ABSTRACT

ANURAG, ANUP. HV SiC MOSFET Enabled Solid State Transformers for Mobile Utility
Support Equipment-based Applications. (Under the direction of Dr. Subhashish Bhattacharya.)

The emergence of wide bandgap semiconductors in power electronics has made it possible
to manufacture high voltage (HV) devices with low on-state resistance and offer fast switching
transitions. This has enabled high switching frequencies in MV applications, which reduces the
size and weight of the magnetic components and has opened up various opportunities in the
field of power transmission and distribution. For grid-connected applications, at a distribution
voltage level of 4.16 kV or higher, the use of two-level converters is not possible with silicon-
based integrated gate-bipolar transistors (IGBTs) of metal-oxide-based field-effect transistors
(MOSFETSs). Conventionally, these grid connections are made using gate turn-off thyristors
(GTOs) or integrated gate-commutated thyristors (IGCTs). With the use of Si IGBTS, it becomes
necessary to move towards a three-level neutral point clamped (3L-NPC) converters or five-level
neutral point clamped (5L-NPC) converters for maintaining a voltage of <4 kV across the
devices considering the voltage overshoots.

However, with the availability of power devices such as SiC MOSFETs and SiC IGBTs
with blocking voltages up to 15 kV, simple two-level architectures can be realized for MV
grid-connected applications. With the increasing popularity of MVac and MVdc microgrids, it
has become necessary to have suitable MVac/MVdc, MVac/MVac, or MVac/LVac converters
to integrate MVac systems with AC or DC microgrids. On account of this, an MV solid-state
transformer (MV-SST) enabled by 10 kV SiC MOSFETS is developed to integrate an MV grid
of 4.16 kV to a low voltage (LV) grid of 480 V. The MV-SST is divided into three stages:
MVac/MVdc stage, MVdc/LVdc stage, and LVdc/LVac stage. These three stages ensure an SST
operation to integrate MVac and LVac grids and provide an option to integrate DC loads or DC
grids at the DC ports. The three power conversion stages are realized by two MV and two LV
three-phase two-level power blocks.

This thesis focuses on the design, hardware development, and experimental demonstration
of this MV-SST system. Since the MV-SST system is enabled by 10 kV SiC SiC MOSFETs in a
two-level architecture, a very high dv/dt (up to 100 kV /ps) is observed at the mid-point of a
half-bridge structure. This high dv/dt coupled with the high voltage operation of these devices
brings in a lot of challenges while designing such systems. One of the most critical parts of the
basic operation of a converter system is the gate-driving stage. While gate-driving low voltage
devices are well known in the literature, driving 10 kV SiC MOSFETSs brings in additional
challenges due to a higher voltage isolation requirement (>10 kV) along with the need to have a
low parasitic capacitance across the gate driver owing to the high dv/dt. These two requirements
typically do not go hand-in-hand and counter each other. A novel gate-driver is designed and

implemented for these HV devices taking into account these two requirements along with having



an optimized footprint. A review of gate drivers for MV devices is also carried out, and design
guidelines are established for building such a gate driver.

The 10 kV SiC MOSFETSs are at their nascent stage of development. To use these devices in
converter applications require rigorous testing at a basic stage. However, even the basic testing
of these devices requires the development of various components such as bus bars, thermal
management systems, DC-link capacitors, and gate drivers. The design challenges for each of
these components are identified, and the potential solutions are implemented for developing the
three-phase two-level MV power block. Since one of the power blocks is aimed at the MVac/MVdc
stage (front-end converter), filter inductors are required for integrating the converter system
into the grid. These inductors are used for the basic testing of the devices in addition to being
used as the LC'L filter for the grid connection. Since the filter inductors are connected to the
MV power block, the effect of high dv/dt needs to be taken into account while designing the
inductors to avoid differential-mode currents through these inductors during converter switching.
The feedback and controller implementation is also carried out. With the converter operating
with a noisy high dv/dt environment, proper care needs to be taken while sensing the voltage
and current values. A few solutions are provided to mitigate the effects of these noises.

A similar MV power block is used in the MVdc/LVdc stage of the MV-SST system. The
dual-active bridge converter system forms the MVdec/LVdc stage, and it requires a high-frequency
isolation link, which is provided by three single-phase high-frequency transformers operating
at 20 kHz. This thesis demonstrates the operation of a three-phase Y-A connected dual active
bridge converter used in the MVdc/LVdc stage of the MV-SST system. The equations for phase
currents, power flow, and ZVS boundaries are determined, which provides a theoretical analysis
for designing such a system. The influence of the higher output capacitance of the 10 kV SiC
MOSFETSs as compared to 1200 V devices is also shown. A discussion on the characterization
and modeling of the high-frequency transformer is provided. The high-frequency transformers
are tested in various conditions to ensure proper operation. Experimental results demonstrating
the operation of the 10 kV SiC MOSFETs at 7.2 kV DC-link voltage, as well as the operation of
the high-frequency transformers in the three-phase dual active bridge converter system is shown.
An additional analysis demonstrating the loss of soft-switching at certain regions of operations
is provided and validated with experimental results.

The LV side of the MVdc/LVdc stage is formed by an LV power block which is a three-phase
two-level structure made using 1200 V/325 A SiC MOSFETs. The hardware development and
testing of the power block are carried out to ensure that the LV power block can handle full-power
operation. A similar LV power block makes the LVdc/LVac part of the MV-SST system. Similar
to the controller design used in the MV side, the control architecture of the LV side is also
developed.

Cascading individual converter systems can lead to stability issues at the connection ports.
A stability study based on the impedance matching method is carried out for selecting the

parameters to ensure stable operation of the MV-SST system. Since the individual converter



systems are tested, the entire MV-SST system is cascaded together, and the entire system is
operated. Operation of the MV-SST system is demonstrated in both the laboratory environment
and also inside a mobile container and is currently deployed at Monterey, California.

A successful operation of the MV-SST system using 10 kV SiC MOSFETSs, combined with
the inherent benefits of SiC devices, alludes to the fact that MV-SST converter systems with
10 kV SiC MOSFETSs can accelerate the growth of these converters and devices for various field

operation, thus replacing conventional silicon-based IGBTs.
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Chapter 1

Introduction

1.1 History

Before electric power networks, various systems like telodynamic, pneumatic, and hydraulic
transmission systems were used to transmit power across large distances [1]. With the advent
of electric power generation, it was possible to replace the existing transmission systems with
cheaper and more versatile electrical transmission systems. Seeing an opportunity in the emerging
eld of electrical transmission, in the late 19" century, three brilliant inventors, Thomas Edison,
Nikola Tesla, and George Westinghouse, battled over which electricity system | direct current
(DC) or alternating current (AC) - should become standardized. Edison championed the DC
system, in which electrical current ows steadily in one direction, while Tesla and Westinghouse
promoted the AC system in which the ow of current constantly alternates. Since it is not easy
to convert DC to higher or lower voltages, Tesla believed that AC could provide a solution
for the same due to his invention of transformers. With Westinghouse promoting AC electric
systems, Edison was threatened by the rise of AC and launched a propaganda campaign to
discredit AC and convince people that it is dangerous. Ultimately, Edison failed to discredit AC,
and Westinghouse won the contract for supplying electricity to the 1893 World Fair at Chicago.
Westinghouse also grabbed a vital contract to construct AC generators for a hydroelectric power
plant at Niagara Falls. In 1896, the power plant started delivering electricity to Bu alo, NY, 26
miles away. This achievement is regarded as an uno cial end to \the war of the currents”, and
AC became dominant in the electric power industry [2]. By the end of 18" century, the transition
from conventional non-electrical-based transmission systems to an AC electrical transmission
system became complete.

1.2 Background

With the invention of transformers and AC winning \the war of the currents" in the 1890s,
the AC power system network prevailed as a choice of power transmission. The existing AC
power system network is probably the most complex network ever built by mankind. It would



not be surprising to state that the grid system we depend on for transmission and distribution

of electrical energy has witnessed minimal changes over the period of hundred years. With an
abundance of non-renewable energy sources such as coal and petroleum, making drastic changes
to the grid system was considered non-economical and fruitless. In the last century, most of the
research on grid power systems was focused on making them more stable and robust rather
than introducing di erent state-of-the-art technologies. However, the consumption of electricity
increased exponentially throughout the globe due to rapid industrialization and improved living
standards in developing countries. Due to this rapid growth, the power system network became
too complex and unpredictable. Moreover, the addition of more and more non-linear loads to the
system resulted in the degradation of the power quality in the grid. This introduced reliability
concerns. With electricity a ecting millions of lives, a reliable electrical power supply has become
imperative over the period. It is stated that during the blackout in India in July 2012, hundreds

of miners were trapped underground for hours after their lifts broke down [3]. The need to
improve power quality by introducing controllability into the power system was recognized in
the late 20" century.

In the 1980s, exible AC transmission system (FACTS) based on power semiconductor devices
was introduced to address the controllability and reliability issues [4]. With the advancement in
semiconductor technology, which displaced vacuum tubes in the 1950s, the FACTS industry
relied primarily on silicon bipolar devices, such as bipolar power transistors and thyristors,
since they had a high voltage blocking capability. Even though thyristors based systems like
thyristor-controlled reactors (TCRs), static synchronous compensators (SCRs), active lters,
etc., helped improve the power quality and system reliability, they had fundamental limitations
in terms of cumbersome control and complex protection circuitry. SCRs were slowly replaced by
gate turn-o thyristors (GTOs) since GTOs o ered better turn-on and turn-o control, which
eliminates additional commutation circuits. The major drawback of these power semiconductor
devices was their slow switching, resulting in a lower switching frequency and, consequently,
large passive component sizing [5].

Before power semiconductor devices were used in FACTS, metal-oxide semiconductor (MOS)
technology drove the creation of a new class of devices in the 1970s for power switching
applications. These MOSFETSs could be driven at a high switching frequency but operated at
relatively low operating voltages (< 100 V). In the 1980s, the merger of MOS and bipolar physics
enabled the creation of insulated gate bipolar transistors (IGBTSs) [6]. IGBTs incorporate all the
advantages of a power semiconductor device, including high power density, simple interface, and
ruggedness, making it the best choice for medium and high power applications. Also, due to its
bipolar nature (as compared to unipolar for MOSFETS), the IGBTs can be designed for higher
voltage ratings as compared to MOSFETSs [6, 7]. Recently, IGBTs with a maximum blocking
voltage of 6.5 kV (developed by ABB) are available commercially. For higher voltage blocking
applications, a series connection of these IGBTs are carried out, or multilevel topologies are
used [8{11]. This leads to more complexity in control and additional snubber requirements.
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Figure 1.1 (a) Traditional way of power distribution, and (b) modern way of power distribution show-
ing the increased penetration of renewable energy sources.

With the increased penetration of distributed renewable energy resources such as solar,
wind, and wave energy sources, the impact of power electronics converter systems has become
more prevalent. These renewable energy sources generate electrical power (AC or DC) and are
intermittent in nature [12{14]. For example, a solar panel can not be directly connected to
the grid since it produces low voltage DC. This low voltage DC supply needs to be boosted
up and inverted to AC before interfacing with the grid. This can be done with the help of
power electronics converters. Similarly, for wind energy power conversion, the intermittent
nature and speed of the wind necessitate the use of an interface (variable frequency to xed
frequency) to the grid. Fig. 1.1 shows the paradigm shift from the traditional power system to a
modern power system. In the traditional power system approach, generation based on nuclear
energy, hydroelectricity, and coal is dominant, leading to concentrated generating stations. The



modern power system approach includes distributed generation due to the addition of renewable
energy sources like wind and solar. One of the signi cant impacts of the increased penetration
of distributed renewable sources is on the distribution transformers. In electrical distribution
systems, the transformers convert thousands of volts (MV level) into lower voltages that can be
safely used in homes and businesses. Being a passive component, these transformers have certain
limitations. The downside of these conventional transformers stems from the fact that they are
bulky, often oil-cooled, and are not designed for rapidly changing loads (generally in the case of
increased renewable energy penetration) [15]. Moreover, power ow controllability is also an
issue in the case of these transformers. Transformers form an integral part of the electrical grids,
and an upgrade to handle the additional requirements for a \smarter grid" and the inception of
distributed energy sources is imperative. Unfortunately, an upgrade in a conventional sense is
impossible, and it is time to think beyond conventional transformers.

1.3 Solid State Transformers

With the recent strides in power electronics research, building a smart \solid-state transformer"
to handle the demands of the smart grid seems to be viable. Solid-state transformer (SST) is a
term for collectively describing the AC/AC power electronics converter systems. Typically, these
AC/AC converter systems do not have a single-stage conversion and can be classi ed into four
types as shown in Fig. 1.2 [16]. Of the four possible con gurations, the Type D con guration
is generally preferred due to the presence of two DC-links which enables high exibility in
widespread applications.

With the presence of power electronics semiconductors in a transformer, the controllability
of the transformer increases multi-fold. In addition to having better controllability as compared
to conventional transformers, the SST o ers a multitude of advantages which include:

" Better power density

" Fault current limiting capability

~ Integration with energy storage units

~ Voltage regulation and communication capabilities
" Interconnecting two asynchronous networks

Also, these SSTs can be signi cantly smaller than an equivalent conventional transformer with
approximately half the weight and a third the volume [15]. The improvement of power density

stems from the fact that the solid-state transformer uses a medium/high-frequency transformer
for isolation as compared to the 60 Hz conventional transformer. Fig. 1.3 illustrates the basic
di erence between the conventional low frequency (LF) transformers and the medium frequency
(MF) solid-state transformers.



Figure 1.2 Di erent types of architectures used for HVAC to LVAC conversion. The shaded portion
illustrates the presence of a galvanic isolation.

@) (b)

Figure 1.3 Schematic of (a) a typical star-delta connected conventional line frequency transformer, and
(b) a solid-state transformer. The galvanic isolation in the solid state transformer is provided by the
high frequency transformer (HFT).

The power electronics converter stages in the SST enables control over its full range. Due to
its much lower weight and volume as compared to a conventional transformer, SSTs can play a
very important role in disaster recovery e orts in places where the electrical infrastructure is
damaged and for conditions where volume and weight considerations are of great importance.
It is envisaged that in the future, SSTs could rede ne the electrical grid, creating distribution
systems that are capable of handling distributed energy generation, and dramatically improving
stability and energy e ciency.

Fig. 1.4 shows a concept of SSTs replacing the conventional low frequency transformers at



the distribution grid-utility interface. While the SST concept is not new, its implementation in
MV distribution levels has not been possible due to the unavailability of silicon-based devices
which can block high voltages and simultaneously be e cient enough to compete with the
conventional transformers. This can, however changing with technological improvements in the
eld of wide bandgap semiconductor materials and the advent of high voltage blocking silicon
carbide-based power semiconductor devices.

Figure 1.4 A smart power distribution system where solid-state transformers replace conventional
60 Hz transformers at the distribution level.

1.4 Wide Bandgap Power Electronics Devices

Conventionally, power electronics research has been focused on design improvements in silicon-
based devices. Despite all the design improvements, these devices are nearing their performance
limits. Currently, silicon devices with a maximum 6.5 kV voltage blocking capacity are com-
mercially available. In the past few decades, signi cant research has been done on developing
power semiconductor devices based on wide bandgap (WBG) materials such as silicon carbide
(SiC) and gallium nitride (GaN). Being a WBG material, SiC o ers superior material properties
compared to silicon, as summarized in Table 1.1.

It is worth noting that the energy band gap of SiC is approximately three times that of
silicon, which results in a much lower intrinsic carrier concentration at any temperature, as well
as much smaller impact ionization coe cients at any electric eld. The thermal conductivity
for SiC is also two to three times that for silicon which enables superior heat extraction from
devices. Moreover, the critical electric eld is around ten times that of silicon which makes it
possible to design ultra-high voltage & 10 kV) power devices. Also, the ideal speci c on-state
resistance of a SiC unipolar device can be much smaller than that of its silicon counterpart,



Table 1.1 Fundamental material properties of silicon and silicon carbide [6].

Properties Silicon Silicon Carbide Units
Energy Band Gap 11 3.26 eV
Relative Dielectric Constant 11.7 9.7 -
Thermal Conductivity 15 3.7 W/cm.K
Electron A nity 4.05 3.7 eV
Electron Mobility 1450 900 cm?/Vs
Density of states conduction band 2.80 10'° 1.23 10 cm®
Density of states valence band 1.04 10™ 458 10'° cm?®
Baliga's Figure of Merit (BFOM) 1 223 relative
Breakdown Field 0.25 2.2 MV/cm

enabling SiC chips to be smaller and consequently has lower device capacitance, thus enabling
high-frequency operation. The advantages of silicon carbide over silicon for certain applications
are shown in Fig. 1.5.

Figure 1.5 Summary of relevant material properties for silicon and silicon carbide.

MV SiC devices with greater than 3.3 kV blocking voltages are being developed by various
companies like Wolfspeed, Mistubishi Electric, GeneSiC Semicondutors, ROHM semiconductors
and are available as engineering samples. Medium voltage junction barrier schottky (JBS) and
P-i-N diodes have also been demonstrated in the literature [17, 18]. Bipolar junction transistors
(BJTs) are also being developed [19]. However, these power semiconductor devices are less



common in medium voltage applications and are not discussed further. Medium voltage SiC
switches like MOSFETs and IGBTs are the most promising candidate for medium voltage
applications where currently silicon-based IGBT-based multilevel converters are being used.
For device voltage ratings ranging from 3.3 kV to 15 kV, SiC MOSFETSs prove to be a better
candidate than SiC IGBTs due to their unipolar nature. Currently, SiC MOSFETSs ranging
from 3.3 kV blocking voltage to up to 10 kV blocking voltage are demonstrated [20{24]. For
blocking voltages higher than 15 kV, SiC IGBTs and GTOs are more promising candidates due
to their speci c on-state resistance as compared to MOSFETSs [25]. Engineering samples of SiC
IGBTs up to 27 kV and SiC GTOs up to 22 kV have been reported in the literature [26, 27].
Recently, Wolfspeed has released a 10 kV/20 A SiC MOSFET die with a speci c resistance
of 100m cm 2 [28]. This has led to the development of high current modules where multiple
10 kV SiC MOSFETSs are paralleled to realize a single switch or a half-bridge module [29, 30].
Photographs of MV power semiconductor samples of various voltage and current ratings are
provided in Fig. 1.6.
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Figure 1.6 Photographs of engineering samples of various MV power semiconductor devices (a)
20 kV/10 A SiC JBS Diode Module, (b) 10 kVv/15 kV SiC MOSFET Co-pack module, (c) 15 kV/40 A
SiC IGBT Co-pack module, (d) 6.5 kV SiC MOSFET goldenpack module, (e) 10 kV SiC MOSFET
goldenpack module, (f) 10 kV SiC MOSFET module, (g) 10 kV SiC MOSFET XHV-6 module, and
(h) 10 kV SiC MOSFET XHV-9 module.



1.5 Applications

In addition to the solid-state transformer application at a distribution system level, MV power
semiconductor devices open up di erent areas of application that were previously dominated
by cascading low voltage converters (where a medium/high voltage interface is required) or by
conventional transformers. Applications, where volume and weight are of utmost importance,
employing MV converter systems, bring about a lot of advantages as compared to conventional
solutions.

1.5.1 Shore-to-ship power converters

With an ever-increasing global trade, ship emissions represent an ever-increasing environmental
concern. Recently, a lot of focus is given to sustainability in the ship industry, and drastic
measures are being taken to dramatically reduce ship emissions. One such measure is shore-
to-ship power transfer, as shown in Fig. 1.7. A shore-to-ship power supply allows the ships to
connect to the electricity grid, thus eliminating the use of the onboard power generation units.
The onboard power generation produces copious amounts of pollutants, including SOx, NOX,
CO, and particulate matter [31]. Further, the auxiliary engines signi cantly increase noise levels
and vibrations. With a shore-to-ship electric power supply, a reduction in pollution emissions
and noise and vibration in ports can be expected.

Figure 1.7 Overview of a shore-to-ship power connection for cruise vessels (Reproduced from [31]).

One of the major issues with employing a shore-to-ship power transfer is that the whole
world does not run on the same electrical frequency. While North America and parts of South
America have a 60 Hz grid, the majority of Asia, Africa, Europe, and Australia run on a 50 Hz
power supply. A conventional transformer in the shore-side substation would not su ce. ABB
introduced a family of static frequency converter to help to adjust the grid electricity to the
appropriate ship frequency. This forms as the rst step for a viable solution in replacing vintage
rotating frequency converters (motor/generator set) [32]. ABB uses integrated gate commutated
thyristors (IGCTs) or IGBTSs for their voltage source converters, which limits the switching



frequency of operation, resulting in large passive components. A direct replacement to these
static frequency converters is MV SiC-based SSTs. Along with providing the necessary grid
frequency, the MV SiC-based SST can help in voltage and frequency regulation. The introduction

of SSTs into ports serves as one of the steps towards a \smart port".

1.5.2 Medium voltage DC micro/nano-grid

Micro-grids can be de ned as low or medium-voltage grids located at or near the consumption
sites. They can generate power from both renewable and conventional sources [33]. The concept
of micro-grid is not new. The earliest electrical networks were essentially micro-grids before they
were integrated into regional and national grids. With the increasing penetration of renewable
energy sources, microgrids are becoming increasingly popular [34]. Integrating a micro-grid
with an AC distribution grid requires AC/DC converter systems. Integration with an MV grid
requires MV converter systems for power conversion. One of the standard three-phase MV
distribution grids, suitable for these applications, is a 4160 V - 60 Hz grid [35]. Integrating a
front-end converter system to a 4160 V grid requires a minimum DC-link voltage of 7.2 kV [36].
With the commercially available 6.5 kV silicon IGBTS, it is not possible to have a simple
two-level con guration, and more complicated higher order converters need to be employed. The
availability of 10 kV SiC MOSFETs makes it possible to have a two-level converter system for
such an integration. With an MV DC micro-grid, MVDC/LVDC converters and/or MVDC/LVAC
converters (and vice versa) are required to integrate low voltage AC or DC sources and loads to
the DC microgrid. Fig. 1.8 shows the schematic layout of an MV DC micro-grid.

1.5.3 High-speed motor drives

The emergence of MV power semiconductor devices has opened up considerations regarding
the replacement of LV high-speed variable frequency motor drives with their MV counterpart
due to the large copper loss in the motor winding at high power levels. LV high-speed variable
frequency motor drives are generally used in marine applications, compressors for oil and gas
industries, and wind energy generation systems [37]. Generally, high-speed machines consist of a
large number of poles to minimize the weight and volume of the motor and thus achieve higher
power density [38]. Due to a large number of poles, high-speed machines are driven at high
fundamental frequencies. The traditional silicon-based MV drives have a low switching frequency
operation, and hence a low-speed motor along with interfacing gears are needed to increase
the drive speed. Gears reduce both e ciency and power density of the entire system. With the
use of MV SiC MOSFETSs, the inverter is able to generate a high fundamental frequency, thus
eliminating the need for the gear system and also replaces the low-speed motor, thus improving
the power density drastically. Fig. 1.9 shows the di erence between conventional drive systems
and an MV SiC-based drive system.
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Figure 1.8 Schematic of a radial DC mirco-grid architecture (MT: Micro Turbine, DGT: Diesel Genera-
tor Turbine, BESS: Battery Energy Storage System, EV: Electric Vehicle, PV: Photovoltaic).

1.5.4 Other applications

In addition to the above mentioned applications, the use of MV converter systems and speci cally
MV solid state transformers are well suited for the following applications too.

~ Medium voltage high power EV battery charging [39, 40]

~ Traction applications [41, 42]

" Data center power supplies [40]

" Integration of renewable energy sources into the MV-AC distribution grid [43{46]

" Integration of BESS into the MV-AC distribution grid [47, 48]

1.6 Aims and Challenges

With the MV power semiconductor devices bringing up a multitude of performance bene ts in
a variety of applications, they bring along their own share of challenges. From a system-level
perspective, reliable operation of these devices and interfacing them to the grid provides a major
challenge in terms of maintaining power quality.
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Figure 1.9 Schematic of (a) a MV silicon based, and (b) a MV silicon carbide based voltage source
inverter for high speed motor drives application.

The objective of the dissertation is to design and experimentally validate a 10 kV SiC
MOSFET-based 100 kW, three-phase SST to interface a 4.16 kV to 480 V grid. To achieve the
necessary performance parameters and to ensure a reliable operation of the SST, the following
points have been identi ed as the major challenges and are treated in detalil in this dissertation.

~ Isolated gate driver power supply: While gate drivers are commercially available
for SiC devices with a blocking voltage range of 650 V - 1700 V, there are very few
commercial gate drivers for 10 kV SiC MOSFETSs due to the challenges associated with
them [49]. The MV SiC MOSFETSs' fast switching transients can result in a dv=dt as high
as 100 kV/us, which imposes a requirement for a very low isolation capacitance in the gate
drive circuit [50, 51]. Also, the severedv=dt stresses reduce the lifetime of the insulation
material over time [52]. Aimed at a robust solution to drive future MV SiC modules, a
compact gate driver isolation transformer with a very low coupling capacitance is designed.

Short circuit protection of the MV devices: To avoid catastrophic damage to the

MV converter system, gate drivers of devices are usually equipped with a short-circuit
protection circuit. Currently, the MV semiconductor devices are very expensive and have
long lead times, which adds up to why short-circuit protection is even more necessary in
these systems. A short-circuit protection circuit is designed and integrated with the gate

driver circuitry to protect the 10 kV SiC MOSFETs from a hard switching fault condition.
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