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Abstract—With the electrification of society and the green tran-
sition, the need for efficient high-power electronic converters to
support the electricity demand is at an all-time high. A key enabler
is the emerging medium voltage (MYV) silicon-carbide (SiC) semi-
conductor devices, which offer improved static and dynamic perfor-
mance compared to their silicon-counterparts. This article presents
a thorough overview of the recent advancements within the MV
SiC technology, examining both available semiconductor devices
and power modules from industry and academia and directly asso-
ciates them to their applicability through a comprehensive review
of typical high-power electronic applications. At last, the future
perspectives on the applicability and commercial widespread of
the MV SiC technology are presented.

Index Terms—Commercialization of medium-voltage (MYV)
silicon carbide (SiC), insulated-gate bipolar transistor (IGBT),
MOSFET, overview of applicability, perspectives, policy-making.

1. INTRODUCTION

LECTRIFICATION of society elevates the global demand
for renewable energy as processes previously relying on

Received 8 May 2024, revised 29 June 2024; accepted 5 August 2024. Date
of publication 13 August 2024; date of current version 12 December 2024. This
work was supported in part by the MVolt and in part by the ComEICo. MVolt
was supported in part by the AAU Energy at Aalborg University, in part by the
Innovation Fund Denmark, in part by the Siemens Gamesa Renewable Energy, in
part by the Vestas Wind Systems, in part by the KK Wind Solutions. ComEICo
was supported by the Innovation Fund Denmark under Grant 1150-00001B
under Mission Green Fuels, and in part by the U.S. National Science Foundation
under Grant 2143112. Recommended for publication by Associate Editor M.
Narimani. (Corresponding author: Fang Luo.)

Morten Rahr Nielsen, Asger Bjgrn Jgrgensen, Hongbo Zhao, and Stig Munk-
Nielsen are with the AAU Energy, Aalborg University, 9220 Aalborg, Den-
mark (e-mail: mrni@energy.aau.dk; abj@energy.aau.dk; hzh@energy.aau.dk;
smn@energy.aau.dk).

Shiyue Deng, Yang Li, and Fang Luo are with the Department of Electrical
and Computer Engineering, Stony Brook University, Stony Brook, NY 11794-
0701 USA (e-mail: shiyue.deng@stonybrook.edu; yang.li.9 @stonybrook.edu;
fang.luo@stonybrook.edu).

Abdul Basit Mirza was with the Department of Electrical and Computer
Engineering, Stony Brook University, Stony Brook, NY 11794-0701 USA. He
is now with the Eaton Research Lab, Menomonee Falls, WI 53051-4404 USA
(e-mail: abdulbasit.mirza@ieee.org).

Benjamin Futtrup Kjersgaard was with the AAU Energy, Aalborg University,
9220 Aalborg, Denmark. He is now with the PowerCon A/S, 9500 Hobro,
Denmark (e-mail: benjamin.futtrup.kjaersgaard @ powercon.dk).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2024.3442483.

Digital Object Identifier 10.1109/TPEL.2024.3442483

, Graduate Student Member, IEEE, Shiyue Deng
, Graduate Student Member, IEEE,

, Graduate Student Member, IEEE, Asger Bjgrn Jgrgensen ¥,
, Graduate Student Member, IEEE, Stig Munk-Nielsen
, Senior Member, IEEE

, Graduate Student Member, IEEE,

, Member, IEEE,

fossil fuels are being replaced by more sustainable alterna-
tives [1]. Heat pumps and electric vehicles (EVs) are some of
the applications hereof that have experienced a large increase
in interest within the previous years [2], [3], [4], [5]. In parallel
with the electrification of society, the green transition has further
elevated the production of renewable energy from wind and
solar [2], [3], [4], [5], [6] but also elevated the consumption of
renewable energy for the production of green hydrogen through
electrolysis [2], [3], [4], [5] and for large data centers [2]. In this
context, efficient power electronic converters (PEC) for high-
power applications, above hundreds of kilowatts, are essential
to support the increasing societal demand for energy, as they
provide efficient control and conversion of energy.

A thorough study of released and announced industrial PEC
products for high-power electronic applications has been con-
ducted within the above-mentioned applications since 2010 and
categorized as follows: EV charging of light (e.g., scooters and
cars) and heavy transport (e.g., buses, trucks, and vessels), unin-
terruptible power supplies, and power distribution units for data
centers, power supplies for electrolyzer units, medium voltage
(MV) motor drives, central inverters used in photovoltaics (PVs),
and converters from wind turbines, as shown in Fig. 1. Rough
trendlines for each application have been added to the figure.

Each of the applications shows a clear positive trend of
an increasing interest in releasing products with higher power
ratings. Although most of the presented high-power PECs are
based on low-voltage (LV) technology, several high-power PECs
based on MV technology have been released within applications
of wind turbines and motor drives.

The term “MV” has multiple definitions depending on the
context. The international standard IEC60038 [91] defines the
MVAC range from 1 to 35 kV, whereas national standards
(e.g., ANSI [92]) have different definitions (i.e., 0.6-69 kV).
The authors follow the established consensus of defining MV
semiconductor devices and power modules starting from 3.3 kV
in blocking voltage [93], [94], [95].

Historically, MV semiconductor devices for high-power elec-
tronic applications have been dominated by thyristors, and
diodes, since the 1960s [96], [97], [98] where they replaced
the conventional mercury-arc rectifiers [99]. During the 1970s,
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Fig. 1. Overview of released and announced industrial power electronics

converters for high-power applications. Size indicates the AC voltage of the
converter side, filled indicates a released product, and hollow indicates an
announced product. Data source: EV charging (light [7], [8], [9], [10], [11],
[12], [13], [14], [15], [16], [17] and heavy [18], [19], [20], [21], [22], [23], [24],
[25], [26], [27], [28], [29]), data center [30], [31], [32], [33], [34], [35], [36],
[37], [38], [39], [40], [41], [42], [43], electrolyzers [44], [45], [46], [47], [48],
[49], [50], [51], [521, [53], [54], [55], [56], [57], motor drives [58], [59], [60],
PVs [61], [62], [63], [64], [65], [66], [67], [68], [69], [70], [71], [72], [73], [74],
[75], and wind turbines [76], [77], [78], [79], [80], [81], [82], [83], [84], [85],
[861, [871, [88], [89], [90].

a breakthrough happened with the introduction of the gate
turn-OFF (GTO) thyristors, which featured a “self-turn-OFF”
feature [99]. Although multiple variants of thyristors existed
in the late 1990s [96], the integrated gate-commutated thyris-
tor (IGCT), an advanced GTO [98], was deemed the optimum
thyristor technology for MV high-power electronic applica-
tions [97], [98] due to their superior static performance and
reliability. Even though the silicon (Si) insulated-gate bipolar
transistor (IGBT) was already invented in the early 1980s, the
first MV power module based on MV Si IGBTs intended for
high-power electronic applications (4.5 kV-2000 A) was first
presented in 2000 by Fuji Electric Co. [100] with the potential
of challenging the IGCTs in MV high-power electronic applica-
tions [101]. Since then, IGCTs and Si IGBTs have coexisted and
become state-of-the-art for MV semiconductor devices [99].

With the recent advancements in the emerging wide
bandgap (WBG) semiconductor materials, an attractive al-
ternative to the state-of-the-art Si technology is the silicon-
carbide (SiC) technology, which exploits the opportunity of not
only manufacturing IGBTs and GTOs but also MOSFETs with
increased breakdown voltages at and above 3.3 kV. Intrinsic to
the material properties of SiC, the SiC semiconductor devices
present higher breakdown voltage capabilities, improved switch-
ing performance, and stable performance at high temperatures
compared to their Si-counterparts [102], [103].

An alternative to MV semiconductor devices is multi-
level typologies and series connected configurations of LV
semiconductor devices. Multilevel typologies have matured for
more than 40 years since the invention of the first three-level
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typology [104]. Since then, several advanced multilevel typolo-
gies, including the modular multilevel converter (MMC), have
been proposed in the literature and put into practical use for
various medium to high voltage applications [105], [106], [107].
However, multilevel typologies will not be discussed in detail
as the prime focus is the availability and adoption of MV SiC
semiconductor devices and power modules.

Several research overview papers [93], [95], [108], [109]
from 2022 or earlier discuss the development and applicability
of MV SiC semiconductor devices in various levels of detail.
A comprehensive comparative and up-to-date overview of the
recent advancements within the emerging MV SiC technology
is, therefore, missing in the literature. The MV SiC technology
has experienced significant advancements in recent years, not
only with the introduction of the first commercially available
MYV SiC semiconductor devices from Wolfspeed, GeneSiC, and
Microchip, but also from the increasing interest from indus-
try and academia to design high-performance power modules,
which paves the way for full utilization and exploration of the
emerging technology.

The rest of this article is organized as follows. An overview
of the MV SiC technology and its recent advancements are
presented in Section II together with exhaustive lists of available
MYV SiC semiconductor dies and power modules from both
industry and academia. This is followed in Section III by a
thorough review of typical high-power electronic applications
enabled by recent advancements in the MV SiC technology
and highlight the unique benefits. Sections IV is addressing
future perspectives related to the applicability and commercial
widespread of the MV SiC technology from our perspective.
Finally, Section V concludes this article.

II. MV SIC TECHNOLOGY

The SiC technology, and WBG technologies in general,
present superior materials properties compared to its Si-
counterpart and has, therefore, been heavily studied in the last
decade [102], [103], [110], [111]. The literature already presents
highly detailed information regarding the SiC material proper-
ties, crosssectional device structures, and the different device
types and thoroughly benchmarks them theoretically to the
state-of-the-art Si semiconductor devices in terms of their static
and dynamic performance [102], [103], [110], [111]. Currently,
the well-established Si technology is limited in its breakdown
voltage capability, operations temperature, and switching fre-
quency by its material properties, and as a direct consequence
of this, power modules with Si IGBTs are topped at a breakdown
voltage of 6.5 kV with a limited switching performance [102].
Although the SiC technology theoretically presents improved
static and dynamic performance compared to the Si technology,
the SiC technology for MV applications is still in an early
maturity stage, and as a result, the majority of the MV SiC
semiconductor devices are currently only manufactured as engi-
neering samples. The most common engineering samples of MV
SiC semiconductor devices are MOSFETs, IGBTSs, and GTOs;
however, junction gate field-effect transistors (JFETSs), bipolar
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TABLE I
OVERVIEW OF MV SIC SEMICONDUCTOR DEVICES WITH AVAILABLE DATA OF JUN. 2024
Breakdown Forward ON- Forward Die Active  Turn-on  Turn-orr
Year Affiliation Device veltage current  resistance  voltage size area energy energy Ref.
(kV) (A) (m$) V) (cm?)  (cm?) (mJ) (mJ)
2014 Cree? MOSFET 33 25 38 — 0.47 0.28 0.7 0.6 [118]
2015  Mitsubishi MOSFET 33 30 577 = 0.36 = = = [125]
2016 Wolfspeed* MOSFET 3.3 48 40 - 0.43 - 35" 8" [128], [129]
2017 ROHM* MOSFET 33 50 30 - 0.52 0.41 55° 36" [126]
2019 GeneSiC* MOSFET 33 50 40 - 0.43 - 15.5 2 [130]
2021 GeneSiC MOSFET 33 49 50 - 0.43F - 3.37 3.87 G2R50MT33-CAL
2022 Microchip MOSFET 33 66 25 - 0.67 0.37% - - MSC025SMA330D/S
2023 Wolfspeed MOSFET 33 52 53 - 0.38 0.25 — - CPM3-3300-R050
2014 USCi* JFET 6.5 15 340 — 0.36 — 7.2 2.3 [131]
2015 Wolfspeed* MOSFET 6.5 30 100 - 0.71 - 55 0.6 [132]
2017 Wolfspeed* MOSFET 6.5 30 88 - 0.66 0.41 12.1 1.7 [132]
2017 ROHM* MOSFET 6.5 30 129 - 0.52 0.35 75" 26" [126]
2020 GeneSiC* MOSFET 6.5 10 325 - - - - - G2R325MS65-CAL
2020 GeneSiC* MOSFET 6.5 10 300 - - - - - G2R300MT65-CAL
2021 Hitachi* MOSFET 6.5 12 — — — - 16 5 [127], [133]
2006 Cree? MOSFET 10 5 670 — 0.30 0.15 — — [134], [135]
2008 Cree? MOSFET 10 10 410 - 0.66 0.31 4.5 0.8 [116], [121]
2010 Cree* BIT 10 10 390 - 0.75 0.34 — - [136]
2013 GeneSiC* BIT 10 8 - - 0.53 0.28 4.2 1.6 [137]
2014 Cree* MOSFET 10 20 350 - 0.66 0.39 8.4 1.3 [117], [120]
2018 Wolfspeed* MOSFET 10 20 300 - 0.66 - - - [138]
2021 Hitachi* MOSFET 10 10 - - - - 27 12 [127], [133]
2009 Cree* IGBT 13 = 497 3 0.457 — — = [139]
2012 Cree* IGBT 12.5 5 33 4.1 0.45 0.16 — 157 [140], [141]
2012 Cree* GTO 12 50 6.9" 3.97 1.00 0.58 — - [142]
2013  Japan AIST* IGBT 16 2t 125 5 0.09 0.027 - - [143]
2013 Cree* IGBT 15 20 100" 6 0.71 0.32 - - [122], [141]
2014 Cree* MOSFET 15 10 650 - 0.64 0.32 8.9 1.9 [118]
2014 Wolfspeed* MOSFET 15 10 300 - 0.64 0.32 10.2 3 [120]
2014  Japan AIST* IGBT 16 11 1257 5.1 028  0.11 = = [123], [144]
2018 Nanjing NEDI* IGBT 13 257 1307 9% - 1.06 - - [145]
2019 Cree? GTO 15 46.57 - 5.18 1.00 047 = - [146]
2010 Purdue U.* IGBT 20 - - 3 - - - - [147]
2013 Cree* IGBT 20.7 20 66° 6.4 1.00 0.42 - - [148]
2014 Cree* IGBT 22 20 22 7.5 1.00 0.37 - 34 [149], [150]
2014 Cree* GTO 20 53F 14.5F 4F 2.00 0.53 - - [119], [151]
2014 Cree* IGBT 27 20 - 11.8 0.81 0.28 — 28" [119], [152]

iEngineering sample FEstimated value *Specified at T; of 125°C
All values are specified at room temperature unless otherwise specified.

junction transistors (BJTs), and supercascode (SC) structures do
also exist [93], [94], [95], [109], [111], [112], [113].

Further advancements of the MV SiC technology include
but are not limited to improved manufacturing techniques such
as trench gate and CoolMOS structures for MOSFETs [93] and
improved packaging technologies to adhere to the insulation
requirement and to limit the impact of parasitics [94]. According
to Baliga [114], future developments also focus on a further
increase in the breakdown voltage to expand the application
area to even higher voltage levels.

A comprehensive overview of available MV SiC semicon-
ductor devices and power modules is given in the subsequent
sections and serves as a guideline for choosing the most suitable
semiconductor device or power module for MV applications.

A. SiC Semiconductor Devices

There exist only a limited amount of commercially
available MV SiC semiconductor devices; however, multiple
well-renowned companies and research institutes can

manufacture MV SiC semiconductor devices as engineering
samples. An exhaustive list of single-die MV SiC semiconductor
devices, both commercially available and engineering samples,
are presented in Table I and ordered in terms of their breakdown
voltage and announced year. No inquiry-protected information
is included in the table. The list has been limited to normally
OFF semiconductor devices intended for high-power electronic
applications, which exclude all types of p-channel devices
and semiconductor devices with a rated forward current of
less than 1 A. In addition, the list has been narrowed down to
SiC IGBTs and GTOs with breakdown voltages above 10 kV.
Multiple companies and research institutes have additional MV
SiC semiconductor devices in the pipeline, but not officially
announced, and therefore, not included in the table.

A cross-comparison between all types of MV SiC semicon-
ductor devices has been performed in terms of their static and
dynamic performance as well as their size properties.

1) From the comparison of their static performance (current

density versus breakdown voltage) shown in Fig. 2, it is
evident that SiC IGBTs and GTOs present an improved
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2)

power density compared to SiC MOSFETSs throughout the
whole voltage range in accordance with the simulation
study of the theoretical performance for MV SiC MOSFETs,
IGBTs, and GTOs [115]. The findings are supported by the
existing literature in which several studies cross-compare
the maximum power capability among MV Si IGBTs, SiC
IGBTs, and SiC MOSFETs [116], [117],[118],[119], [120].
The comparison further includes their dynamic perfor-
mance (normalized turn-ON/OFFenergy versus breakdown
voltage) shown in Figs. 3 and 4 for those MV SiC
semiconductor devices that have readily available switch-
ing energies or waveforms. To make a fair comparison
throughout the whole voltage range, the included switch-
ing energies are collected at 50%—60% of rated breakdown
voltage [103] and at approx. its rated forward current.
However, the comparison does not consider differences
in dv/dt, di/dt, gate resistances, or test setups, which
inevitably impacts the accuracy of the comparison. In
the existing literature, several studies cross-compare the
switching performance among MV Si IGBTs, SiC IGBTs,
and SiC MOSFETs [118], [119], [120], [121], [122], [123],
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[124], [125], [126], [127] under certain test conditions.
In general, SiC MOSFETs and SiC IGBTs present a 70%—
90% [125], [126], [127] and 35%—60% [123] reduction in
switching energies, respectively, compared to Si IGBTs
under similar test conditions.

Atlast, the comparison presents the active area normalized
to its die size (normalized active area vs. breakdown volt-
age) shown in Fig. 5, which presents a clear trend of a re-
duced normalized active area with increasing breakdown
voltage due to its enlarged edge termination [112]. The
normalized active area does not consider the difference in
die sizes and rated current levels, which inevitably puts
larger dies in favor due to the relatively smaller edge
termination.

B. SiC Power Modules and Packaging

For high-power electronic applications, power modules
are used to integrate multiple semiconductor devices into one
single package to increase the current handling capability and
minimize parasitics. Most importantly, the design of the power
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TABLE II
OVERVIEW OF MV SIC POWER MODULES WITH AVAILABLE DATA OF JUN. 2024 AND EXPANDED FROM LI ET AL.’S [156] WORK

Breakdown  Output Total Module Power Power loop Switching

Year Affiliation Package voltage current  no. of size density Configuration  inductance energy Ref.
kV) (A) devices (mm) (kVA/cm?) (nH) (ml])

2015 Wolfspeed' — 33 180 8+8 107 x 62 x 31 35.1 Half bridge — 45 [157]
2015 Mitsubishi® = 33 1500 16 + 16 = - Half bridge = 1970" [158]
2017 Wolfspeed® XHV-7 33 500 16 100 x 140 x 40 68.8 Half bridge 10 68 [159]
2018 Mitsubishi LV100 33 400 — 100 x 140 x 40 91.7 Half bridge 10 251 [125]
2018 Fuji’ - 33 200 — 98 x 65 x 21 40.5 Half bridge — 235 [160]
2018 U. of Nottingham* - 33 100 4 120 x 61 18.2 Half bridge 24 — [161]
2019 Hitachi® nHPD? 33 1000 — 100 x 140 x 38 138 Half bridge 10 1510 [162]
2020 ABB' LinPak 33 450 40 100 x 140 x 38 61.9 Half bridge 10 210 [163]
2021 Toshiba® iXPLV 33 800 — 100 x 140 x 38 110 Half bridge 12 610" [164]
2021  U. Texas Austin* — 3.6 400 24 — — SC 35 — [165]
2021 Fuji' HPnC 33 750 — 100 x 144 x 40 101 Half bridge 10 540 [166]
2023  Stony Brook U. XHP 33 200 8 100 x 140 x 40 27.5 Half bridge 30 — [167]
2023  U. of Arkansas* — 33 200 8 104 x 100 x 24 324 Half bridge 6.9 25.7 [168]
2023 Wolfspeed® LM3 33 800 — 100 x 140 x 38 110 Half bridge 11 380 [169]
2024 Wolfspeed” LM3 33 770 100 x 140 x 44 106 Half bridge — — CAB600M33LM3
2024 Mitsubishi LV100 33 750 100 x 140 x 40 103 Half bridge — 850" FMF750DC-66A
2024 Minebea’ nHPD? 33 800 — 100 x 140 x 38 110 Half bridge 10 1340°  MSMBS00GS33ALT
2014 USCi* — 6.5 60 8+8 120 x 80 19.5 Half bridge — 37.8 [131]
2018 Mitsubishi HV100 6.5 400 — 100 x 140 x 40 108 Half bridge — 520" [170]
2020 Wolfspeed® XHV-7 6.5 400 — 100 x 140 x 40 108 Half bridge — 450 [171]
2020  U. Texas Austin* - 7.2 60 — 170 x 60 x 35 18.8 SC - — [172]
2020  Nanjing NEDI* - 6.5 400 — 130 x 140 x 48 96.3 Half bridge - 1220 [173]
2023 XJTU* — 6.5 25 2 37x27x35 25.4 Half bridge 2.6 — [174]
2011 Cree’ — 10 120 24 + 12 140 x 190 36.4 Half bridge 25 110 [121]
2016 Wolfspeed® XHV-6 10 240 18 195 x 125 x 23.5 75 Half bridge 16 — [175], [176]
2017 Aalborg U.* M4x 10 10 2 104 x 59 x 35 6.1 Half bridge 72 25.7 [177], [178]
2018 Virginia Tech* - 10 60 6 83 x 68 x 25 39.7 Half bridge 44 - [179], [180]
2020 Wolfspeed® XHV-9 10 16 2 65 x 125 x 23.5 8.4 Half bridge — 21 [181]
2020 Aalborg U.* M5x 10 80 8 104 x 59 x 35 49.1 Half bridge 21 140 [182]
2013 Cree’ — 15 20 1+2 114 x 63 16.9 Single switch — — [122], [141]
2014 Japan AIST# — 16 60 4+1 65 x 74 69.1 Single switch — 340 [123], [144]
2016 Creef — 24 30 — — — Half bridge — — [183]
+Academia +Industry *Specified at Tj of 175°C

All values are specified at room temperature unless otherwise specified.

module package should ensure good electrical performance,
high reliability, and efficient thermal management. In general,
adhering to an industry-standard package footprint and pinout
eases the assembly for future system utilization.

MYV Si IGBT power modules are currently prevalent in the
market; however, the development of MV SiC power modules
is gathering significant interest from both industry and academia.
An exhaustive list of MV full-SiC power modules, both com-
mercially available and engineering samples, are presented in
Table II and ordered in terms of their breakdown voltage and
announced year. As apparent from the table, power modules
at 3.3 kV have gained significant interest from large industry
players and have become commercially available during 2024.
Although multiple power modules with breakdown voltages at
6.5 and 10 kV have been announced, the industry players are
currently limited to Mitsubishi and Wolfspeed.

Packaging of industrial high-power MV Si IGBT power
modules tends to be in standard packages in sizes of 73 x
140 mm, 100 x 140 mm, 130 x 140 mm, and 140 x 190 mm
depending on the power level. However, apparent from Table II,
a strong tendency toward 100 x 140 mm packages, as the
one shown in Fig. 6, for MV SiC MOSFET power modules
at 6.5 kV and below is shown from industry. This package
size is anticipated to be the future standard package size for
high-power electronic applications.

A cross-comparison between the MV SiC power modules
in Table II and several commercially available Si/SiC hybrid
from Dynex [153], Infineon [154], and Hitachi/Minebea [155]

Fig.6. Majority of available MV SiC MOSFET power modules use a standard
100 x 140 mm footprint, widely accepted for 3.3 and 6.5 kV Si IGBTs.

has been performed in terms of their static and dynamic perfor-

mance. The Si/SiC hybrid power modules utilizes Si IGBTS as

switching devices and SiC Schottky barrier diodes or junction
barrier Schottky diodes as freewheeling diodes.

1) Their static performance (current density versus break-

down voltage) is shown in Fig. 7 with the majority of

the power modules utilizing MV SiC MOSFETs or MV

Si IGBTs as switching devices. Although the MV SiC

IGBTs showed an increased power density compared to

SiC MOSFETs on a device-level in Fig. 2, the power density

of the two included SiC IGBT modules lies in the same
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Fig. 8. Switching performance of MV SiC and Si/SiC hybrid power modules.
Data source: Si/SiC hybrid power modules [153], [154], [155].

range as the SiC MOSFET ones. With only two MV SiC
IGBT samples, conclusions should be carefully drawn;
however, a possible reason is the required freewheeling
diode, which takes up space within the power module. The
Si/SiC hybrid power modules is the closest competitor to
the MV SiC MOSFETS in the voltage range from 3.3 to
6.5 kV, which shows a slightly higher power density in
the whole voltage range, anticipated to be caused by their
improved maturity.

2) Their dynamic performance (normalized switching
energy versus breakdown voltage) is shown in Fig. 8
for those MV SiC power modules that have readily
available switching energies or waveforms. In addition,
switching energies from the commercially available
Si/SiC hybrid power modules have been included for
comparison. To make a fair comparison throughout the
whole voltage range, the included switching energies are
collected at 50%—60% of rated breakdown voltage [103]
and at approx. its rated forward current. However, the
comparison does not consider differences in dv/dr, di/dz,
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Fig.9. Cross-section diagram of power modules using (a) conventional struc-
ture and (b) double-stacking of DBCs to reduce capacitive coupling.

gate resistances, or test setups, which inevitably impacts
the accuracy of the comparison. From the comparison,
it is evident that full-SiC MOSFET power modules have
comparable lower switching energies compared to Si/SiC
hybrid power modules in the range of 3.3-6.5 kV, which
allows for elevated switching frequencies.

The commercially available MV SiC power modules listed
in Table II predominantly adhere to the conventional packaging
structure [184], [185], [186], as shown in Fig. 9(a). In these
power modules, the SiC semiconductor devices are attached to
the top-side of a direct-bonded copper (DBC) ceramic substrate,
and bondwires are used for interconnections to the SiC semicon-
ductor devices. The bottom layer of the DBC is connected to the
baseplate, and finally, the insulation of the package is ensured
by an encapsulating gel. Besides the electrical performance
parameters listed in Table II, the choice of a suitable power mod-
ule for MV applications also relies on its thermal performance
and mechanical reliability, which depends on materials used in
substrate, baseplate, attachment layers, and interconnects of the
power module.

1) Substrate: Conventional power modules use DBC sub-
strates, a technique that involves the direct bonding of copper
to both sides of a ceramic substrate, bypassing the use of
supplementary adhesives or brazing materials. The substrate
plays acritical role, facilitating not only the electrical connection
for semiconductors and power terminals but also providing the
thermal path and electric insulation to the baseplate. A popular
material for ceramic substrates is alumina (Al o O3), which in
LV power modules typically has a thickness of 0.25-0.63 mm,
whereas, in MV power modules, the thickness of the ceramic can
be increased to 1 mm or more to further improve the insulation
strength and reduce parasitic capacitances of the module at the
cost of increased thermal resistance. To alleviate this drawback,
ceramics of aluminum nitride (AIN) can be used instead, as its
thermal conductivity is 170 W/(m - K), in comparison with the
24 W/(m - K) of Al 5 O3 [187].

To further reduce the parasitic capacitance, researchers at
Virginia Tech, University of Nottingham [179], [180], and



NIELSEN et al.: HIGH-POWER ELECTRONIC APPLICATIONS ENABLED BY MEDIUM VOLTAGE SILICON-CARBIDE TECHNOLOGY 993

Aalborg University [182] have designed 10kV SiC MOSFET
power modules that use stacked DBCs, as shown in Fig. 9(b),
effectively series connecting the parasitic capacitances. In
addition, using the middle-potential of the stacked DBC
mitigates high electric fields, thus improving the insulation
strength and partial discharge (PD) inception voltage level.

2) Baseplate: The substrate is generally attached to a base-
plate, which serves as the main heat transfer path to the cooling
system as well as providing mechanical support. Selection cri-
teria for baseplate materials similarly emphasize high thermal
conductivity, but also a coefficient of thermal expansion (CTE)
which matches the material of the neighboring parts. Typically,
copper is preferred as baseplate material because of its ther-
mal conductivity of 400 W/(m - K); however, with a CTE of
17 ppm/K, copper baseplates do not match well with the low
CTE of the AIN ceramic of 4.7 ppm/K, eventually causing failure
due to delamination or cracking of the ceramic [188]. Therefore,
some power modules use baseplates where SiC powder is em-
bedded into magnesium or aluminum to form MgSiC and AlSiC
baseplates, which have CTEs of around 7.0 and 7.4 ppm/K,
respectively, but can be configured by changing the mixing ratio
of the SiC powder [189], [190]. The drawback of using MgSiC or
AlSiC baseplates is a comparatively lower thermal conductivity
in the range of 230-240 W/(m - K).

3) Attaching Materials: Criteria for die attachment mate-
rial selection include high thermal conductivity, low electrical
resistance, and a CTE closely aligned with that of the sub-
strate. Solder paste, such as Tin-Lead (SnPb) and Tin-Silver-
Copper (SnAgCu), is mainly employed for these attachments,
owing to its widespread acceptance in current manufacturing
practices. Silver sintering is a notable alternative, offering supe-
rior thermal conductivity at 429-459 W/(m - K) compared with
50-70 W/(m- K) of Tin-based solders [191]. Die attachments
formed through silver sintering also have melting points greater
than 300 °C [192], compared to 217 °C of SnAgCu-solder,
and a lower CTE [193] to better match with materials, such
as SiC and AIN [194]. Silver sintered joints are also reported to
have over 400 times longer fatigue lifetime [195] than Sn-based
solder connections under the same thermal cycling conditions.
However, its adoption has been limited due to higher costs and
more complex manufacturing requirements.

4) Interconnection Method: The internal connection be-
tween the top-side of the semiconductor device and the top-side
of the DBC plays an important role in power module packag-
ing as it contributes to the power loop inductance, which has
been a major concern in LV power modules with high current
ratings. Presently, wire bonding techniques are the most widely
used method, which utilizes 125-500 ym aluminum wires to
establish the internal connections [196]. Despite wire bonding’s
simplicity and cost-effectiveness, it still suffers from notable
drawbacks of substantial parasitic inductance and concerns
about its reliability. Wire bond failures at the heel of the wire
bond are a common failure mechanism due to the mismatch in
CTE between the bonding material and the SiC semiconductor
device. The CTE of aluminum is in the range of 21-24 ppm/K
and compares to a CTE of 4.7 ppm/K for SiC. To address these
challenges, various wire bondless methods have been developed

such as ribbon bonding [197], flip chip technology [198], power
tap and planar interconnection [199], direct pressed die [200],
vertical copper pins [201], and copper clips [184]; however,
currently limited to LV power modules.

III. MV APPLICATIONS

Several overview papers have already been published in the
literature related to the applicability of the SiC technology [103],
[202], [203], [204]; however, these overview papers mainly
focus on LV applications. Well-established overview papers
related to MV applications are limited to Ji et al.’s [93] work, in
which only solid-state transformers (SSTs), motor drives, and
grid-connected converters utilized in conventional grid applica-
tions are discussed, and to Han et al.’s [108] work, in which
SST, conventional grid, and other applications enabled by MV
SiC IGBTs are discussed. The applicability of the MV SiC
technology is further discussed for certain specific applications,
i.e., distribution grids [95] and SSTs [205].

The interest in exploring the applicability of the MV SiC
technology started during the last decade; however, the MV
SiC technology has experienced significant advancements in
recent years, not only with the introduction of the first commer-
cially available MV SiC semiconductor devices but also from
the increasing interest from industry and academia to design
high-performance power modules, which paves the way for
full exploration of the applicability of the emerging technology.
Therefore, this section further reviews some typical high-power
electronic applications individually and highlights the unique
benefits of utilizing the MV SiC technology. The section is
organized in three parts covering renewable energy generation,
grid distribution, and consumption.

A. Renewable Energy Generation

The MV SiC technology has the potential to revolutionize
the generating sources of renewable energy by transitioning
from an LV to MV architecture and adopting new converter
typologies enabled by the MV SiC technology to improve power
capabilities and material footprint. With PVs and wind turbines
being major sources of renewable energy, research pertaining
to these applications has gained an increasing interest in recent
years from industry and academia.

a) Photovoltaic: Solar energy is currently among the cheap-
est sources of renewable energy [2]. Solar energy is harvested
from PV panels varying from single units on household rooftops
to large-scale utility plants in rural areas. As this article fo-
cuses on high-power electronic applications, the focus of this
section will be targeted at large-scale utility plants in the size
of multimegawatts. Nowadays, the conventional architecture of
large-scale utility plants, from solar panel to grid connection,
includes multiple solar panels, several string converters, a central
inverter, and a low-frequency LV to MV service transformer
connected to the grid [206], [207], [208]. The string converter,
a dc/dc converter, follows typically a maximum power point
tracking algorithm and feeds into a common dc-bus of 1 kV or
less [208], [209]. Then, the large central inverter connects the
common dc-bus to the MV grid through the LV to MV service
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Fig. 10.  Fraunhofer ISE 3.3 kV, 250 kVA string inverter for PVs [212], [213].

transformer and controls the power flow from the PV plant to
the grid.

Well-renowned manufacturers of large-scale central invert-
ers for PV applications are Ingeteam [63], TMEIC [65], Sun-
grow [66], ABB [67], SMA Solar Technology [68], Power
Electronics [70], and Siemens [75] to name a few. Several of
the companies have released central inverters with an increased
dc-link voltage of 1.5 kV, enabled by three-level typologies and
LV IGBTs, to benefit from the increased voltage level [63],
[65], [67], [69], [75], which include copper and switchgear
savings as well as improved performance at wider temperatures
and irradiance ranges [209]. In addition, recent industry-driven
projects on MV string converters and/or central inverters [210],
[211], [212], [213] investigate the potential of MV SST-based
typologies enabled by SiC MOSFETS, especially in [212] and
[213], in which the world’s first MV string converter based on
3.3 kV SiC MOSFETs is presented and shown in Fig. 10, which
results in enormous material savings for passive components and
cables [213].

The increasing interest in the MV SiC technology in relation
to string converters and central inverters for large-scale utility
plants is not only given by industry but also academia [214].
Overview papers of research activities related to MV central
inverters enabled by series connected multilevel typologies and
LV IGBTs are discussed in detail in [207] and[208], highlighting
an increasing interest in replacing the bulky, low-frequency
service transformer with MV SST-based typologies to reduce
cost, weight, volume, and losses. Apart from the overview pa-
pers, several research institutes have published simulation stud-
ies [215], [216], [217], [218] and experimental validations [219]
for MV string converters enabled by MV SiC MOSFETs. Further,
examples of MV SST-based typologies specifically targeted at
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large-scale PV applications enabled by LV SiC MOSFETs are
given in [220] and [221].

b) Wind Turbine: Wind energy is considered one of the main
renewable energy sources paramount for the green transition [3].
To meet the political agendas and demands of increased wind ca-
pacity toward 2030 [222], the power ratings of the wind turbines
are continuously growing as visualized from the trend of Fig. 1.
Large-scale wind turbines for offshore applications were in the
last decade limited to a few European companies namely Vestas
Wind Systems (VWS) [77] and Siemens Gamesa Renewable
Energy [83] together with some minor pioneering companies.
However, with non-European wind turbine manufacturers, such
as General Electric (GE) [84], MingYang Smart Energy [82],
Goldwind [223], Haizhuang Windpower, [89] and Dongfang
Electric Corporation (DEC) [78] penetrating the global market
around 2020, the sizes of turbines has grown rapidly, with
the largest offshore turbines reaching up to 18 MW in power
rating [89] and even projected to reach 22 MW already in
2025 [90].

The conventional solutions adopted by the European wind
turbine industry previously relied on LV converters based on Si
IGBTSs operated at a line voltage of 690 V; however, the newer
releases from suppliers and manufacturers, such as GE [84],
DEC [78], ABB [224], and Ingeteam [225], presents MV con-
verters utilizing the Si IGCT-technology. According to ABB, the
benefits of the MV solutions for wind turbines include; reduced
current magnitudes, easier integration of converters, less number
of, and reduced weight, of cables, a more compact converter
footprint, and in general reduced weight of the converter in
comparison to the conventional LV design [226]. Among others,
these motivations have led VWS to investigate the cost-benefit
of the MV SiC converters in comparison to LV and MV Si con-
verters by evaluating the levelized cost of energy (LCoE) [227].
From the cost-benefit analysis, the MV solutions are found
to offer benefits in comparison to the LV solutions, such as
reduced initial capital investment for the converter and trans-
former down-tower solutions. However, due to the increased
component cost and poor maturity of MV SiC devices, the total
LCoE gain is highest for the down-tower solution utilizing the
MYV Si devices. This corresponds well with the trend from the
state-of-the-art commercial solutions where the Si IGCT tech-
nology is used. To the best of our knowledge commercial wind
turbine applications employing MV SiC converters do not yet
exist.

In academia, the concept of MV wind turbines has likewise
been under investigation. However, the majority of these re-
search studies are limited to either simulations or analytical mod-
els, and thus only a few provide experimental demonstrations of
MYV SiC power stacks suitable for high-power wind turbines. The
state-of-the-art typologies proposed in the literature, applying
the MV SiC technology for wind turbine applications, can
be categorized as follows. 1) Two- and three-level typologies
utilizing the MV SiC semiconductor devices for the wind turbine
generator-side and line-side direct drive ac/dc—dc/ac convert-
ers [228], [229], [230], [231], [232]. 2) Multilevel typologies
utilizing the MV SiC semiconductor devices in dc/dc converters
for offshore MVDC collection [233], [234].
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Fig. 11.  Aalborg University demonstrates 10 kV SiC MOSFET power stack
for wind turbine applications rated at 4.16 kV, 50 kVA, and 5 kHz [231].

The efficiencies for the two- and three-level typologies for
the generator-side direct drive converters are simulated and
compared in [228] and[229] for both 3.3 and 6.5 kV Si and
SiC semiconductor devices. The general trend shows an in-
creased efficiency for the SiC-based typologies in comparison
to the Si-based ones, especially at higher switching frequencies.
However, the level of detail provided for the simulation models
is not comprehensive in terms of device loss characterization,
thermal modeling and temperature dependency, and exclusion of
conduction losses, thus emphasizing the need for more thorough
loss modeling of MV SiC semiconductor devices for wind
turbine applications and in general. In Erdman et al.’s [230]
work, a 4.5 kV three-level NPC typology for a line-side direct
drive wind turbine converter at 3.3 kV grid voltage has been
experimentally proven. A full load converter efficiency of above
98% is demonstrated for 4.5 kV Si IGBT power modules,
whereas an efficiency of above 98.5% is achieved for 4.5 kV
Si/SiC hybrid power modules at 1 kHz. In comparison, a full-SiC
two-level generator-side converter utilizing 10 kV SiC MOSFET
devices, as shown in Fig. 11, has been proposed and developed
in [231], [232], and [235] and was experimentally demonstrated
at 5 kHz to have an efficiency of more than 99% at partial load.

In the case of multilevel dc/dc typologies for MVDC
collection, the 15 kV SiC MOSFETs and 13 kV SiC IGBTs are
compared with the use of analytical models in Chen et al.’s [233]
work for the following cascaded multilevel typologies.

1) The hybrid boost and buck-boost converter.

2) The resonant stepup converter.

3) The resonant switched capacitor converter.

The analysis shows that between 580 and 4600 semiconduc-
tor devices are needed, depending on the chosen topology, to
achieve 40 kV MVDC and that the resonant switched capacitor
converter utilizing 13 kV SiC IGBTs and 15 kV SiC diodes
is superior to the other typologies in terms of efficiency. In
Lagier et al.’s [234] work, the dc/dc converter typologies for an
MVDC to HVDC conversion are compared in a simulation study,
utilizing the 3.3 kV SiC MOSFETs and Si IGBTs as well as 10 kV
SiC mosfets. The typologies under investigation are as follows.

1) Cascaded dual active bridge (DAB) converter.

2) Cascaded series resonant converter (SRC).

3) The MMC.

The analysis shows that between 2300 and 8600 semiconduc-
tor devices are needed, depending on the topology, to realize a

dc/dc stepup converter from 40 to 320 kV. In addition, it is found
that the MMC typology achieved the highest efficiency in the
range of 99.6%-99.8% in the midload range from 50-350 MW,
whereas in the higher loading range from 350-600 MW, the
cascaded dc/dc converters achieved the highest efficiency
between 99.4 and 99.6%. In general, the 3.3 kV SiC MOSFETs
achieved better performance in terms of efficiency compared to
the 10 kV SiC MOSFETs independent of the chosen typology.

B. Grid Modernization

The growing emphasis on reducing carbon footprint due to cli-
mate change has led to the evolution of the conventional electric
grid into a two-way distributed power flow system comprising
power converters. At MV, these converters find application in
static synchronous compensators, active filters, bi-directional
power converters for grid-integration of renewables and energy
storage, EV charging, and power distribution using SSTs [109].

The existing design of MV high-power converters for the
distribution grid relies on high-order multilevel converter typolo-
gies, where LV, typically, 1.2 or 1.7 kV Si IGBTs are used [236],
[237]. Emerging SiC MOSFETs and SiC IGBTs show great po-
tential for simplifying converter typologies, reducing control
and design complexity, and improving overall efficiency [238],
[239], [240]. First, due to the higher blocking voltage, the need
for a series connection of LV devices is eradicated. The series
connection has a demerit of control complexity and the need
for balancing and snubber circuits for static and dynamic volt-
age balancing, which increases the semiconductor losses [241],
[242]. Second, Si semiconductor devices, compared with SiC
ones, have limited switching capability, leading to higher switch-
ing losses. Therefore, paralleled converters and bulky passive
filters are required for filtering to ensure grid compliance [238].
In contrast, with a single MV SiC semiconductor device coupled
with faster switching capability, the need for complex typologies
and large passive filters can be eliminated. The typology and
filter simplification benefits are promising for lowering cost and
increasing power density, efficiency, and reliability. Finally, the
fast-switching capability of MV SiC semiconductor devices also
allows the development of power converters with faster dynamic
response and control bandwidth [95], [243].

Several works in academia have explored utilizing MV SiC
semiconductor devices for the conventional grid [181], [238],
[244], [245], [246], [247], [248], [249], [250]. The primary
research focus has been on lowering control complexity by em-
ploying simpler converter typologies and addressing challenges
related to the design of M V-rated auxiliary components such as
gate drivers and sensors.

For instance, in [238], [249], and [250], a 100 kVA five-level
MMC or flying capacitor (FC) converter is developed using dis-
crete 10 kV SiC MOSFETSs to interface a microgrid with 13.8 kV
ac of distribution voltage at 10-15 kHz switching frequency.
Due to the high breakdown voltage of SiC MOSFETSs, a five-level
converter typology is adopted to achieve the desired 25 kV dc
bus voltage and 13.8 kV ac voltage using four (sub)modules.

In [244] and [245], a two-level active front end (AFE) con-
verter rated at a dc voltage of 7.2 kV, 35 kW, and 10 kHz is
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Fig. 12.  North Carolina State University demonstrating an MV power block
for SST using 10 kV SiC MOSFETs rated at 35 kW and 10 kHz [244].

developed using 10 kV SiC MOSFET modules in the XHV-6
package, as shown in Fig. 12, with a peak efficiency of 95.5%.
The cost-share of 10 kV SiC MOSFETSs is exorbitant and is
reported as 81% of the total converter cost. However, it should
be noted that 10 kV SiC MOSFETs, at present, are still in the
nascent stage of development, leading to high costs.

Similarly, in [246] and [247], 10 kV SiC MOSFETs and 15 kV
SiC IGBTs are compared for MV transformerless intelligent
power substation, a three-phase typology for SST capable of
providing grid-support functions for a 13.8 kV distribution grid.
For the AFE converter, both SiC MOSFET- and SiC IGBT-based
rectifiers show high efficiency up to 10 kHz switching frequency
owing to their fast-switching capability. The SiC IGBT provides
a slightly higher loss than the SiC MOSFET-based converter,
which is shown to be reversed for higher power levels (>1 MVA)
due to lower conduction loss. Further, due to higher switching
frequencies above 3 kHz, the maximum filtering requirement is
dropped from 0.1-0.15 pu inductance using GTOs to as low as
0.05 pu for SiC semiconductor devices. The reduction in filter
size is beneficial in achieving faster dynamic response [246].

In addition, in Ji et al.’s [248] work, a 100 kVA five-level
MMC enabled by 10 kV SiC MOSFETS is presented with the
potential of direct connection to the 13.8 kV grid with a dc-link
voltage of 25 kV. The converter obtains an estimated efficiency
of 99.3% and a power density of 0.24 kW/L at 10 kHz.

Further, an 11 kV ac, 16 kV dc, 200 kW, two-level inverter
building block is developed in Ravi et al.’s [181] work, showing
an projected efficiency of 99% and power density of 2.75 kW/L
at 10 kHz. A half-bridge 10kV SiC power module in the XHV-9
package is used for each switching position, providing a total of
20 kV blocking voltage. Due to the series connection, a voltage
balancing issue arises, which is resolved by using an active
gate driver with timing-based voltage balancing and short-circuit
protection capability. Moreover, field grading is employed for
the planar PCB bus to prevent corona and PD.

General examples and experimental validations of MV SSTs
enabled by 3.3—15 kV SiC MOSFETs targeted at grid applications
are given in [251], [252], [253], [254], [255], [256], [257],
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Fig. 13. E.ON ERC—PGS at RWTH Aachen University size comparison
of two three-phase, dry-type low and medium frequency transformers. Left:
4.5 MVA, 50 Hz, 11.500 kg. Right: 5 MVA, 1 kHz, 675 kg [260].

[258], and [259]. In addition, Doncker [260] presented a size
comparison of an MV low-frequency service transformer and
an MV medium frequency transformer intended for SST use, as
shown in Fig. 13, from which a distinct size and weight reduction
is achieved.

In summary, the MV SiC technology shows excellent po-
tential in developing compact high-power converters with fast
dynamic response to support the future grid. Nevertheless, the
high device cost of MV SiC semiconductor devices and power
modules, attributed to its early development stage, and the
design complexities associated with auxiliary components pose
significant challenges.

C. Consumption

Electrification of society and the green transition elevates the
consumption of renewable energy in sectors of EV charging,
future computing infrastructure, electrolyzers, and motor drives
to limit the environmental impacts. Currently, the MV SiC tech-
nology has not penetrated the consumption sector but presents
several benefits compared to the state-of-the-art solutions.

1) EV Charging: Today, EVs are not only limited to scooters
and cars, but also include large vehicles, such as electric buses,
trucks, vessels, and aircraft. Electrification of the transport in-
dustry, both road and nonroad vehicles, has become extremely
popular in recent years and the term “EV”” has become univer-
sally known. The discussion on EVs is twofold, as EVs and
charging of EVs go hand in hand, and for high-power electronic
applications, the topic of interest is EV charging, and more
specifically the dc fast charger above hundreds of kilowatts. The
EV charging requirements among the different EVs differ sig-
nificantly due to the difference in battery capacity and charging
pattern, which may range from tens of kWh for electric cars to
single-digit MWh for electric vessels [18]. A general discussion
covering both types of EV charging can become a challenge,
and therefore, this section is divided into two.

a) Charging of light transport: The EV charging market
was pioneered by Tesla during the last decade; however, multi-
ple manufacturers have ever since entered the market, such as
ABB [8], Alpitronics [9], Siemens [10], SK Signet [14], and
Tritium [15] to name a few. Previously, all of the commercially
available dc fast chargers adhered to the same architecture:
a low-frequency service transformer to convert the MV grid
connection to an LV ac, then an ac/dc converter to rectify the ac
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voltage into an intermediate dc voltage, and at last, a dc/dc con-
verter to interface the battery of the EV [261]. However, recent
industry-driven projects, such as [262], [263], [264], and [265],
investigate the possibilities of transitioning from the state-of-
the-art architecture into a more flexible and scalable SST-based
typology enabled by SiC MOSFETs. In both [262] and [263], an
MYV grid connection of 13.2 kV is under investigation and to
comply with the blocking voltage, a series connection of either
neutral point clamped (NPC) or FC typologies enabled by LV
SiC MOSFETs are being implemented. In both cases, the series
connected multilevel converters could be directly replaced by a
single two- or three-level typology enabled by the MV SiC tech-
nology, which would simplify the converter design significantly.

There exist several academic overview papers in the literature
discussing in detail the recent trends and advancements for
EV charging [266], [267], [268], [269], [270], [271]. From the
overview papers, it is apparent that academia supports the transi-
tion from state-of-the-art architectures into SST-based solutions
connected directly to the MV grid. The benefits of MV SST-
based converters include but are not limited to reduced system
size, improved conversion efficiency, more power per footprint,
and reduced installation cost [266], [267], [268], [269]. In Tu
et al.’s [268] work, the state-of-the-art dc fast charger (Tesla
Supercharger [7]) is compared with the MV SST-based solution
in terms of system size and power per footprint, as shown in
Fig. 14. In both [268] and [269], the use of MV SiC technology,
including both SiC MOSFETs and SiC IGBTs, is discussed and
highlights that if an MV grid connection can be achieved without
any series connection on power module- or converter-level, the
complexity of the system significantly reduces. A preliminary
design study of a 350 kW MV EV charger, enabled by 10 kV
SiC MOSFETS, is presented in Liang et al.’s [272] work and
shown in Fig. 15, showing an estimated efficiency exceeding
98% and power density of 1.6 kW/L. Additional examples of
MYV SST-based typologies enabled by MV SiC MOSFETs targeted
at EV charger applications are [273] and [274].

Several independent research institutes highlight the MV SST-
based typologies to be particularly suitable for urban areas where
space is limited [266], [267], [268] as they enable better size
utilization and more compact designs.

Several dc fast charging connectors are currently on the ex-
isting market, including CHAdeMO, CCS-1, CCS-2, GB/T, and

Chargers

MV

MV Switchgear ‘

Metering p

North Carolina State University comparison of state-of-the-art DC fast charger and MV SST-based solution at a rated power of 675 kW [268].

Fig. 15. North Carolina State University 3-D rendering of one phase of the
350 kW EV fast charger enabled by 10 kV SiC MOSFET rated at 12.47 kV grid
voltage and operated at 10-25 kHz [272].

Tesla Supercharger [270], which ranges from 480-1000 V in
maximum output voltage at a maximum current of 400-800 A,
limiting the power to less than 500 kW. However, a new stan-
dard charging connection intended for large battery EVs, the
megawatt charging system, has emerged with an extraordinary
elevated power capability at 3.75 MW (1250 V and 3000 A)
to reduce the charging time. Recently, Siemens achieved a
milestone by demonstrating a momentary charging capacity of
1 MW at 806 V and 1.24 kA [275].

b) Charging of heavy transport: The market for charging
large vessels and aircraft is still a niche market but an important
step toward zero-emission sea and air transport. According
to Transport and Environment [276], heavy transport within
shipping and aviation sectors is undoubtedly dominated by
electrofuels, based on green hydrogen, in the coming decades;
however, for certain specific tasks or routes, fully electric vessels
and aircraft may be the most suitable solution. In the last decade,
several industry-driven projects of fully electric vessels [18] and
aircraft [277], [278], [279] have been carried out.

Large charging stations for electric vessels adhere to the same
architecture as the one described for charging of light transport
except for alocal onshore energy storage system being integrated
into the charging station to limit the power drawn from the
grid during charging [18]. A highly discussed topic related to
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large charging stations for electric vessels is the shore-to-ship
interface, which currently is transitioning from a manual to an
autonomous plug system due to the time-consumption, safety,
and size of charging cable(s). A potential solution to reduce the
cable size would be to establish an MV shore-to-ship charging
connection; however, this would require the MV technology to
further mature for this to become viable.

Charging stations for electric aircraft differ significantly com-
pared to the former ones, as mobile charging units (MCUs) with
LV battery packs are of high interest [277], [278], which can be
towed on the apron of the airport. The chargers are operated at
LV to comply with the battery voltage; however, research within
MYV batteries for the aviation sector is under investigation due to
their improved energy density and weight [280], [281], which
inevitably requires MV PECs to convert the energy from the
charging unit to the battery of the electric aircraft. An example of
such a MCU was presented by Pratt and Whitney Canada earlier
in 2024 with a charging capacity of 280 kW at 1500 V [282].

2) Future Computing Infrastructure: Power demand and en-
ergy consumption in data centers have increased significantly in
recent years, with extensive development and advancement in
cloud computing and Internet of Things. The core component
in data centers is the server, which operates at LVDC with high
current levels [283], [284].

Traditionally, the power distribution network in data centers is
operated at LVAC or LVDC. For both types of power distribution
networks, the grid voltage is stepped down from MVAC (4.16—
35 kV) to LVAC (208-480 V) through a low-frequency service
transformer, which is then either directly distributed among the
servers of the data center with localized rectifiers or fed through
a centralized rectification stage to generate an LVDC to be
distributed among the servers [285]. For rectification, a power
factor correction is employed to lower the reactive power flow;
however, for MW-scale data centers, both approaches result
in exorbitant currents through the power distribution network,
lowering efficiency, and increasing busbar/cabling costs.

To address this, a new architecture has gained popularity in
academia [286], [287], which uses MVAC as the distribution
voltage inside the data center in contrast to LVAC or LVDC.
For each server room, a dedicated modular MVAC to LVDC
power converter, referred to as an SST, is utilized to convert the
MVAC grid voltage to the required LVDC of the servers. As a
result, the bulky low-frequency service transformer is eliminated
as the SST utilizes a smaller medium frequency transformer.
In general, the conversion from MVAC to LVDC comprises
two conversion stages, i.e., a ac—dc and a dc—dc conversion
stage. The cascaded H-bridge (CHB) multilevel typology is
predominantly employed for the ac—dc conversion stage to reach
the desired MV (4.16-35 kV), whereas isolated typologies, such
as DAB and LLC resonant converters, are employed as the dc—dc
conversion stage for each H-bridge of the ac—dc stage [287].
Therefore, the system configuration normally follows an input
series, output parallel (ISOP) to comply with the large input
voltage and large output current [288].

A performance benefit of the SiC technology compared to its
Si-counterparts is their high switching frequency capabilities,
which enables higher power density, crucial for data centers
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Fig. 16.  ETH Zurich 10 kV SiC MOSFET half-bridge board for 25 kW,
48 kHz, 7 kV/400 V DC transformer for data centers [287].

where space is a constraint. The existing development of SSTs
for data centers using SiC MOSFETSs is based on 1.2 kV MOSFETs,
owing to their mature fabrication process and wide commercial
availability; however, multiple 1.2 kV MOSFETs are connected
in series to meet the required blocking voltage [286]. The
series connection requires additional gate drivers and voltage
balancing circuits [289], which add more complexity to the
design. Further, it also brings concerns about reliability due to
unbalanced stress and degradation of semiconductor devices due
to manufacturing tolerances.

The emergence of MV SiC semiconductor devices enables the
development of SSTs with high blocking voltage on the ac side
with a comparatively lower number of semiconductor devices in
series. For instance, in Rothmund et al.’s [287] work, a 25 kW,
48 kHz, 7kV-400 V SST is developed using 10 kV SiC MOSFETS
as shown in Fig. 16. A single H-bridge is employed as an AFE
rectifier for the ac—dc conversion stage and a single isolated LLC
resonant converter is utilized for the dc—dc conversion stage.
Due to the 10 kV breakdown voltage of the SiC MOSFET, only
a single device per switch position is used, requiring only one
gate driver per position. As a result, the dc—dc stage is quoted to
achieve 3.8 kW/L power density at an efficiency of 99.0% [287].
In comparison, an isolated LLC resonant converter enabled by
6.5 kV SiC MOSFETs are characterized and designed in Du
et al.’s [290] work at 25 kW, 50 kHz, 3 kV-540 V achieving
a power density of 5.0 kW/L. In Acharya et al.’s [289] work,
a 20-11 kV DAB converter is developed using 10 kV SiC
MOSFETs as building blocks for a 80—11 kV power conversion
in which four DAB converter blocks are connected in an ISOP
configuration. For the DAB module, three devices on the primary
side and two on the secondary side are connected in series to
achieve the required blocking voltage. The proposed converter
is intended to supply data centers directly from a multiterminal
dc grid, which has a lower capital cost and losses than equivalent
MVAC systems [289].



NIELSEN et al.: HIGH-POWER ELECTRONIC APPLICATIONS ENABLED BY MEDIUM VOLTAGE SILICON-CARBIDE TECHNOLOGY 999

In summary, the power demand for future data centers is ex-
pected to increase exponentially and the need for highly efficient
and reliable power conversion networks is at an all-time high.
Transforming from LVAC and LVDC to MVAC or MVDC power
distribution networks inside the data center is a viable approach
to reduce transmission losses and heightening efficiency. How-
ever, to achieve this, power-dense and efficient power converters
are required to directly step down the MVAC or MVDC to
the required LVDC at the servers. A promising technology to
support this transformation is the MV SiC technology, which
features improved power density and system-level reliability by
reducing the number of devices connected in series.

3) Electrolyzers: Although the electrochemical process of
electrolysis has been known since the middle of the 1800s, the
technology has seen an increased interest in recent years due
to the green transition. Electrolysis is an essential technology
within the green transition, which can contribute to large CO;
reductions in some of the predominant emission sectors, such
as energy, fertilizer, and chemical industries as well as heavy
transportation of trucks, buses, vessels, and aircraft. Several
well-renowned companies within heavy industries (i.e., steel,
machines, power electronics, and chemistry) have entered the
electrolysis market, each one having its own strategy to achieve
the most efficient large-scale electrolyzer plant. Plug Power [48],
H-TEC Systems [49], Green Hydrogen Systems [51], Mc-
Phy [56], and Siemens Energy [57] use minor electrolyzer
stacks of 1 MW or less; Nel Hydrogen [44], Cummins [46],
and I'TM Power [55] use medium electrolyzer stacks between 1
and 5 MW; and John Cockerill [45], Asahi Kasei [50], Stargate
Hydrogen [52], Sunfire [53], and ThyssenKrupp [54] use large
electrolyzer stacks of above 5 MW to form a large-scale elec-
trolyzer plant, which highly impacts the PEC required to supply
the electrolyzer stack(s).

Even though the above-mentioned companies present differ-
ent strategies on a stack-level, they agree upon the architec-
ture for the power supply unit. In general, the state-of-the-art
power supply unit connects to the MV grid through an MV/LV
low-frequency service transformer followed by a multipulse
rectification stage enabled by high-power diodes, thyristors, or
Si IGBTs to connect the electrolyzer stacks [291]. In academia,
advanced MV SST-based typologies are being discussed as they
theoretically improve power quality, efficiency, and controlla-
bility as well as exploit the opportunity of avoiding the bulky
service transformer [292]. A key component in MV SST-based
typologies is the medium frequency transformer, providing
voltage conversion and galvanic isolation. In general, the
medium frequency transformer design becomes a tradeoff be-
tween its power rating and frequency, as these highly impact the
power density, thermal performance, and size [293]. A 25 MVA,
400 Hz, 25.4 kV/560 V transformer intended for electrolyzers
has been simulated in COMSOL [293], showing a weight re-
duction of 70% compared to a commercially available service
transformer at an approx. size of 3 m? and an efficiency of 98.9%.
The current research pertaining to electrolyzers enabled by the
MYV SiC technology is limited; however, in Yan et al.’s [294]
work, a 20 kW, 50 kHz MV SST-based dc/dc converter targeted
at electrolyzers has been designed to convert a 6 kV dc to 500 V

dc to comply with the electrolyzer stack voltage, while in Zhao
et al.’s [295] work, a 500 kW grid integration study of an AFE
and SST-based dc—dc converter enabled by 10 kV SiC MOSFETS
operated at 4 kHz and connected to a 4.16 kV grid has been
carried out at different grid conditions (short circuit ratio and
voltage deviation).

4) Motor Drives: Industrial motor drives are widely used in
various applications, including pumps, fans, compressors, con-
veyors, etc. [59], which requires efficient conversion and high
reliability. MV motor drives are an efficient and cost-effective
solution for operating high-power motors and generators [296].
At which power level, MV motor drives become a better eco-
nomic choice than LV motor drives varies among the large
manufacturers of motor drive solutions. Siemens [59] states a
minimum power level of 1000 horsepower (HP) while TEIMC
GE’s [58] range falls between 500 and 1500 HP [297]. The most
common working voltage of MV drives are 2.3, 3.3, 4.16, 6.9,
11, and 13.8 kV [298].

The main benefit of MV over LV motor drives is the critically
lower inrush and steady-state current for a given mechanical
power output. This results in lower cable losses and allows
for comparatively thinner cables, which eases the placement
and routing of cables from inverter to motor [299]. Further,
MYV motor drives rated at the utility distribution voltage do not
require a low-frequency service transformer to step down the
distribution voltage to LV, which inevitably saves space and cost.
These drives normally use an AFE rectifier typology to directly
convert the MVAC from the grid to an MVDC [300].

The existing commercial MV motor drive designs are domi-
nated by Si IGBTs and thyristor solutions owing to their mature
fabrication process, high current ratings, and low conduction
losses [301], [302]. Typical converter typologies for commercial
motor drives include NPC, active NPC (ANPC), CHB, and
MMC as the most mature multilevel typologies. From a voltage
level perspective, multilevel typologies enabled by Si IGBTsS,
such as the three-level NPC and the five-level ANPC typologies
are preferred for voltages up to around 7 kV, whereas the
high-order MMC typology is preferred for even higher voltage
levels. In Bartos’s [297] work, an NPC typology is used to design
a motor drive for a4 kV, 4.16 MVA motor, while in Adamowicz
and Szewczyk’s [303] work, a seven-level CHB typology en-
abled by 1.2 kV SiC MOSFETs is designed for a 3 kV, 335 kVA
railway traction system. Similarly, in the commercial space, the
five-level ANPC typology is employed in ABB ACS2000 series
motor drives for voltages up to 6.9 kV [300].

Emerging MV SiC semiconductor devices with fast-switching
capability (high dv/dt and di/dr) show great potential in enhanc-
ing the efficiency and power density of MV motor drives [304].
However, commercial MV drives currently do not employ the
SiC technology, primarily due to the limited commercial avail-
ability of MV SiC devices [305]. Nevertheless, recent research
efforts in academia have focused on exploring the feasibility
and performance benefits of adopting MV SiC semiconduc-
tor devices in common typologies for commercial drives. For
instance, in Marzoughi et al.’s [298] work, a comparison of
the performance of 1.7 and 3.3 kV Si IGBTs and 3.3 kV
MOSFETS is carried out for CHB, MMC, and five-level ANPC
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Fig. 17.  University of Arkansas design of 7kV, 1 MVA, 20 kHz Si/SiC hybrid
multilevel motor drive for aircraft propulsion [311].

typologies in the range of 4.16—13.8 kV from which conclusions
show that the SiC MOSFETs provide high power density for
the five-level ANPC typology, while for MMC and CHB, the
effect first becomes visible at higher voltages. In Kokkonda
et al.’s [306] work, 6.5 kV SiC MOSFETs are demonstrated for
a 2.3 kV, 100 kVA motor drive operated at 12.5 kHz, while a
series connected of two 3.3 kV SiC MOSFETs is demonstrated at
10 kHz using an auxiliary resonant commutated pole converter
for the same motor drive in Kokkonda and Bhattacharya’s [307]
work showing better electrical performance at lower cost. A
300 kW, 15 kHz DAB enabled by 3.3 kV SiC MOSFET is designed
for railway traction applications in Fortes et al.’s [308] work.
In addition, the following industry-driven project [309], [310]
intends to demonstrate a 4.16 kV, 5 kHz motor drive above
1 MVA utilizing two-level 10 kV SiC MOSFETs in the XHV-6
package from Wolfspeed, targeting to increase the power density
from 0.22 to 0.66 kW/L.

Despite their potential performance benefits, the fast-
switching capability of SiC MOSFETs brings concerns about
exacerbated side effects, such as electromagnetic interfer-
ence (EMI), bearing currents, and PD. Therefore, another grow-
ing research trend in academia is on exploring multilevel ty-
pologies, providing optimal performance while minimizing side
effects [311],[312],[313]. InDiaoetal.’s [311] work and shown
in Fig. 17, a seven-level MV Si/SiC hybrid multilevel motor
drive for aircraft propulsion is proposed for MW-scale. The
typology offers higher power efficiency and reduced harmonic
and common mode voltage compared to the widely used IGBT-
based ANPC converters. A quasimultilevel converter is proposed
in Diab and Yuan’s [312] work, to mitigate the overvoltage
oscillations at the motor terminals in motor drive applications
that require connection cables between the inverter and motor.
The efficiency of the typology is validated by simulations for
10 kV SiC MOSFETs. Likewise, in Zhang et al.’s [313] work,
an active wave reflected wave canceller is proposed for the
widely adopted ANPC typology to mitigate overvoltage and PD
in motor windings.

Overall, transitioning to the MV SiC technology is promising
for developing the next generation of power-dense and efficient
MV motor drives. However, exacerbation of underlying side
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effects due to the fast-switching of SiC MOSFETs remains a key
challenge.

D. Summary

The MV SiC technology has experienced significant advance-
ments in recent years, directly impacting the applications in
which they are being deployed. Multiple benefits of utilizing the
MYV SiC technology are common among several applications,
while others are unique to some.

The increased breakdown voltage of the MV SiC semiconduc-
tor devices is the most discussed benefit across all applications
as it allows for simplified system-level designs and direct use
of low-level typologies, which reduce control complexity and
enhance system reliability. In addition, the improved switching
performance of especially the SiC MOSFETs is also heavenly
discussed for all applications as it allows for elevated switching
frequencies, which has been demonstrated up to 50 kHz. The
elevated switching frequencies lead to improved power densities
by reducing the size and weight of passive components and
cables in applications, such as wind turbines, charging of EVs,
and data centers, where size and weight are constraints. In a
combination of the increased breakdown voltage and elevated
switching frequency, the LV to MV SSTs have gained increased
research popularity for PV, charging of EV, and data center
applications, where either the generation or consumption is dc.
An attractive benefit of the LV to MV SSTs is their ability to
replace the traditional low-frequency service transformers used
to interface the grid in high-power applications with a smaller
medium frequency transformer inside the SST, which opens up
new system-level architectures.

In the previous sections, multiple experimental prototypes and
simulation studies of PECs enabled by the MV SiC technology
have been presented for each application. Fig. 18 provides an
overview across all applications in terms of their power, volt-
age, and switching frequency, where a filled circle indicates an
experimentally validated prototype and a hollow one indicates a
simulation study. The experimentally validated prototypes with
ac or dc voltages of 8.5 kV or less shown in Fig. 18(a) have power
ratings from tens of kVA up to 300 kVA and employ simple two-
or three-level typologies. In the voltage range from 11 to 13.8kV
ac voltage, the four PECs targeted at grid applications have
power ratings of 100 or 200 kVA and employ either two-level,
three-level NPC, or five-level MMC typologies, where the two-
and three-level typologies require series connection of the 10 or
15 kV SiC semiconductor devices. In comparison, most of the
experimentally validated prototypes have switching frequencies
ranging from 5 to 20 kHz with power ratings up to 300 kVA, as
shown in Fig. 18(b). However, four PECs targeted at data center,
electrolyzer, and charging of EV applications stand out as they
have been experimentally demonstrated at 50 kHz for power
ratings up to 25 kVA. The elevated switching frequencies are
obtained by zero voltage switching of the SST-based typologies:
SRC and DAB.

IV. PERSPECTIVES

The SiC technology has already penetrated multiple high-
power electronic applications and incrementally started to
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Fig. 18. Power rating of applications enabled by the MV SiC technology in

terms of (a) voltage and (b) switching frequency. Filled indicates an experimen-
tally validated prototype, while hollow indicates a simulation study. Data source:
[212] to [310].

replace the Si technology in applications where higher effi-
ciency, higher blocking voltage capabilities, elevated switch-
ing frequencies, and/or better thermal performance are advan-
tageous. As the SiC technology delivers promising technical
advantages compared to its Si-counterparts, a further worldwide
widespread is deemed unavoidable and their market share is
expected to continuously grow in the coming years to support
the electrification of society and the green transition.

The role of the MV SiC technology depends on several factors
but foremost its maturity and thereof its availability and cost
but also political incentives to support further technological
advancements.

A. Availability

In the voltage range from 3.3 to 6.5 kV, multiple manufactur-
ers have presented SiC MOSFET power modules with improved
switching performance compared to the Si/SiC hybrid power
modules as presented in Section II and expected to obtain
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parity in terms of power density within years of maturing. At
and above 10 kV, the SiC MOSFETs and IGBTs open for new
opportunities out of reach by the state-of-the-art Si technology,
which indisputably puts the MV SiC technology in favor in this
voltage range.

The first commercial widespread of MV SiC MOSFET power
modules are expected to come from the 3.3 kV power modules in
applications with dc-link voltages ranging from 1.5 to 2 kV. With
the first 3.3 kV SiC MOSFET power modules becoming commer-
cially available during 2024 from Wolfspeed and Mitsubishi,
the commercial widespread has officially started. The authors
strongly believe that other manufacturers will in the near future
publish commercialized 3.3 kV SiC MOSFET power modules to
enter the MV SiC market. In recent years, the semiconductor
market has been driven by the automotive industry, which cat-
alyzed the maturing process for 1.2 and 1.7 kV SiC MOSFETS to
support their increasing demand; however, no such market driver
is present for MV SiC MOSFETs and IGBTs, which inevitably
prolongs their maturing process. With the potential market
drivers benefiting from the MV SiC technology presented in
Section III, the authors predict a strong potential for high-power
electronic applications in the lower bound of MV, especially in
the PV and automotive markets.

Although academia has shown increasing interest in MV SiC
semiconductor devices and power modules with a wide voltage
range from 3.3 to above 10 kV, research from academia is still
limited due to excessive cost and restricted availability. With
the increasing maturity of the MV SiC technology, the price
reduction will allow broader research from academia to support
the technological advancements.

B. Cost

The MV SiC technology needs to mature to a level at which
the cost at the system-level becomes a cost-competitive solu-
tion compared to state-of-the-art technologies. Although further
technological advancements within the MV SiC technology
together with increased production volume inevitably push the
price down, a price parity of the MV SiC technology with the
MYV Si- or LV SiC-counterparts is undoubtedly achieved within
years. Projected prices from 2022 for both LV and MV SiC MOs-
FETs in terms of their breakdown voltage are given in Gammon
et al.’s [314] work, presenting skyrocketing prices for SiC MOS-
FETs above 3.3 kV, as shown in Fig. 19. According to Casady and
Palmour’s [138] work, the absolute price for a single engineering
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sample of 3.3 kV and 10 kV SiC MOSFET dies were in 2014 at a
cost of $5/kVA and $6/kVA, respectively; however, prospected
to drop down below $1/kVA within years, under the assump-
tion of a positive increase in production volume. Currently, as
of 2024, the available prices on engineering samples of MV
SiC MOSFET dies vary between $2-$5/kVA according to Power
America [315], [316]. In comparison, commercially available
MYV Si/SiC hybrid and LV SiC MOSFET power modules, fully
populated and encapsulated, have costs of less than $ 1/kVA.

C. Policy-Making

Apart from the above-mentioned technical advantages pre-
sented by the MV SiC technology, the authors believe that
policy-making is an essential tool to foster further technological
advancements required to secure the commercial widespread.
With the signing of the CHIPS and Science Act in the United
States [317] and the European Chips Act in 2022 [318], the es-
tablishment of a political framework for strengthening the semi-
conductor ecosystem in both America and Europe was formally
signed, which secured an equivalently three-digit billion-dollar
public investment. Officially, the acts intend to bolster each
region’s competitiveness, catalyze regional economic growth
and development, ensure the resilience of supply chains, and
reduce external dependencies. Political initiatives such as the
above-mentioned are crucial in securing a healthy economic
ecosystem for semiconductor manufacturers to take the risk of
expanding their manufacturing capabilities and pursue further
technological advancements.

On this note, policy-making in terms of rules and regulations
is not in place for emerging technologies enabled by the MV SiC
technology, exemplified by EVs [267], [268], [269], [270] and
microgrids [319], where standardization issues are discussed in
detail for the implementation of SST-based typologies. To enable
further technological development and commercial widespread,
rules and regulations must be in place and should not be the
bottleneck as it is now.

D. Technical Challenges

Several technical challenges remain, which need to be ad-
dressed by industry and academia to ensure robust and reliable
operations of PECs enabled by the MV SiC technology.

1) Capacitive Couplings: Capacitive couplings have become
a major concern in MV PECs in comparison to LV PECs,
in which the power loop inductance has been a major con-
cern [320]. Modeling, analysis, and optimization of parasitic
capacitances are emerging topics currently being addressed
by researchers [321], [322], [323], [324], [325], [326]. All
components, including power modules, gate drivers, magnetic
components, and voltage/current sensors, naturally contribute
with parasitic capacitances, which under high dv/dr conditions
cause large displacement current to circulate in the system.

2) Parasitic Inductance: Parasitic inductance in the power
loop can cause overvoltage issues under high di/dr levels; how-
ever, the challenge is currently deemed less critical for MV
PECs due to the reduced current levels as presented in Table II.
Reduction of parasitic inductance remains a challenge for power
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module packaging and power stack designers [327], [328]. Even-
tually, the challenge will reappear for the 3.3 kV SiC MOSFET
modules when the current scalability enables power modules to
reach higher current levels.

3) Insulation and PD: Insulation and PD are two emerging
topics for industry and academia that need to be comprehen-
sively addressed. Due to the elevated voltage level in MV
PECs, PD becomes by nature a more serious challenge as the
electric fields are magnified. PD at triple points inside the power
module [329], [330], [331], [332] and PD in all other system
components experiencing square pulses with high dv/dr [333],
[334], [335], [336], [337] poses challenges, which can lead to
degradation and failure of insulation materials in power mod-
ules, magnetic components, gate drivers, etc.

4) Scalability of Power: Scalability of power in terms of
either series or parallel connections of MV SiC semiconductor
devices and power modules is unavoidable to reach the power
capabilities required in high-power electronic applications.
Major challenges pertaining to paralleling include passive
and dynamic current sharing [338] and high-frequency gate
oscillations during switching events [339], [340], [341], [342],
which can result in nonuniform heat distribution among
semiconductor devices and false turn-ON events. For series
connection of MV SiC MOSFETSs, the main challenge remains
voltage balancing among the series connected devices [343]
without sacrificing the performance by introducing additional
snubber components and losses.

5) Gate Drivers: Gate drivers are key components to fully
benefit from the MV SiC technology presented in Section II.
Capacitive couplings, increased dv/d¢, and PD in the gate driver
and its auxiliary power supply are deemed the most critical
challenges of now in relation to the MV SiC technology [93],
[94], [205], [320]. The current trend is toward advanced gate
driver designs of adaptive and active gate drivers capable of
manipulating the switching behavior of the MV SiC semicon-
ductor devices [344], [345], [346], [347] and optimized designs
of the auxiliary power supplies [348], [349], [350], [351].

V. CONCLUSION

High-power PECs are indispensable in the electrification of
society and the green transition. With the increasing power and
efficiency requirements, the emerging MV SiC technology is
a key enabler, which offers semiconductor devices and power
modules with improved electrical performance compared to
their Si-counterparts. Exhaustive lists of available MV SiC
devices and power modules from both industry and academia are
presented and give an overview of their recent advancements. A
thorough review of typical high-power electronic applications
has been presented and highlights the unique benefits of transi-
tioning into the emerging MV SiC technology. At last, the future
perspectives on the applicability and commercial widespread
of the MV SiC technology have been presented. Apart from
the remaining technical challenges, the restricted availability,
excessive cost, and political engagement appear to be major
challenges at present.
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