD Calculated” and “PSCAD” current signals that are shown in Figure 25b
and Figure 25c¢, respectively. These Fourier spectrum are quite similar to the Fourier spectrum of the
“Calculated” current that is represented in Figure 12a. Another important issue to notice in Figure 25¢
is that in fact, the real capacitor current, obtained in simulation, does not contain the residual DC
component obtained through calculations in Section 4.
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Figure 25. (a) Fourier spectrum of the real insertion index obtained in the PSCAD/EMTDC simulation
and shown in Figure 24a, (b) Fourier spectrum of the capacitor current calculated, according to (12),
using the PSCAD/EMTDC signals (S(t) and io,) and (c) Fourier spectrum of the real capacitor current
measured in the PSCAD/EMTDC simulation.

6.3. Analysis of the Band-Pass-Current-Filter Performance for Different Load-Voltage Frequencies

In this subsection, a new simulation is carried out aiming at analyzing the performance of
the band-pass current filter in properly filtering out the currents that are injected into the grid for
different values of frequency of the load-voltage reference. In this simulation, the frequency of the
output-voltage reference varies, assuming the following values: f, = 5Hz, f, = 10 Hz, f, = 15 Hz,
fo=20Hz, f, =25Hz, f, = 30 Hz, f, = 35 Hz, f, = 40 Hz and f, = 45 Hz. In Figure 26, one can
observe the filtered currents that are injected into the grid by the MMSC (i ¢4 ) for the different values
of frequency of the output voltage.

The band-pass filter used is the one whose Bode plot is shown in Figure 7 and it becomes clear
that for the low-frequency values, the currents injected into the grid are high-power quality signals,
with a small harmonic content, because of the high attenuation obtained with the filter. In other
words, for the f, = 5-Hz, 10-Hz, 15-Hz, 20-Hz, 25-Hz and 30-Hz cases, the corresponding f, current
components that would flow to the grid are properly filtered out. However, for higher-frequency
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values (f, = 35 Hz, 40 Hz and 45 Hz) the power quality of the currents injected into the grid starts
to reduce. The reason for that is the fact that this band-pass filter is not capable of properly filtering
out the f, = 35-Hz, 40-Hz and 45-Hz current components that flow to the grid, due to the series
connection of the MMSC. For the f, = 35-Hz, 40-Hz and 45-Hz cases, the harmonic contents exceed
the typical values allowed by grid codes as shown in detail in Table 7. This table illustrates the two
higher harmonic components (f,1 and f;,;) present in the currents injected into the grid by the MMSC
(igfabc), for each case depicted in Figure 26. It is important to notice that these are subharmonics
and interharmonics of the fundamental frequency equal to 50 Hz. In Table 7, one can observe that
from f, = 5 Hz until f, = 30 Hz, the highest harmonic component present in the grid current is lower
than 5% of the fundamental component. From f, = 35 Hz, the power quality of the grid current
is deteriorated as some harmonic components exceed the 5% limit. In Table 7, one can notice that,
as the load frequency increases, the most influential harmonic component, present in the grid current,
is exactly the f,-Hz component, which is the load current that flows to the grid. Moreover, Table 7
illustrates the reason a band-pass current filter is required. In other words, the harmonic components
present in the current injected into the grid have frequency values both higher and lower than the
fundamental frequency (f; = 50 Hz). The band-pass filter is supposed to filter out both the components
higher and lower than the fundamental frequency, while only allowing the fundamental component to
flow to the grid. The filtering performance, obtained in this section, can be improved with an enhanced
design of the band-pass current filter, which is not the main focus of this paper. Nonetheless, it is
important to highlight that the MMSC presents high performance at low frequencies, regarding the
voltage ripples in the submodule capacitors, and, thus, this converter would be suitable to applications
that would normally operate within a lower frequency range. In this case, the band-pass filter used in
this paper would be enough.
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Figure 26. Currents injected into the grid after filtering (ig fabc) for different values of frequency of
the load voltage (f,). (a) fo = 5 Hz, (b) fo = 10 Hz, (c) fo = 15 Hz, (d) f, = 20 Hz, (e) fo = 25 Hz,
(f) fo =30Hz, (g) fo = 35Hz, (h) f, =40 Hz and (i) f, = 45 Hz.
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Table 7. Two Most Influential Harmonic Components of MMSC grid current (igfabc).

fo=5Hz

Frequency fu1 =40Hz  fjp =95Hz
Harmonic Component as a Percentage of the Fundamental Component (50 Hz) 3.14% 1.48%

fo=10Hz

Frequency fm1 =90Hz f;;, =30Hz
Harmonic Component as a Percentage of the Fundamental Component (50 Hz) 1.57% 1.30%

fo=15Hz

Frequency fm1 =8 Hz fjp =15Hz
Harmonic Component as a Percentage of the Fundamental Component (50 Hz) 1.67% 1.54%

fo=20Hz

Frequency fu1 =20Hz f;, =80Hz
Harmonic Component as a Percentage of the Fundamental Component (50 Hz) 2.15% 1.93%

fo=25Hz

Frequency fm1 =25Hz fj, =75Hz
Harmonic Component as a Percentage of the Fundamental Component (50 Hz) 3.15% 2.22%

fo =30Hz

Frequency fm1 =30Hz fj, =70Hz
Harmonic Component as a Percentage of the Fundamental Component (50 Hz) 4.26% 2.59%

fo=35Hz

Frequency fu1 =35Hz  fjp =65Hz
Harmonic Component as a Percentage of the Fundamental Component (50 Hz) 6.11% 3.33%

fo=40Hz

Frequency fm1 =40Hz  fj; = 60 Hz
Harmonic Component as a Percentage of the Fundamental Component (50 Hz) 9.63% 4.63%

fo=45Hz

Frequency fm1 =45Hz  fj, =55Hz
Harmonic Component as a Percentage of the Fundamental Component (50 Hz) 19.44% 8.85%

6.4. MMSC Performance Under Unbalanced Grid Conditions

In this subsection a new simulation is carried out aiming at demonstrating the high performance
of the MMSC under severe grid imbalance conditions. As with the simulation carried out in Section 6.1,
the MMSC has 20 submodules per string (N = 20) and it is connected to a 35 kV grid (phase-to-ground,
peak value). The submodule capacitors have capacitance equal to 5 mF. From t = 0s to t = 1s, all the
submodule IGBTs are kept in off state and their capacitors are pre-charged, through the anti-parallel
diodes, reaching an steady-state value equal to approximately %. Att = 1 s, the submodules
control is enabled; however the switching of the bidirectional switches is kept disabled, meaning
that each phase of the grid is connected to its corresponding load phase (A to A, B to B and C to
C). The output-voltage reference has amplitude equal to 12 kV (phase-to-ground, peak value) and
frequency equal to 10 Hz. The MMSC provides power to a RL load (R = 100 Q) and L = 0.1 H).
Att = 2.2 s, the bidirectional-switch control is enabled, and the submodule strings start to commutate
between two different phases of the grid during the MMSC operation. In order to emulate a severe
imbalance condition, at t = 4 s, a phase-to-ground fault (through an impedance) is applied to phase A
of the grid resulting in a 25 kV voltage value (phase-to-ground, peak value), which corresponds to
approximately 30% of voltage sag. Att = 6s, the fault is cleared.

In Figure 27a, one can observe the grid voltage (vg,.) before and during the fault. In Figure 27b,
it is possible to see the synthesized load voltage (v,.) along with its reference (vy, fapc)- It is clear that
the grid fault and the unbalanced conditions do not affect, at all, the performance of the MMSC in
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properly synthesizing the load voltage. In Figure 27d—{, one can observe the capacitor voltages in
the submodules of phase-A leg, phase-B leg and phase-C leg, respectively. As expected, when the
fault occurs, the average value of the capacitor voltages in the phase-A leg decreases. As previously
mentioned, according to Kirchhoff’s law and conservation of energy, there should be a new average
value for the capacitor voltage that is equal to approximately % = % = 1.25 kV. The average voltage
of the capacitors in the phase-B leg are not affected by the phase-A grid fault. The average voltage of
the capacitors in the phase-C leg are slightly affected by the fault. The reason for that is the fact that the
phase-C leg is connected to both phase C and phase A of the grid, through the bidirectional switches,
during the MMSC operation. Nonetheless, at most of the time, the phase-C string is connected to
phase C of the grid, resulting in only a small voltage sag during the grid fault. One very important
thing to notice is the fact that the capacitor voltages, in all three strings, are kept stable during these
severe grid conditions, proving the high performance of the MMSC under unbalanced grid conditions.
Moreover, the unbalanced conditions do not lead to an increase in the submodule-capacitor voltage
ripples, which is a problem faced by the MMC and the MMMC, as negative-sequence currents flow
through the submodule strings of such converters. Basically, the current flowing through the MMSC
submodule strings is always the load current (i,,,.), which is not affected, at all, by the grid imbalance.
Another issue that is very interesting to notice are the input and output power (P; and P,, respectively),
shown in Figure 27c. When the voltage sag occurs, there should be a new balance value for the
average voltages in the submodule capacitors of the phase-A leg, according to Kirchhoff’s law and
conservation of energy. Since the power supplied to the load is supposed to remain constant, then the
grid power (P;) temporary decreases and, then, the power supplied to the load is temporary higher
than the power coming from the grid, resulting in the reduction of the energy in the capacitors of the
submodules in phase-A leg. Inversely, when the grid fault is cleared, the grid power instantaneously
increases, becoming temporary higher than the load power, in order to recharge the capacitors in
the submodules of the phase-A leg. This operation clearly shows how the average value of the
capacitors in the submodule string is imposed by the grid-voltage amplitude, satisfying Kirchhoff’s
law and conservation of energy, and illustrating why the average capacitor voltages do not need to
be controlled.
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Figure 27. MMSC under unbalanced grid conditions. (a) Grid voltage, (b) load voltage and load-voltage
reference, (c) input and output power, (d) capacitor voltages in submodules of phase-A leg, (e) capacitor
voltages in submodules of phase-B leg and (f) capacitor voltages in submodules of phase-C leg.
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7. Experimental Validation

To validate the MMSC presented in this article, an experimental prototype of the converter was
built as shown in Figure 28a. Since the MMSC is a three-phase converter composed of three completely
independent single-phase converters (see Figure 3), in order to validate it, a single-phase structure
was built. This structure is composed of a string of eight FB submodules (IGBTs) along with two
bidirectional switches (IGBTs) connected to two different phases of the grid. The grid is emulated by
the AC voltage source illustrated in Figure 28a and the converter supplies power to a 50 () resistive
load. In order to obtain a three-phase result, three different tests were executed for each of the three
phases. In order to control the MMSC, a dSPACE is used with a 20 kHz sampling frequency. The test
setup diagram is shown in Figure 28b and its main parameters are summarized in Table 8.
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Figure 28. MMSC experimental prototype. (a) Real experimental test setup, (b) test setup diagram.

Table 8. Test Setup Parameters.

Parameter Value
Submodule-Capacitor Capacitance 4 mF
Snubber-Capacitor Capacitance 2 mF
Load Resistance 500
Grid-voltage Amplitude 160 V (phase-to-ground/peak)
Grid-voltage Frequency 50 Hz
Load-voltage Amplitude 50 V (phase-to-ground/peak)
Control Sampling Frequency 20 kHz

In Figures 29 and 30, one can observe the experimental results obtained for six different tests.
For all the tests, the input voltage (grid voltage) has amplitude equal to 160 V (phase-to-ground peak
value) and frequency equal to 50 Hz, and the output voltage (load voltage) has amplitude equal to
50 V (phase-to-ground peak value). In Figure 29a,c,e, one can observe the load voltage for the cases
in which the output-voltage-reference frequency is equal to 1 Hz, 10 Hz and 45 Hz, respectively,
and the bidirectional switches are disabled. In Figure 30a,c,e, one can observe their corresponding
capacitor voltages, respectively. In Figure 29b,d,f, one can observe the load voltage for the cases in
which the output-voltage-reference frequency is equal to 1 Hz, 10 Hz and 45 Hz, respectively, and the
bidirectional switches are enabled. In Figure 30b,d,f, one can observe their corresponding capacitor
voltages, respectively.
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switches disabled and (f) 45-HZ-output-voltage reference with bidirectional switches enabled.
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Figure 30. Experimental results of submodule-capacitor voltages. (a) 1-HZ-output-voltage reference
with bidirectional switches disabled, (b) 1-HZ-output-voltage reference with bidirectional switches
enabled, (c) 10-HZ-output-voltage reference with bidirectional switches disabled, (d) 10-HZ-output-voltage
reference with bidirectional switches enabled, (e) 45-HZ-output-voltage reference with bidirectional
switches disabled and (f) 45-HZ-output-voltage reference with bidirectional switches enabled.

It is important to notice that as expected, the MMSC is able to properly synthesize the output

voltage, for every frequency considered, when the bidirectional-switch switching is enabled. It is
important to emphasize that the MMSC does not have arm inductors nor an output-voltage filter

was

used in these experimental tests. The waveforms shown in Figure 29b,d,f are the actual output

voltages without any intermediate filtering stage. It is possible to say that these are high-power-quality
signals that would only require a very small filter to obtain a perfectly sinusoidal waveform, since the
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harmonic components present in the voltage signals are high-order harmonics. Moreover, a higher
number of levels of submodules would further improve the output-voltage power quality.

The capacitor-voltage-ripple behavior is very similar to the one obtained in simulation. In fact,
the capacitor-voltage ripples are quite low for the 1-Hz case, as shown in Figure 30b. Moreover,
it is clear that the submodule-capacitor voltages are balanced in every case (observe zoom in the
capacitor-voltage signals) proving the effectiveness of the voltage-balance control. Finally, the capacitor
voltages are kept stable, meaning that the power supplied to the load comes entirely from the grid as
these two are exchanging power.

8. Conclusions

This paper presented a completely new AC-AC converter solution called MMSC that uses
a modular multilevel structure and that could be a very promising alternative to medium-voltage
machine-drive applications such as pumped-hydro-storage systems, large wind turbines and industrial
motor drives. The MMSC presents important structural and operational advantages in comparison
to other alternative converter topologies. Some of these advantages are the reduced number of
semiconductor devices and submodule capacitors, which could make the MMSC a very light and
compact solution, and with reduced costs. In Section 5, a detailed analysis is carried out, comparing the
proposed MMSC and the traditional MMC in terms of number of components, conduction and
switching losses. This analysis concluded that the MMSC is a solution with a 13% reduction in the
number of semiconductor devices and an expressive 75% reduction in the number of submodule
capacitors, in relation to the MMC. Thus, the MMSC should be a solution with reduced cost and
with an expressive size and weight reduction, since these are bulky capacitors. This could be a very
important characteristic if the converter were to be used in an offshore wind-turbine application
that requires lightness and compactness, due to the complex and expensive supporting structures
of such systems. The comparison analysis also demonstrated that the MMSC and the MMC present
equivalent efficiency.

Moreover, the MMSC presents straightforward control and modulation as explained in Section 3
of this paper. In other words, the MMSC only have one internal control loop, which is responsible
for the submodule-capacitor-voltage balancing. This is an advantage in relation the MMC and the
MMMC that require many different internal control loops such as the circulating-current-suppression
control, the control of the average value of the capacitor voltages, aiming at maintaining these voltages
regulated and stable under different grid conditions, and the voltage balance between upper and lower
arms, in the MMC case.

In Section 4, a detailed analytical description of the voltage ripples in the MMSC submodule
capacitors is presented, which demonstrates the high performance of the proposed converter under
low-frequency operation. This is a very important feature that could make the MMSC a promising
solution for high-power machine-drive applications that operate with low frequencies or even crossing
the 0-Hz operation point. It is important to emphasize that this is a crucial advantage in comparison to
the MMC that presents poor performance at low frequencies.

In Section 6, simulation results are provided showing the steady-state and transient performance
of the MMSC. These results show that the MMSC can generate a high-power-quality load voltage
with variable frequency, while injecting a high-power-quality current into the grid, as the load
and grid exchange power. Thus, this converter could be used to control the machine speed in
a high-power machine-drive application. Simulation results also show the high performance of
the MMSC under unbalanced grid conditions, which is an important advantage in comparison to the
MMC and the MMMC that present poor performance under unbalanced grid conditions. The MMSC
submodule-capacitor voltages are kept stable, during the unbalanced conditions, and no voltage-ripple
increase is experienced, since the current that flows through the MMSC submodule strings is always
the load current that is not affected by the grid imbalance. Simulation results are also provided to
validate the mathematical model of the submodule-capacitor voltage ripples, proposed in Section 4.
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Finally, in Section 7, experimental results are presented validating the proposed control and
modulation technique and proving that the MMSC is capable of synthesizing a high-power-quality
load voltage with variable frequency, while exchanging power with the grid. In other words, the MMSC
can operate as a controlled voltage source from the load perspective.

As described in this paper, a critical point of the MMSC are the bidirectional switches.
These switches must be capable of blocking the grid voltage and, thus, series-connected semiconductor
devices are required. However, the bidirectional switches, in the proposed MMSC, operate at very low
switching frequency (50 Hz) and, thus, many different approaches can be adopted in order to obtain
proper dynamic voltage sharing among the semiconductors connected in series, leading to a safe and
reliable operation of the converter. Due to the low switching frequency, it is possible to operate the
series-connected devices with tolerable switching losses, as emphasized in the switching-loss analysis
presented in Section 5. Moreover, the complex multi-step commutation techniques, usually used in
matrix converters, can be avoided because of the low switching frequency of the bidirectional switches.
In other words, snubber circuits, in combination with a dead-time technique, can be adopted in the
commutation process. Nonetheless, the bidirectional switch is a critical component of the MMSC that
deserves special attention. Future works with a high-power test setup must be carried out to fully
validate the proposed converter solution. These tests will require a specialized laboratory infrastructure
to analyze the bidirectional switches operating under medium-voltage conditions and, thus, it will be
possible to propose a safe and reliable solution for these switches.
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