Optimized Modular Multilevel Converter Topology using Si/SiC
Hybrid Half-bridge Submodule
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Abstract—The Modular Multilevel Converter (MMC) has
emerged as a promising solution for medium and high-voltage
power conversion applications. This paper proposes a modified
configuration of the MMC model based on a conventional half-
bridge submodule (HBSM) utilizing a Si IGBT and SiC MOSFET
hybrid approach. The combination of Si IGBTs and SiC MOSFETs
offers a great advantage of employing the low cost and high voltage
capability of Si IGBTs along with the faster switching speeds and
low power loss of SiC MOSFETSs. A hybrid HBSM places the Si
IGBTSs on the upper side and SiC MOSFETSs on the lower side in
order to reduce the switching and conduction power losses. This
arrangement of the hybrid system for MMC cells enables
improvements in the converter’s performance and efficiency. A
nine-level voltage of MMC (9LMMC) model based on IGBT/SiC
hybrid HBSMs is simulated using the PLECS® Standalone tool to
verify the effectiveness of the modified converter topology.

Keywords—MMC topology, Si/SiC hybrid MMC-HBSM
model, power losses and cost comparison

I. INTRODUCTION

Modular multilevel converter (MMC) has gained a
massive attention since it was proposed in 2003 by Marquardt
[1]. Recently, MMC model become the most popular voltage
source converter (VSC) topology for medium and high
voltage applications, due to its several features such as
modularity, scalability, redundancy, and high quality of
voltages and currents waveforms [2]. Conventional MMC
topology usually uses half bridge (HB) or full-bridge (FB)
submodules (SMs). These submodules are made up of a
series-connected insulated-gate bipolar transistors (IGBTS) or
metal—-oxide silicon field-effect transistors (MOSFETS) based
on silicon (Si) material [3].

Since the invention of the semiconductor transistor, the Si
MOSFETs and IGBTs have been widely used in various
power applications, due to their acceptable performance, wide
availability with several voltage levels reached to 6.5 kV, and
low cost. However, it appears that the performance of Si based
devices has reached maturity and several limitations arise
when considering the increasing energy demands. Among
these limitations are high switching and conduction power
losses, voltage stress on the devices which causing high dv/dt,
the ability to withstand only a low switching frequency, and a
maximum temperature limit of 150°C for most Si device
junctions. These restrictions are considered a major concern
in power conversion systems, especially in high-power
applications. To address these issues, the integration of high-
performance wide bandgap (WBG) semiconductor power
devices, such as silicon carbide (SiC) and gallium nitride
(GaN) based devices expected to offer an ideal solution for
further development and improvement of the MMC topology

[4], [5].

Alongside the global development of power
semiconductor devices, the market for SiC and GaN based
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devices has been growing rapidly [6]. SiC and GaN devices
offer numerous advantages over traditional Si based devices,
as they can withstand high frequencies and temperatures to
reach around 300 °C while significantly reducing power losses
[7]. Currently, several companies are producing commercially
available MOSFETs, power SiC Schottky diodes, and
modules can be used for many power applications. For
instance, companies like Wolf-speed® and Infineon® offer
SiC MOSFETSs with voltage ratings ranging from 650 V to 1.7
kV and current ratings from 5 A to 125 A [8], [9].
Furthermore, GaN System® offers a variety of GaN FET
transistors with a voltage rating of 650 V and a current rating
of up to 150 A. Transphorm® also provides GaN FETs in TO-
247 packages with voltage levels up to 900 V and a current
rating of up to 34 A [10]. Recently, Transphorm® announced
its plans to demonstrate a new GaN FET device with a voltage
rating of 1.2 kV, which could be more suitable for medium
and high voltage applications [11].

The utilization of SiC and GaN power devices in medium
and high-power converter applications appears to offer new
opportunities for MMC converter modelling, aiming to reduce
switching and conduction losses, as well as improving the
MMC performance [5]. However, the high cost and voltage
level limitations of GaN and SiC based devices are the main
obstacles to completely replacing Si IGBTs with these types
of devices in certain power applications [12]. Therefore, a
hybrid system technology based on Si IGBTs/Gan or Si
IGBTs/SIiC has gained more interest for many power
applications [13]. Recently, many research efforts have been
conducted to propose new MMC models based on the Si/SiC
hybrid system [3], [4], [14], [15], [16]. These models have
been investigated in terms of MMC modelling schemes, the
emerging SiC in MMC-SM structure, modulation strategies,
and control systems for voltage balancing and circulating
current. The hybrid MMC topology has resulted in several
benefits including reduced power losses, improved
performance of the converter model and cost savings [5].

In this paper, hybrid MMC topology-based Si IGBT/SiC
MOSFET submodule is proposed for wind energy conversion
system (WECS). The hybrid MMC-HBSM model aims to
combine the advantages of both Si IGBT and SiC MOSFET
to address the aforementioned problems of the MMC model
based on pure Si IGBT devices. The paper has been organized
as follows: Section Il presents the MMC topology and its
principle of operation including the proposed model. Section
Il presents a Si IGBT/SiC MOSFET hybrid MMC-HBSM
simulation results. In section IV, power loss and cost
comparison between the Si and SiC semiconductor devices, as
well as the total power loss of the HBSM cell are presented.
The final conclusion is presented in section V.



Il. MMC TorPoLOGY AND ITS PRINCIPLE OF OPERATION

The basic circuit configuration of a three-phase MMC
concept consists of six arms. Each phase has two arms upper
arm (Uparm) and lower arm (lwam) are connected via two
buffer inductors (Zs»). The inductors are very important
components for handling the voltage difference between the
upper and lower arms of the phase converter, they are also
used to limit the current and maintain the system during faults
and short-circuits. In addition, each phase arm is composed
of a number (N) of nominally identical half-bridge or full-
bridge sub-modules that allow for N+1 output voltage levels
at the phase output voltage terminal [17].

The SM structure is a fundamental part of the MMC
topology used to obtain the required output voltage.
Semiconductor devices such as Si IGBTs and MOSFETSs
power switches play an important role in the design of SM
systems, controlling the flow of voltage and current and
converting them into a suitable form for user loads. Over the
past 20 years, several SM circuits have been developed and
successfully implemented in power converters. Among these,
the HB-SMs topology is recognized as the most popular cell
structure for MMC HVDC applications. However, the power
loss of semiconductor devices remains a concern in the
design of MMC topology, and many efforts are being
conducted to resolve this problem [18].

A. The proposed MMC model - Utilizing a Si IGBT and SiC
MOSFET hybrid SM

The proposed hybrid MMC model in this research work
utilizes the conventional HBSM structure due to its simple
design and low cost. Basically, the HBSM consists of two
power semiconductor switches (S1, Sz) connected with a single
capacitor SMc, operating in a complementary manner to
generate two voltage levels at the output terminal (either 0 or
Vc). The HBSM standard configuration has lower power loss
compared to other topologies. However, it does not support
DC fault, which can be achieved with the FBSM
implementation [14][2].

In the proposed MMC configuration, a Si IGBT and
SiC MOSFET hybrid HBSMs are used in the upper and lower
arms. Where the Si IGBT is placed in the upper side of the
HB cell, while the SiC MOSFET is placed in the lower side
of the cell as shown in figure 1. This configuration combines
the features of Si/SiC devices and allows for the benefits of
high voltage and current handling capability, reducing the
total power loss for each HBSM, the ability to operate at high
switching frequency, reasonable cost, and improved overall
converter efficiency.

B. MMC control system

Several MMC control techniques have been used for
control of voltage and current flow connected with AC grid
systems to ensure the proper operation of the converter
system. In general, the MMC control system can be classified
into two main categories as following [16].

First. Voltage control system: The main objective of
the voltage control is to ensure the voltage balance of the
NSM floating DC capacitors. This system can be further
classified into two categories:

e Averaging control: This type of control is utilized to
maintain the arm voltages at a desired average level,
typically referred to as Vdc.

e Balancing control: The main aim of this control is to
restrict the charging or discharging of the SM capacitors
beyond a predetermined threshold VSM.

Second. AC power control system: The objective of
this control is to regulate the flow of the power (AC voltage
and current) between the MMC model and the main grid in
both directions.

The control system of a three phase MMC model
connected to the grid involves various control techniques and
components including phase-looked loop (PLL), current
control, voltage control, and pulse width modulation (PWM)
technique. Figure 2 shows the closed loop control system of
MMC model connected with the grid [16], [19].
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Figl. Three-phase MMC topology based on the proposed
Si/SiC hybrid HBSMs.
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C. MMC Theoretical Voltages and Currents

By applying Kirchhoft’s law, the steady state and internal
dynamics of the MMC model can be explained where the
voltage and current equations can be obtained. The converter
terminal voltage of phase A can be expressed by equations (1).
Where the positive and negative voltages relationship in phase
AC are related to the DC and terminal voltages, which given
by the equations (2) and (3), respectively. Phase A currents, in
the positive and negative arms due to the DC and AC currents
can be obtained by equations (4) and (5), while the same
principle can be applied for both phases B and C [17].

Vea = Vo1 cos(wy) N
Va
Upos.a = TC — Vca = Vcir. a )
v = Yacy po — vy (3)
neg.a — Ca cir. a
iposa = 25+ L0y i, (4)
posa = T3 > cir. a
fnega = -2y, (5)
nega = 3 2 cir. a

Where vca is the converter AC instantaneous voltage
of phase A and ic, is the instantaneous AC current, 7, is the
converter voltage amplitude. vpos.cand vneg. aare represent the
positive and negative arms of the phase voltage.
Respectively, ipos. « and ineg. o are represent the positive and
negative arms of the phase current. Vg is the DC voltage
supply, lqis the converter DC current, and veir. a icir. a @re the
voltage components with their corresponding circulating
currents. The phenomenon of the circulating current is
typically occurring in each phase leg and can be controlled
using a suitable modulation algorithm such as a proportional-
resonant controller (PR), which effectively reduces the
impact of capacitor voltage fluctuations on the output voltage
[20], [21].

Considering the amplitude, phase shift and the difference
of the time, the periodic positive and negative voltage and
current in each leg can be given by (6) and (7).

% ~
Uposa = % —Va COS(th) (6)
lposa = Ich + 1671 cos(wot — @) @)

Similarly, the voltage and current of the negative arm are
given by (8) and (9).

V ~
Vneg.a = % + Vg1 cos(wyt) (8)

. 1 I
inega = %+ % cos(wot — @) )

In the analysis, the phase voltage is taken as the reference
with phase angle of zero. Consequently, @ is the power factor
angle, which is the difference in phase current and phase
voltage (lagging), where I, represents the amplitude of the
converter current. The grid AC voltage can be obtained by
equation (10), where mj is the modulation index [20].

Ve = m; 2 (10)

The instantaneous power of positive and negative arms
can be given by equations (11) and (12). The average power
in each phase leg can be obtained by integrating the
instantaneous power by applying equations (13) and (14).

Where p,,, is the instantaneous power, Py, and Py, are
the positive and negative average power.

Ppos.a @) = Upos.a (®) ipos.a ®) (11)
Pneg.a @® = Vneg.a ® ineg.a ® (12)
Fpos.a % - Vﬂ%cos(w) (13)
pneg.a % - Vm% cos(®) (14)

The independent control of active and reactive power
values using d-q frame transformation can be achieved by the
following equations. Where the g-axis voltage component is
adjusted to be zero, since PLL is synchronized with the
voltage of the power grid.

P = 2 Vyig (16)

Q= _% Valg 17)

The circulating current in MMC operation system is
generated due to the mismatch between the DC voltage and
output voltage of various phase arms. It manifests as a
negative-sequence (a-c-b) current with a frequency twice that
of the fundamental frequency. The presence of the circulating
current leads to an increase of root mean square (RMS) arm
current value, subsequently causing increased power loss.
The expression of inner differential current of three phases
can be given by the following equations. Where ig;¢r
represents the differential current for three-phase, i, is the
double frequency circulating current, w is the frequency and
@, represents the phase angle [22][23].

. i .
laiffa = %"‘ lrf sin(2wot — o) (18)

, idc , . 2
ldiff.b = ll; + lzf sin [2 ((1)0[: - ?ﬂ + (pO)] (19)
. idc : ; 2
lgirfe = % + lpp sin [2 (w,t + ?ﬂ + ¢o)] (20)

Figure 3 shows vector control technique, which has been
implemented using an inner loop for current control and an
outer loop for voltage and power control. In this setup, the
outer loop provides the current reference to the inner current
controllers. The current controller enables decoupled control
of active and reactive power by regulating the g-d axis current
components. Where Vya, Vg, and Vg represent the three
phase grid voltage, while lga, lga, and lqa represent the grid
current, iyg” and iuq” refer to the direct and quadrature current
axes, and the reference voltages used to generate insertion
indices for each phase leg are represented by Vg, Vig. Vac,
P*, and Q" represent the DC voltage, active power and
reactive power. Respectively, they measured values (Vgc, P
and Q) obtained using Pl controller system [16], [22].
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Fig 3. (a) Inner current control, (b) Outer loop power and
voltage control [22].

Where the nominal voltage of each SMc is maintained at
the total voltage dc supply over the number of submodules
Vpe/N.

I1l. PROPOSED MMC SIMULATION RESULTS

A MMC power converter topology was modified and
modeled using Si IGBT and SiC MOSFET semiconductor
devices for the HBSMs. The simulation of the proposed
MMC model was performed using the PLECS software, with
the parameters presented in Table I.

TABLEI. SIMULATION PARAMETERS OF 9-LEVEL MMC MODEL

Parameters Nominal values
Rated output power, P 10 MW
DC link voltage, Vbc 1.4 kV
Number of SMs per arm, Nsm 8
Nominal SM capacitor voltage, Vsm 175V
SM Capacitor Capacitance, C 1.2mF
Arm Inductance, La 6.7 mH
Arm Resistance, Ra 050
Modulation index, m 0.9
Frequency, f 50 Hz
Switching frequency, fs 7kH
Grid output voltage, Vout 630 V

A 9-levels output voltage for grid-tied MMC model has
been considered for the purpose of voltage and current
analysis. The three-phase MMC consists of 6 arms and each
arm utilizes 8 number of Si and SiC HBSMs. The system has
been implemented for medium voltage applications with a
power rating of 10 MW and a DC link of 1.4 kV. From the
obtained results, fig 4 shows N+1 voltage output levels for
the upper and lower arms and the output current of phase A.
The voltage across each SM is sorted and balanced at 175 V
based on the DC link voltage divided by the number of SMs
Vu/N, as it can be seen in fig 5. The three-phase MMC
voltage output with a peak voltage of 1.4 kV, and current
waveform is shown in fig 6. Where fig 7 illustrates the three-
phase AC grid voltage with peak of 630 V and a rated current
of 11.2 KA.
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Fig 4. Phase A MMC output voltage and current.
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IV. POWER LOSS AND COST COMPARSION

In this section the switching and conduction power losses
calculations were performed for both Si IGBT and SiC
MOSFET devices using PLECS software programming. Two
semiconductor devices have been chosen for the design of the



proposed MMC_HBSMs model. The Si IGBTs device
(IKWH20N65WR6) has a voltage rating of 650V and a
current rating of 55A, while the SiC MOSFETs device
(C3M0045065D) also has a voltage rating of 650V and a
current rating of 49A. Additional parameters for both devices
are listed in Table Il, which have been used for power loss
calculations.

In this study the thermal model has been applied for both
IGBT and SiC devices to investigate the power loss at
different junction temperatures and a switching frequency of
7 kHz. A PLECS/Simulink block was created for the HBSMs
cell to test and estimate the switching and conduction power
losses within each Si IGBT and SiC MOSFET switch, as well
as the total power losses within each HBSMs cell. The
switching loss analysis of both IGBT and SiC devices was
calculated based on the turn-on, turn-off, and diode reverse
recovery processes (ton, torf and ty) using equations (15 and
16) [4]. The datasheet of either Si IGBTs or SiC MOSFETs
typically provides parameters such as turn-on and turn-off
energies (Eon, Eofr) related to the switching current at specific
voltage levels.

Ps = EonTl + Eofle + EonTZ + EoffT2+ Eerl + Eer2 x fs (15)

Pc = lms? X Rps (on) (16)

Where Ps and P, represent the switching and conduction
loss, Eont1, Eottra @and Errps are represent the power loss of the
upper switch of HBSM during on and off time including the
diode's reverse recovery. Eont2, Eoir2 and Eqrpz are represent
the power loss of the lower switch of HBSM during on and
off time including the diode’s reverse recovery. Where fs is
the switching frequency.

The results of switching and conduction loss for both
switches have been shown in fig 9, fig 10 and fig 11. These
results indicate that the conventional Si IGBT devices have a
higher power loss with a total of 15.3163 W at normal
temperature 25°C. In contrast, the total power loss of SiC
MOSFETs at the same temperature is three times lower than
that of Si IGBT devices. However, when considering the cost
SiC-based devices are six times more expensive than
traditional IGBT devices. Therefore, it can be concluded that
SiC MOSFETSs have lower power loss and better efficiency
compared to Si IGBT-based devices.

The power loss for only one HBSM cell was calculated,
while assuming the same loss for all the other MMC-HBSMs.
Where the HBSM cell was tested under different conditions
and junction temperatures as shown in fig 12. In the first case,
pure Si IGBT devices were used for the HBSM cell, resulting
in a total power loss of 30.6326 W at normal temperature and
35.512 W at 150°C. In the second case, pure SiC MOSFET
was used, and the power loss decreased to 9.1396 W at 25°C
and 9.9884 W at high temperature 150°C compared to the
pure IGBT devices. In the third case, which is the proposed
model a HBSM was tested utilizing a Si IGBT and SiC
MOSFET hybrid system, and the results indicate that the total
power loss was reduced to 19.8861 W at 25°C and 22.7502
W at 150°C compared to a pure Si IGBT system. This
suggests that the hybrid technique is the best option for
MMC-HBSMs in terms of total power losses compared to
HBSM based on conventional IGBT devices and is cost-
effective compared to HB cell using a pure SiC switches.

TABLE Il.  SPECIFICATIONS OF SI IGBT AND SIC MOSFET SWITCHES

Type of Switches
Parameters Si IGBTs MossiEETs

Part Number IKWH20N65W | C3M004506

R6 5D
Voltage Vce, Vbs 650 V 650 V
Current Ips (Tc = 25 °C) 55A 49 A
Current Ips (Tc = 100 °C) 35A 3BA
Veesat, Ros.on (TC = 25 °C) 1.35V 45 mQ
VcEsat, Rps.on (T = 100 °C) 160V 60 mQ

The comparison of the MMC models was considered
based on the analysis of semiconductor power devices losses,
while other MMC components were ignored. The three-phase
MMC 9-voltage level model based on HBSMs was tested
using pure Si IGBT devices and pure SiC MOSFETSs. Then
compared their performance with a Si/SiC hybrid proposed
model in terms of total power losses, efficiency, and cost.
Where the cost of Si IGBTs and SiC MOSFETS devices was
obtained from the online market.
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Fig 8. Power loss comparison of Si IGBT and SiC MOSFET
devices. Tj=25°C and fs = 7 kHz.
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Fig 9. Power loss comparison of Si IGBT and SiC MOSFET
devices. Tj= 100 °C and fs = 7 kHz.



A comparison of power losses
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Fig 10. Power loss comparison of Si IGBT and SiC MOSFET
devices. Tj= 150 °C and fs = 7 kHz.
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Fig 12. Total power loss comparison of MMC topologies.

From Table I, it can be observed that the total power
losses of MMC-HBSMs based on conventional pure Si
IGBTs is higher than the pure SiC-based model, with an
efficiency of 95.3%. However, the cost of MMC-HBSMs
based on pure SiC MOSFETS is five times higher than the Si
IGBT-based model. Therefore, a Si IGBT/SiC MOSFET
hybrid MMC model has reduced the total power loss to
approximately 18% compared with the traditional MMC
model, and the cost has been reduced to almost half compared
with MMC based on pure SiC MOSFTs as shown in fig 12.
In addition, improving the model's performance and
achieving a system efficiency of 96.9% compared to the
conventional MMC system.

TABEL Il1l.  POWER LOSS AND COST COMPARISON OF MMC

TOPOLOGIES
Total -
Topology power loss Efficiency Cost
MMC_HBSMs 0
(IGBT ) 490.1216 W 95.3 % 107.30 %
MMC@E‘)BSMS 1462176 W | 985% | 639.36%
(Hl\yfll;\/lrig_lgg'sr;\gis@ 318.1744 W 96.9 % 293.92 %

V. CONCLUSION

In this paper, a new MMC topology is presented, which
utilizes a hybrid HBSM configuration consisting of Si IGBT
at the upper side of the cell and SiC MOSFET at the lower
side. The proposed model combines the advantages of both Si
and SiC-based devices and aims to improve the overall
performance of the MMC topology in terms of power losses
and converter efficiency. A 9-levels output voltage for grid-
connected with MMC model has been simulated to analyze
the voltage and current characteristics where the converter has
demonstrated excellent performance compared with the
conventional topology.

A comparison of the performance, power losses, and
converter's cost was considered for the proposed hybrid model
based on the analysis of the switching and conduction power
losses of both Si and SiC devices, as well as the total power
losses within each HBSM. The MMC model based on the
proposed Si and SiC hybrid HBSM achieves a reduction in
total power loss of approximately 18% compared to the MMC
model based on conventional Si IGBT devices, it also reduces
the cost of semiconductor devices by about half compared to
the MMC model based on SiC MOSFTs. The improvements
of the proposed model allow for enhanced model performance
and achieve a system efficiency of 96.9%.
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