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Abstract: The modular multilevel converter is capable to reach high-voltage levels with high flex-
ibility, high reliability, and high power quality as it became the standard solution for high-power
high-voltage applications that operate with fixed frequency. However, in machine-drive applications,
the modular multilevel converter shows critical problems since an extremely high submodule-
capacitor voltage ripple occurs in the machine start-up and at low-speed operation, which can
damage the converter. Recently, a new converter solution named modular multilevel series converter
was proposed as a promising alternative for high-power machine-drive applications since it pre-
sented many important structural and operational advantages in relation to the modular multilevel
converter such as the reduced number of submodule capacitors and the low submodule-capacitor
voltage ripple at low frequencies. Even though the modular multilevel series converter presented
a reduced number of capacitors, the size of these capacitors was not analyzed. This paper presents
a detailed comparison analysis of the performance of the modular multilevel converter and the
modular multilevel series converter at variable-frequency operation, which is based on the proposed
analytical description of the submodule-capacitor voltage ripple in such topologies. This analysis
concludes that the new modular multilevel series converter can be designed with smaller capacitors
in comparison to the modular multilevel converter if these converters are used to drive electrical
machines that operate within a range of low-frequency values. In other words, the modular mul-
tilevel series converter experiences extremely low submodule-capacitor voltage ripple at very low
frequencies, which means that this converter solution presents high performance in the electrical
machine start-up and at low-speed operation.

Keywords: modular multilevel converters; submodule-capacitor voltage ripple; low-frequency
operation

1. Introduction

In order to keep up with the development of the modern industry, many high-power
electrical applications have been emerging such as the high-voltage-direct-current (HVDC)
transmission systems, upscaled wind turbines [1-5], pumped-hydro-storage systems [6-8]
and heavy industrial motor drives. The invention of the modular multilevel converter
(MMC), shown in Figure 1a, represented a breakthrough in the usage of power-electronic
devices connected to the electrical grid since this converter topology is capable to reach
extremely high voltage levels with high flexibility, high reliability and high power quality.
However, the MMC presents some critical limitations when it operates with low-frequency
values as in machine-drive applications [9-12], for example. Due to the MMC topology
and operation, an AC current with the fundamental component and with double the
fundamental component of the frequency at the AC terminals of the converter appears
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flowing through the submodule capacitors. Since the MMC submodule-capacitor voltages
are floating ones, then a ripple with the two mentioned components will occur in the
submodule capacitors. As lower the frequency of the synthesized AC voltage, more critical
will be the submodule-capacitor voltage ripple since it is proportional to the capacitor
reactance, which is inversely proportional to the current frequency. Thus, in applications
such as flexible pumped-hydro-storage systems and heavy industrial drives, the MMC
submodule-capacitor voltage-ripple problem can be very serious. These applications
often operate close to the 0-Hz point (or even cross this point), which would result in an
intolerable submodule-capacitor voltage ripple if the MMC were to be used to drive the
electrical machines. In [13], for example, the authors reported that the peak value of the
MMC submodule-capacitor voltage ripple in the machine start-up can be four times higher
than the nominal DC voltage of the capacitor. Since the submodule IGBTs are typically
designed with a maximum tolerable voltage two times higher than the nominal DC voltage
of the submodule capacitor, then it means that the submodule-capacitor voltage ripple,
in the machine start-up, can be up to two times higher than the maximum tolerable voltage
of the IGBTs, which will lead to their destruction if no protective measures are adopted.
One way to solve this problem is to build a MMC with bigger capacitors to limit the high
voltage ripple at low frequencies but with the downside of increasing the cost, size and
weight. Another approach is to modulate an extra common-mode-voltage component
in combination with the injection of circulating-current components [10,14] to reduce the
MMC submodule-capacitor voltage ripple at low-speed operation. Nonetheless, in this
approach, huge overcurrents occur in the MMC arms due to the high peak values of the
circulating-current components injected to compensate for the high submodule-capacitor
voltage ripple in the machine start-up. This control technique can avoid the need of bigger
submodule capacitors but, due to the overcurrents in the MMC arms, semiconductor
devices with higher current ratings might be required, which would result in higher costs.
Moreover, the extra commom-mode voltage synthesized increases the voltage stress in
the machine winding insulation and increases the shaft voltage, which could lead to
bearing and shaft failures [14]. Instead of trying to overcome the MMC poor performance
at low frequencies through control techniques, many papers in the literature have been
proposing new converter topologies [15-22] as alternatives for high-power machine-drive
applications mostly aiming at obtaining better performance at low frequencies but also
aiming at obtaining solutions with a reduced component count, resulting in reduced costs,
size, weight and conduction losses in comparison to the MMC.
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Figure 1. (a) Modular multilevel converter (MMC) topology in the back-to-back configuration and (b) modular multilevel

series converter (MMSC) topology.



Energies 2021, 14, 776

30f17

Recently, a new converter solution named modular multilevel series converter (MMSC),
illustrated in Figure 1b, was proposed [22] as a promising alternative for high-power
medium-voltage machine-drive applications. In [22], the authors highlighted operational
characteristics of the MMSC that are advantageous in comparison to alternative converter
topologies such as the straightforward control and modulation, the high performance
under unbalanced grid conditions and the low submodule-capacitor voltage ripple at low
frequencies. As explained in [22], there is one component of the MMSC that deserves spe-
cial attention, which is the bidirectional-switch valve. The MMSC topology is composed of
only one submodule string connected between each grid phase and each load phase. This
is a characteristic that results in many operational and structural advantages of the MMSC
in relation to the MMC. Due to this specific component connection, the MMSC requires
bidirectional-switch valves to connect each submodule string to two different phases of the
grid. Considering that the MMSC was proposed for medium-voltage applications, then
series-connected semiconductor devices might be required to build the bidirectional-switch
valves since the most modern semiconductor devices available in the industry present
rated voltage of maximum 10 kV. The operation of series-connected semiconductor devices
could result in reliability problems. Nonetheless, one special characteristic of the MMSC
bidirectional-switch valves is that they operate with an extremely low switching frequency
(50 Hz, which is the grid frequency) and, thus, poor reliability should not be a problem.
In other words, the operation of series-connected semiconductor devices can be dangerous
due to poor dynamic-voltage sharing among the series-connected devices at the moment of
the current commutation, which might lead to the destruction of these devices if they end
up blocking a voltage value higher than their nominal voltage. This problem is emphasized
as higher the switching frequency is. Since the bidirectional-switch valves of the MMSC
operate with low switching frequency, then their operation can occur is a safe and reliable
fashion. As explained in detail in [22], there are some modern IGBT valves composed of sev-
eral series-connected devices that operate with high reliability due to advanced drivers that
guarantee proper dynamic-voltage sharing among the series-connected devices. Moreover,
due to the low switching frequency, other techniques such as the use of snubber circuits
can be adopted to protect the switches. Due to the low switching frequency, the losses
in the snubber circuits are low since current only flows through these circuits during the
current commutation of the switching process. Anyway, the bidirectional-switch valves are
components that deserve special attention in the construction of the MMSC.

In [22], a detailed comparison analysis between the MMSC and the MMC in terms of
number of components was carried out, which concluded that the MMSC presents a re-
duced number of semiconductor devices and a considerably reduced number of submodule
capacitors in relation to the MMC. However, in [22], no explanation was given regarding
the size of these capacitors. Since the applications considered are variable-frequency ones,
in order to design the submodule capacitors, a deep analysis of the voltage ripple must be
carried out taking into account the entire frequency range of operation.

In this paper, a detailed comparison analysis between the MMC and the MMSC is
presented, which is based on the analytical description of the submodule-capacitor voltage
ripple for a wide frequency range. Simulation and experimental results are presented to
validate the proposed analytical model, leading to concrete conclusions that prove the
superior performance of the MMSC at low-frequency operation in relation to the MMC.
Even more important, the analysis presented in this paper proves that besides having
a considerably reduced number of capacitors, the MMSC also can be built with smaller
capacitors in comparison to the MMC in machine-drive applications. This fact further
indicates that the MMSC should be a solution with considerably reduced size and weight
in relation to the MMC and, thus, it should be an interesting option for applications that
require lightness and compactness. Moreover, the analytical model proposed in this paper
is a helpful tool that can be used in the design stage of the MMSC in order to define the
size of the submodule capacitors for a given application with a given frequency range
of operation.
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2. Analytical Description of Submodule-Capacitor Voltage Ripple

In this section, an analytical description of the submodule-capacitor voltage ripple of
the MMC and the MMSC for different frequencies is carried out, which explains why the
MMSC presents superior performance at low frequencies in comparison to the MMC.

2.1. MMC

If a MMC is supposed to synthesize a f,-Hz AC voltage, then each MMC arm must
operate inserting submodules with a given insertion-index pattern (S(t)) that is represented
by a f,-Hz signal that varies from 0 to N, in a discrete fashion, corresponding to the
instantaneous number of submodules inserted in series. In this paper, an approximation
is made, which consists in considering S(t) to be a continuous signal normalized by the
number of submodules in one arm (N). Thus, S(t) is a f,-Hz continuous signal that varies
from 0 to 1. In this analysis, the authors consider that a MMC with a DC-link voltage equal
to Vpc = 20 kV must synthesize an AC voltage with amplitude equal to V;, = 10 kV (phase-
to-ground, peak value), while providing power to a RL load (R = 100 (2 and L = 10 mH).
This load represents an electrical machine being controlled to operate with unit power
factor. In other words, in machine-drive applications, the machine speed is controlled
according to the necessities and its reactive power is usually kept null to avoid losses and
to avoid exceeding the conductor current capacity. Nonetheless, a purely resistive load
would not properly represent the machine as there should be an inductance. Thus a low
% ratio was selected that basically means unit power factor for low frequencies. It is also
important to emphasize that, as described in detail in [22], Vpc = 20 kV is the minimum
DC-link-voltage value possible so that the MMC is capable to synthesize the desired load
voltage equal to V, = 10 kV. It means that the MMC with minimum voltage ratings is being
considered to allow for a fair comparison with the MMSC that will also be designed with
its minimum voltage ratings. The MMC has N = 10 half-bridge (HB) submodules in each
arm. In Figure 2a,c,e, one can observe the MMC insertion-index signals (S(t)) when the
frequency of the AC voltage to be synthesized presents values equal to f, = 1,10,45 Hz,
respectively. In Figure 2b,d,f, one can observe the fast Fourier transform (FFT) of the signals
shown in Figure 2a,c,e, respectively. The insertion-index signals shown in Figure 2a,c,e
were mathematically described as follows:

S(t) = 0.5sin(wyt) + 0.5 1)

in which w, = 27f,. The current that flows through the MMC arms, considering that all
the undesired AC-circulating-current components are suppressed, is equal to:

larm (1) = > T3 2
The AC voltage synthesized by the MMC is represented by:
vac(t) = Vosin(wot) ®)
Thus, the AC current that flows through the load is equal to:
iac(t) vac(t)  Vesin(wot + 6) )

T IR¥jwoL] ~ R+ jwoL]

in which 0 is the load angle that is neglected in this case since R >> L is considered, which
basically means unit power factor. Considering the approximation that the AC-side power
is equal to the DC-side power (P4c = Ppc), then the following equation is obtained:

V3( é Vo)lac = Vpclpc %)
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in which I ¢ is the rms value of the AC current (i 4¢). Thus:
, 3Volac
ipc(t) = Ipc =
V2Vpe

By substituting (4) and (6) into (2), the final equation for the arm current (i) is
obtained, which is equal to:

(6)

V,sin(wot + 0) Volac
2[R+ jwoL|  /2Vpc

farm (t) = )
The current that flows through the submodule capacitors causing the voltage ripple
can be defined as follows:

icap (£) = farm (H)S (1) @®)

The FFT of the MMC capacitor current (icqp), obtained through (8), when the frequency
of the AC voltage to be synthesized presents values equal to f, = 1,10,45 Hz, is shown in
Figure 3a,c,e, respectively. The MMC capacitor current (ic;p) was calculated considering
Vpe =20kV,V, =10kV, R = 100 2 and L = 10 mH. For the 1-Hz case, there are 1-Hz
and 2-Hz current components flowing through the capacitors. These current components
present expressive amplitudes as they are responsible for the high voltage ripple in the
MMC submodule capacitors and, thus, its poor performance at low frequencies. These
currents will be compared with the MMSC case that is presented in the next subsection.

2.2. MMSC

In this analysis, the authors consider that a MMSC connected to a grid that has voltage
amplitude equal to Vy = 20 kV (phase-to-ground, peak value) and frequency equal to
fi = 50 Hz must synthesize an AC voltage with amplitude equal to V, = 10 kV, while
supplying power to a RL load (R = 100 Q) and L = 10 mH). Similarly to the MMC case,
Vg = 20 kV is the minimum voltage possible connected to the MMSC input terminals
so that the converter is capable to synthesize the desired load voltage equal to V, = 10 kV.
The MMSC has N = 10 full-bridge (FB) submodules in each string. These parameters
are equivalent to the MMC ones so that it is possible to obtain a fair comparison between
the two converters. In other words, both converters were designed with their minimum
voltage ratings, as described in [22], and both of them must synthesize the same AC voltage,
providing power to the same load, resulting in an identical AC current flowing towards the
converters. The detailed operation of the MMSC was presented in [22]. Considering that
the bidirectional-switch operation is disabled and, thus, that the phase-A submodule string
is always connected to phase A of the grid, then, according to Kirchhoff’s law, the voltage
that must be synthesized across the MMSC phase-A submodule string (vs,(t)) in order to
obtain the desired voltage at the load terminals (v4¢(t)) is equal to:

Usa(t) = vac(t) — vga(t) = Vosin(w,t) — Vgsin(w;t + ¢) 9)

where w; = 27f;. As described in [22], according to Kirchhoff’s law and conservation of
energy, the average value of the capacitor voltages in each submodule of a given string

converges to approximately %, in steady state. Thus, the voltage that the MMSC is capable
to synthesize in series is:

valt) = SE5(1) (10)

in which S(t) is the insertion-index signal that represents the instantaneous number of sub-
modules inserted in series. This signal varies in a discrete fashion from —N to N. Positive
values of S(t) mean that the FB submodules are inserted with positive polarity, whereas
negative values mean that the submodules are inserted with negative polarity. Similarly to
the MMC case, the insertion-index pattern (S(t)) is approximated by a continuous signal
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normalized by the number of submodules N. In other words, S(t) is approximated by a
continuous signal that varies from —1 to 1 and, thus, (10) is rewritten as follows:

valt) = SES(ON = VS (1) (1)

Through (11), it is clear that the maximum voltage that the MMSC is capable to
synthesize in series is equal to Vy. However, the voltage that the converter must synthesize
in series in order to obtain the desired voltage at the load terminals (see Equation (9))
is higher than V, at some moments since f, # f; is considered. At these moments, the
MMSC would lose control over the load voltage. That is why the connection to phase B
of the grid, through the bidirectional switches, is required. In order to obtain the MMSC
insertion-index signal, considering that the bidirectional-switch switching is disabled and,
thus, that the phase-A submodule string is always connected to phase A of the grid, then
Equation (11) is substituted into Equation (9) resulting in:

S(t) = “Zsin(wot) ~ sin(wit + 9) (12)

Since the MMSC is only capable of properly synthesizing the load voltage because
it operates connecting the phase-A submodule string to both phase A and phase B of the
grid, then, the real insertion-index pattern is a signal represented by (12) if S5(¢) is within
the limits —1 and 1 (phase-A submodule string kept connected to phase A of the grid) and
represented by (13) if S(t) exceeds the limits —1 and 1 (phase-A submodule string must be
connected to phase B of the grid). The addition of the term — 2 in Equation (13) represents
the connection of the phase-A submodule string to phase B of the grid. In other words,

Equation (13) is obtained by replacing vg, in Equation (9) by vy, = Vgsin(w;t + ¢ — 27”)
S(t) = Esin(cuot‘) —sin(w;t + ¢ — z—n) (13)
Vg 3
The MMSC insertion-index signal (represented by Equations (12) and (13)) is shown
in Figure 2g,i k for the cases in which the frequency of the AC voltage to be synthesized
presents values equal to f, = 1,10, 45 Hz, respectively. The MMSC insertion-index signals
(S(t)) were calculated considering Vg = 20 kV, f; = 50 Hz and V,, = 10 kV. The FFT of
these signals are shown in Figure 2h,j,1, respectively. As illustrated in Figure 1b, the current
that flows through the MMSC phase-A string is equal to:

istring(t) = iAC(t) (14)
in which:

_vac(t)  Vesin(wet +0)
" |R+jwol|  |R+ jwolLl

iac(t) (15)
The current that flows through the submodule capacitors causing the voltage ripple
can be defined as follows:

icap(t) = istring(t)s(t) (16)

By multiplying the insertion-index signals (S(t)) illustrated in Figure 2g ik by the
string current (istig) calculated according to (14) (considering V, = 10 kV, R = 100 €2 and
L = 10 mH), the MMSC capacitor currents (ic,p) are obtained for the cases in which the
frequency of the AC voltage to be synthesized presents values equal to f, = 1,10,45 Hz.
The FFT of these signals are illustrated in Figure 3b,d,f, respectively.
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Figure 2. (a,c,e) show the MMC insertion-index signal (S()) for the cases in which f, = 1,10 and 45 Hz, respectively.
(b,d,f) show the FFT of the signals shown in (a,c,e), respectively. (g,i,k) show the MMSC insertion-index signal (S(t)) for the
cases in which f, = 1,10 and 45 Hz, respectively. (h,j,1) show the FFT of the signals shown in (g,i k), respectively.
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Figure 3. (a,c,e) show the fast Fourier transform (FFT) of the MMC submodule-capacitor current (icqp) for the cases in which
fo = 1,10 and 45 Hz, respectively. (b,d,f) show the FFT of the MMSC submodule-capacitor current (icqp) for the cases in
which f, = 1,10 and 45 Hz, respectively.

By analyzing Figures 2 and 3, it is possible to understand the improved performance of
the MMSC at low frequencies in comparison to the MMC. In order to develop this analysis,
let us observe the 1-Hz operation that is illustrated in Figures 2a,b and 3a, for the MMC case,
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and illustrated in Figures 2g,h and 3b, for the MMSC case. In the MMC case, if a f, = 1-Hz
load voltage is to be synthesized, a f, = 1-Hz insertion-index signal (5(t)), as illustrated in
Figure 2a,b, will be required. According to Equation (7), the MMC arm current (i) will be
composed of a f, = 1-Hz component as well as of a DC component. Thus, the capacitor
current (icqp), obtained through Equation (8), will be composed of a f, = 1-Hz component
as well as of a 2f, = 2-Hz component, as shown in Figure 3a. In the MMSC case, the main
frequency component of the insertion-index signal (S(#)) that will contribute for a high
voltage ripple is the 3-Hz component, as illustrated in Figure 2g,h. In the MMSC case,
the capacitor current (icp), obtained through Equation (16), will present a 2-Hz component
as well as a 4-Hz component as illustrated in Figure 3b. These two components are obtained
by multiplying the 3-Hz component present in S(t) by the f, = 1-Hz component present in
Istring = 1ac- Itis very important to notice that, since the 3-Hz component of S(t) has a very
small amplitude, then the 2-Hz component as well as the 4-Hz component, present in the
capacitor-current frequency spectrum, will also have very small amplitudes. The capacitor
voltage ripple is proportional to the capacitor reactance, which is inversely proportional to
the current frequency as follows:

1
X =
‘T 2nfC

Thus, if one compares the MMC and MMSC capacitor-current frequency spectrum,
which are illustrated in Figure 3a,b, respectively, they will notice that the voltage ripple
will be much higher in the MMC case. In other words, the capacitor current in the MMC
case presents both a 1-Hz and a 2-Hz components with considerably high amplitudes
(12.5 A in both cases). The capacitor current in the MMSC case does not present the
1-Hz component (which is the most influential component for the voltage ripple), as it
presents only a 2-Hz component with considerable amplitude (equal to 5.47 A), which is
still a much smaller amplitude in comparison to the 2-Hz component in the MMC case. The
other components present in the MMSC capacitor-current frequency spectrum correspond
to higher frequencies that do not result in a considerable voltage ripple according to
Equation (17).

(17)

3. Simulation Results

A simulation analysis was carried out through the software PSCAD/EMTDC to
validate the analytical description of the submodule-capacitor voltage ripple presented in
Section 2. Thus, the following parameters were considered, which are exactly the same
used in Section 2. For the MMC case, Vpc = 20 kV, N = 10 and C = 5 mF (submodule-
capacitor capacitance) were considered. For the MMSC case, Vo = 20 kV, f; = 50 Hz,
N = 10 and C = 5 mF were considered. Moreover, both converters were controlled to
synthesize an AC voltage with amplitude equal to V, = 10 kV while supplying power
toa RL load (R = 100 (2 and L = 10 mH). In order to observe the submodule-capacitor
voltage-ripple (AV) behavior of the MMC and the MMSC for different load-frequency
values, simulations were carried out for each converter varying the load-voltage frequency
(fo) by 1 Hz until the whole frequency range was covered. The results obtained are
shown in Figure 4. By analyzing Figure 4, one can observe that the MMSC presents a low
submodule-capacitor voltage ripple at low frequencies and a high submodule-capacitor
voltage ripple at high frequencies whereas the MMC presents a high submodule-capacitor
voltage ripple at low frequencies and a low submodule-capacitor voltage ripple at high
frequencies. In fact, the MMSC presents higher submodule-capacitor voltage ripple as
closer to the grid frequency (f; = 50 Hz) the load frequency (f,) gets. So, let us suppose,
for example, that a given electrical machine has a nominal frequency equal to 45 Hz and,
thus, it operates within the frequency range from f, = 1 Hz to f, = 45 Hz. Moreover,
let us consider that this machine driven by either the MMC or the MMSC is connected
to a grid with frequency equal to f; = 50 Hz. In this specific application, it is clear that
the highest voltage-ripple value for the MMC case would occur for f, = 1 Hz while the
highest voltage-ripple value for the MMSC case would occur for f, = 45 Hz. Moreover,
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if the 0-Hz operation point needed to be crossed (as in a pumped-hydro-storage system
for example), then the MMC would experience critical problems since intolerably high
submodule-capacitor voltage ripple would occur. This would not be the case with the
MMSC. The hypothetical machine-drive application previously described, that operates
within a frequency range from f, = 1 Hz to f, = 45 Hz, is considered as an example for
the analysis carried out in this section.

Submodule Capacitor Voltage Ripple (AV)

FT MMC
\ MMSC
09 r |

AV =1kV

AV =0.28 kV
AV =02kV

AV =0.1kV

Voltage (kV

AV =0.06 kV

AV = (3{.02 KV |
0 I I I I I I I I ‘._

0 5 10 15 20 25 30 35 40 45 50
Frequency (Hz)

Figure 4. Submodule-capacitor voltage ripple of MMC and MMSC for the frequency range from
fo=1Hzto f, =49 Hz.

3.1. MMC

In Section 2, the authors made an approximation to the MMC insertion-index signal,
by considering it as a continuous signal varying from 0 to 1 (normalized by N), with
frequency f,. In Figure 5a—c, one can see the MMC real insertion-index signals, obtained
in simulation, which are discrete signals that vary from 0 to N with frequency f,, for the
cases in which f, = 1,10,45 Hz, respectively. By substituting V, = 10 kV, R = 100 (2 and
L = 10 mH (which are the parameters considered for both the analytical model of Section 2
and the simulation analysis of this section) into Equation (4), the following AC current
is obtained:

isc(t) = 100sin(w,t + 6) A (18)

This AC current is the one obtained for any value of f, since R >> L, which means
that the inductive reactance can basically be neglected in the impedance calculation. The
rms value of (18) is equal to I4¢ = 70.72 A. By substituting I4c = 70.72 A, Vpc = 20 kV
and V, = 10 kV into Equation (6), the following is obtained:

ipc(t) =75 A (19)
Finally, by substituting (18) and (19) into (2) the following is obtained:

iarm (t) = [50sin(wot + 0) +25] A (20)
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In Figure 5d—f, the MMC arm current (i4r;) obtained in the simulation is shown
for the cases in which f, = 1,10,45 Hz, respectively, and it is clear that, in fact, this
current is represented by Equation (20), which means that the equation used in Section 2 to
describe the MMC arm current (i;+) is matching the simulation results with high accuracy
and, thus, the analytical model is properly describing the real behavior of the MMC
quantities. In Figure 5g—i, one can observe the submodule-capacitor voltage (vcap), obtained
in simulation, for the cases in which f, = 1,10,45 Hz, respectively. The submodule-
capacitor voltages shown in Figure 5g—i are consequence of the current i, shown in
Figure 5d—f, flowing through the MMC arms while operating with the insertion-index
pattern shown in Figure 5a—c. As previously proved, since the insertion-index signals and
arm currents shown in Figure 5 correspond exactly to the insertion-index signals and arm
currents obtained through the analytical model of Section 2, then it is expected that the
same voltage-ripple behavior obtained in the simulation can be reproduced through the
analytical model. For the 1-Hz case, the capacitor voltage ripple (see Figure 5g) presents
a peak-to-peak value equal to approximately 1 kV. For the 10-Hz case, the capacitor voltage
ripple (see Figure 5h) presents a peak-to-peak value equal to approximately 0.1 kV. Finally,
for the 45-Hz case, the capacitor voltage ripple (see Figure 5i) presents a peak-to-peak
value equal to approximately 0.02 kV. These submodule-capacitor-voltage-ripple values
are summarized in Table 1.
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215 v 2 45 3 15 o
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Figure 5. MMC simulation results. (a—c) show the phase-A-upper-arm insertion-index signal (S(t)) for the cases in which
fo = 1,10 and 45 Hz, respectively. (d—f) show the phase-A-upper-arm current (isrn;) for the cases in which f, = 1,10 and
45 Hz, respectively. (g-i) show the phase-A upper-arm submodule-capacitor voltages (vcqp) for the cases in which f, = 1,10
and 45 Hz, respectively.

Table 1. MMC submodule capacitor voltage ripple.

fo Peak-To-Peak Voltage (AV)
1Hz 1kV
10 Hz 0.1kV
45Hz 0.02 kV

According to Figure 3, the MMC submodule-capacitor current is composed of a f,-Hz
and of a 2f,-Hz components. These current components will cause a voltage ripple to
the submodule capacitors according to the capacitor reactance (see Equation (17)). Thus,
for the f, = 1-Hz case, the MMC submodule capacitor will have a voltage ripple with
fo = 1 Hz and 2f, = 2 Hz components. By applying a FFT to the signal shown in
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Figure 5g, which illustrates the MMC submodule-capacitor voltage for the 1-Hz case, it
is possible to obtain the amplitude of the voltage-ripple components. The peak value of
the 1-Hz component is equal to 392 V and the peak value of the 2-Hz component is equal
to 184.5 V. With Equation (17), it is possible to obtain the amplitude of the corresponding
current responsible for generating this voltage ripple. The peak value of the 1-Hz current
component is equal to 12.32 A and the peak value of the 2-Hz current component is equal
to 11.6 A. It is very interesting to notice that these two current values are very similar to
the values shown in Figure 3a, which were obtained with the analytical description of the
voltage ripple. In other words, these results prove that the analytical description of the
submodule-capacitor voltage ripple, proposed in this paper, is quite accurate in describing
the actual behavior of the MMC. In Table 2, the amplitudes of the two main components of
the submodule-capacitor-voltage ripple, obtained by applying a FFT to the submodule-
capacitor voltages shown in Figure 5g—i, are shown along with their corresponding current-
component amplitudes, for the cases in which f, = 1,10 and 45 Hz. It is clear that the
amplitude of the current components, shown in Table 2, match with high accuracy with
the amplitude of the current components shown in Figure 3a,c,e.

Table 2. Two most influential harmonic components of MMC submodule capacitor quantities.

fo=1Hz
Harmonic Component fmm=1Hz fio =2Hz
Voltage Peak Value 392V 1845V
Current Peak Value 12.32 A 116 A
fo=10Hz
Harmonic Component fi1 =10Hz fiz =20Hz
Voltage Peak Value 38V 178V
Current Peak Value 1194 A 11.18 A
fo=45Hz
Harmonic Component fi1 =45Hz frp =90Hz
Voltage Peak Value 9.6 V 42V
Current Peak Value 13.57 A 11.88 A

3.2. MMSC

In Section 2, the MMSC insertion-index pattern (S(t)) was defined as a signal repre-
sented by (12) if S(t) is within the limits —1 and 1 and represented by (13) if S(t) exceeds
the limits —1 and 1. These signals were normalized by the number of submodules (N).
In Figure 6a—c, one can see the real insertion-index signals, obtained in simulation, which
are discrete signals that vary from —N to N but with the exact same shape as the approxi-
mated insertion-index signals shown in Figure 2g,i,k. The MMSC AC current should be
identical to the MMC one, which is described by:

iAC(t) = 1003in(w0t + 9) A (21)
Thus, according to Equation (14), the MMSC string current will be equal to:
istring(t) =iac(t) = 100sin(wot + 6) A (22)

In Figure 6d—f, the MMSC string current (issying) is shown for the cases in which
fo = 1,10,45 Hz, respectively, and it is clear that, in fact, this current is represented by
Equation (22). In Figure 6g—i, one can observe the submodule-capacitor voltages, for the
cases in which f, = 1,10,45 Hz, respectively, obtained as a consequence of the current
istring, Shown in Figure 6d-f, flowing through the MMSC strings, while operating with
the insertion-index pattern shown in Figure 6a—c. In other words, the insertion-index
signals and string currents shown in Figure 6 correspond to the insertion-index signals
and string currents described in the analysis carried out in Section 2 and, thus, it is



Energies 2021, 14, 776

12 of 17

expected that the same voltage-ripple behavior is obtained. For the 1-Hz case, the capacitor
voltage ripple (see Figure 6g) presents a peak-to-peak value equal to approximately 0.2 kV.
For the 10-Hz case, the capacitor voltage ripple (see Figure 6h) presents a peak-to-peak
value equal to approximately 0.06 kV. Finally, for the 45-Hz case, the capacitor voltage
ripple (see Figure 6i) presents a peak-to-peak value equal to approximately 0.28 kV. The
submodule-capacitor-voltage-ripple values are summarized in Table 3. It is clear that the
ratio between the highest ripple, in the worst-case scenario, for the MMC and the MMSC
is equal to ratio = 1V 357 The worst-case scenario, in the MMC case, occurs for

0.28kV
fo = 1Hz and in the MMSC case for f, = 45 Hz.
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Figure 6. MMSC simulation results. (a—c) show the phase-A submodule-string insertion-index signal (S(t)) for the cases in
which f, = 1,10 and 45 Hz, respectively. (d—f) show the phase-A string current (istring) for the cases in which f, = 1,10 and
45 Hz, respectively. (g-i) show the phase-A-string submodule-capacitor voltages (v¢qp) for the cases in which f, = 1,10 and

45 Hz, respectively.

Table 3. MMSC submodule capacitor voltage ripple.

fo Peak-To-Peak Voltage (AV)
1Hz 0.2kV
10 Hz 0.06 kV
45 Hz 0.28 kV

According to Figure 3b, the two most influential harmonic components present in the
MMSC capacitor-current spectrum, for the f, = 1-Hz case, are the 2-Hz component and
the 4-Hz component. By applying a FFT to the signal shown in Figure 6g, which is the
submodule-capacitor voltage for the f, = 1-Hz case, it is possible to obtain the amplitudes
of the 2-Hz and the 4-Hz components. The peak value of the 2-Hz voltage component
is equal to 69.7 V and the peak value of the 4-Hz voltage component is equal to 18.4 V.
Through Equation (17), it is possible to calculate the amplitudes of the capacitor-current
components responsible for producing this voltage ripple. The peak value obtained for
the 2-Hz current component is equal to 4.38 A and the peak value obtained for the 4-Hz
current component is equal to 2.31 A. It is very interesting to compare these results with
the ones shown in Figure 3b and notice that they are quite similar. In other words, the
submodule-capacitor currents obtained in simulation are quite similar to the ones obtained
through the analytical description proposed in Section 2. In Table 4, one can observe the
amplitudes of the submodule-capacitor voltage ripple and their corresponding capacitor
currents for the cases in which f, = 1,10 and 45 Hz. The amplitude of the capacitor-current
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components are very similar to the ones described in Figure 3b,d,f, proving the accuracy of
the analytical description presented in Section 2.
The submodule-capacitor-voltage-ripple components (Vc;,) of both topologies are
calculated as follows:
Vcrﬁlzp = I?apXC (23)

By substituting (17) into (23) and after some algebraic manipulations the following
is obtained:
C= Leap (24)
2 f Viip
The highest voltage-ripple component, in the MMC case (Vi pmmc = 392 V), occurs for
the f, = 1-Hz operation and it is caused by the 1-Hz current component. The highest voltage-
ripple component, in the MMSC case (Vaaxmmsc = 105.5 V), occurs for the f, = 45-Hz
operation and it is caused by the fa,xmmsc = 5-Hz current component with amplitude equal
to IMaxMMSC = 16.57 A. By substituting Iglup, VC?Jp and f, in (24), by IMaxMMSCr VMuxMMC
and faaxMmmsc, respectively, the following is obtained:

C =135mF (25)

This means that if the capacitance of the MMSC submodule capacitors were equal to
1.35 mF, instead of being equal to 5 mF, the highest voltage ripple of the MMSC, in the
worst-case scenario, would be equal to the highest voltage ripple of the MMC in the worst
case scenario (Vyaxmmsc = Vmaxmmc = 392 V). In other words, if the MMSC submodule-
capacitor capacitance were equal to 1.35 mF, then the fy1,pmpmsc = 5-Hz current component,
that would flow through the capacitor in the f, = 45-Hz operation, would lead to a 5-Hz
voltage ripple with amplitude equal to 392 V. This is a very important information that
leads to the conclusion that if the converter operates within a range of low-frequency values
(from 1 Hz to 45 Hz in this case), the capacitance of the submodule capacitors of the MMSC
could be reduced in approximately 73% (reduced from 5 mF to 1.35 mF), in relation to the
MMC, and still obtain the same voltage-ripple amplitude in the worst-case scenario. Thus,
besides the MMSC presenting a 75% reduction in the number of capacitors in comparison
to the MMC, as explained in [22], the capacitance of the MMSC capacitors is reduced in
73% in relation to the MMC. This way, the MMSC should be a solution with reduced costs
and with extremely reduced size and weight in comparison to the MMC.

Table 4. Two most influential harmonic components of MMSC submodule capacitor quantities.

fo=1Hz
Harmonic Component fi1 =2Hz fip =4Hz
Voltage Peak Value 69.7V 184V
Current Peak Value 438 A 231 A
fo =10Hz
Harmonic Component fur1 =20Hz fip =40Hz
Voltage Peak Value 13V 13V
Current Peak Value 817 A 16.34 A
fo=45Hz
Harmonic Component fn1 =5Hz frp =10Hz
Voltage Peak Value 1055V 42V
Current Peak Value 16.57 A 13.19 A

4. Experimental Results

In this section, experimental results are presented to compare the submodule-capacitor
voltage ripple in the MMC and in the MMSC. In order to do so, experimental tests were car-
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ried out in two different test setups: One representing the MMC and the other representing
the MMSC as illustrated in Figure 7a,b, respectively.

Full — Bridge
Submodules

@ (b)

Figure 7. (a) MMC test setup and (b) MMSC test setup.

The MMC test setup is composed of a DC-voltage source (Vpc = 220 V), representing
the converter DC link, of six arms of HB subomodules (with N = 4 submodules per arm)
and of six arm inductors (L = 5 mH). Each HB submodule is composed of two IGBTs
and of one capacitor with capacitance equal to C = 2 mF. This converter supplies power
to a resistive load with value equal to R = 100 Q). In Figure 7b, the MMSC test setup
is shown. Since the MMSC is a three-phase converter composed of three completely
independent single-phase converters, the authors built a single-phase structure. Thus, the
MMSC prototype is composed of a string of FB submodules (with N = 8 submodules
connected in series), of two bidirectional switches (connecting the submodule string to
two different phases of the grid) and this structure is connected to an AC controlled voltage
source that emulates the grid. The peak, phase-to-ground value of the grid voltage is equal
to Vy = 220 V and its frequency is equal to f; = 50 Hz. Each FB submodule is composed
of four IGBTs and one capacitor with capacitance equal to C = 2 mF, which is exactly the
same capacitance as in the MMC case. This converter supplies power to a resistive load
with value equal to R = 100 (3, which once again is exactly the same as in the MMC case.
In order to obtain a three-phase result, three different tests are carried out representing each
of the three phases (A, B and C). In both MMC and MMSC experimental tests, the peak,
phase-to-ground value of the load-voltage reference is equal to V, = 100 V, which results
in a load current with peak value equal to 1 A. In Figure 8a,c,e, one can observe the MMC
load currents (iy,,.) for the cases in which, f, = 1,10 and 45 Hz, respectively. In Figure
8b,d,f, one can observe the MMSC load currents for the cases in which, f, = 1,10 and 45 Hz,
respectively. It is clear that in both cases the load current presents same amplitude and same
frequency as expected. The power quality of the MMC currents are higher because of the
MMC arm inductors that operate as filters, filtering out the high-order harmonics present in
the current waveform. It is possible to say that the MMSC currents are high-power-quality
signals considering that there are no inductors, nor a load filter was used. It is important
to emphasize that the harmonic components present in the MMSC current waveforms are
high-order ones, which could be easily filtered out if a load-voltage filter was used. In
Figure 9a,c,e, one can observe the MMC submodule-capacitor voltages for the cases in
which, f, = 1,10 and 45 Hz, respectively. In Figure 9b,d.f, one can observe the MMSC
submodule-capacitor voltages for the cases in which, f, = 1,10 and 45 Hz, respectively.
The peak-to-peak values of the submodule-capacitor-voltage ripple, of the MMC and the
MMSC, are summarized in Table 5.
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Figure 8. Experimental results. (a,c,e) MMC load current for the cases in which f, = 1,10 and 45 Hz, respectively.
(b,d,f) MMSC load current for the cases in which f, = 1,10 and 45 Hz, respectively.

MMCv_ forf =1Hz MMSCv_ forf =1
cap ‘ o ‘ 60 cap ‘u ‘

10 I l I ! I 20 | ] I I |
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
(a) (b)
MMCv _forf =10 Hz MMSCv_ forf =10 Hz
80 T T eap = 60 T T 30 = °
<70- <50+
2 54 = 28
%50 E 005 01 015 02 026 03 %40 r / 002 004 006 008 01 012 014 01§
= AAANAAAAAANAAAAANAANAAAANAAAAAAANAL =
S so- 1 S 0paas . 5
10 , . , , , 2 , , , . ,
05 1 15 2 25 3 0 05 1 15 2 25 3
(c) (d)
MMCv_ forf =45 MMSCv _ forf =45
cap o cap o

8l

0 T T 60 T T
AV=08V Hz §§§W AV=62V Hz zom
L 55 —~enl
<70 548 S50 »

)

g 54.6
%60 L / 03 031 032 033 034 035 036 | %40 L 0 01 02 03 04 05 06 OF
T o ©
= Ay =
o O _-——-——-1--
> IR VAVAVAYAVAVAVAVAVAVAVAVAVAVAVY
__________ 1
40 | | | | | 20 | | | | |
0 05 1 15 2 25 3 0 05 1 15 2 25 3
(e) (f)
Time (s) Time (s)

Figure 9. Experimental results. (a,c,e) MMC submodule-capacitor voltages for the cases in which f, = 1,10 and 45 Hz,
respectively. (b,d,f) MMSC submodule-capacitor voltages for the cases in which f, = 1,10 and 45 Hz, respectively.
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Table 5. MMC and MMSC submodule capacitor voltage ripple.

MMC MMSC
fo Peak-To-Peak Voltage (AV) Peak-To-Peak Voltage (AV)
1Hz 24V 46V
10 Hz 26V 13V
45 Hz 08V 62V

Considering that the MMC and the MMSC operate within the frequency range from
fo =1Hzto f, = 45 Hz, then the ratio between the worst voltage ripple for the MMC and
the MMSC is equal to ratio = % = 3.87, which is very similar to the result obtained in
the simulation results shown in Section 3, which was equal to 3.57. In other words, the
experimental results validate the conclusion obtained in the previous sections that the
MMSC capacitors could be designed to be approximately 73% smaller than the MMC ones,
since (1 — 55)100 = 74.16 = 73%.

5. Conclusions

In this paper, the authors presented a detailed comparison analysis of the MMC
and MMSC performances under variable-frequency operation, regarding the submodule-
capacitor voltage ripple. In order to carry out this comparison, an analytical description of
the submodule-capacitor voltage ripple was proposed for each converter. This analytical
description is validated with simulation results. One of the conclusions obtained is that,
in fact, the MMSC presents superior performance, in comparison to the MMC, when
operating within a range of low-frequency values. Thus, the MMSC should be a promising
converter solution for modern medium-voltage high-power machine-drive applications
such as pumped-hydro-storage systems, upscaled wind turbines and industrial motor
drives. Moreover, in this paper the authors demonstrated, through both simulation and
experimental results, that if a given machine-drive application were to operate within the
frequency range of 1 Hz and 45 Hz, the MMSC solution, if used to drive such machine,
could be designed with submodule capacitors with capacitance 73% smaller than the
MMC solution, if used to drive the same machine. Thus, besides being a solution with
many operational and structural advantages in relation to the MMC, such as considerably
reduced number of submodule capacitors as demonstrated in [22], the MMSC also needs
considerably smaller capacitors in comparison to the MMC. This fact further contributes to
the cost, size and weight reduction of the general converter solution and, thus, it should be
an extremely interesting option for high-power machine-drive applications that require
compactness and lightness such as offshore wind turbines. The analysis presented in this
paper could be easily extended to other frequency ranges, by using the proposed analytical
model, which can be useful to design the converter capacitors for a given application.
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