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Opportunities, Challenges and Potential Solutions in
the Application of Fast-switching Silicon Carbide
(S1C) Power Devices and Converters

Xibo Yuan, Senior Member, IEEE, 1an Laird, Member, IEEE and Sam Walder

Abstract- Power devices based on wide-bandgap (WBG)
material such as silicon-carbide (SiC) can operate at higher
switching speeds, higher voltages and higher temperatures
compared to those based on silicon (Si) material. This paper
highlights some opportunities brought by SiC devices in existing
and emerging applications in terms of efficiency and power
density improvement. While the opportunities are clear, there are
also design challenges that must be met in order to realize their
full potential. For example, the fast switching speeds and high
dv/dt of SiC devices can cause increased electromagnetic
interference (EMI), current overshoot, cross-talk effect and have
a negative impact on loads such as motors. This paper presents
several potential solutions to tackle the application challenges
and to fully exploit the superior characteristics of SiC devices and
converters while attenuating their negative side-effects. This
paper provides an overview of recent SiC device research and
development activities based on academic literature, work
carried out by the authors and collaborators as well as input
from industry. It aims to provide benchmark results and a timely
and useful reference to accelerate the adoption and deployment
of SiC devices and converters.

Index Terms —Silicon carbide (SiC); wide-bandgap; power
converters; efficiency; dv/d¢; power density

I. INTRODUCTION

The emergence of wide-bandgap (WBG) material such as
silicon-carbide (SiC) and gallium-nitride (GaN) based power
devices has brought with it clear opportunities for enabling
compact, more efficient power converters, operating at higher
voltages, frequencies and temperatures to meet the increasing
demand from a range of existing and emerging applications.

Fig.1 shows the properties of three semiconductor materials,
i.e. silicon (Si), SiC and GaN [1]. As seen, SiC has a wider
bandgap than Si, which enables higher temperature operation.
The higher breakdown field of SiC leads to a higher voltage
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blocking capability with both a practical material thickness
and a reasonable on-state voltage drop. Higher thermal
conductivity reduces the thermal resistance for better heat
(power loss) dissipation.

Although the research into SiC power devices dates back to
the 1980s [2], commercially available SiC power devices only
started appearing in 2001 with the introduction of SiC
Schottky diodes and JFETs [3, 4] and then in 2010 with SiC
MOSFETs and BJTs. At the time of writing, 1.7kV/25A
discrete SiC Schottky diodes, 1.7kV/72A discrete SiC
MOSFETs, 1.7kV/225A SiC MOSFET modules, from
CREE/Wolfspeed and 1.7kV/160A SiC BJT modules from
GeneSiC represent some of the highest voltage/current rated
devices commercially available.

In terms of high-temperature devices, 210°C SiC BJTs
(600V/20A) from GeneSiC are commercially available. From
the published literature, 15 kV SiC IGBTs, 10 kV SiC
Schottky diodes and MOSFETSs have been tested in labs [5, 6]
as well as 250°C SiC modules [7, 8]. Currently, the voltage
ratings of SiC power devices are 650V and higher, mainly
targeting applications with a dc-link voltage higher than 400V
while the voltage ratings of GaN power devices, e.g. high-
electron mobility transistors (HEMTs) are below 650V.
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Fig.1. Semiconductor properties of Si, SiC and GaN [1].

At present, the main suppliers of SiC power devices include
CREE/Wolfspeed, ROHM, Infineon, STMicroelectronics,
GeneSiC and Microsemi. The main suppliers of GaN power
devices include GaN systems and EPC.

The high voltage, high switching speed and high
temperature capabilities of SiC power devices have the



potential to bring significant performance improvement to
existing systems and enable new applications. For example, in
the medium-voltage (3kV~33kV) high-power drive area, the
cascaded H-bridge (CHB) converter is one of the most popular
structures. And it is probably the only choice when the
required output voltage is higher than 6kV due to the voltage
limitation of Si IGBTs or IGCTs (normally limited to 6.6kV)
if a series connection of power devices is not desired [9, 10].
However, the CHB converter suffers from a low power
density due to the requirement of a large input multi-winding
transformer. Furthermore, a large dc-link capacitance with a
high voltage rating is required to filter out the single-phase
low-frequency power ripple in each H-bridge cell, which
significantly adds to the system volume and cost while also
degrading the reliability. Normally, the capacitors account for
around 1/3 of the volume and cost of the converter. With high-
voltage 10kV+ SiC MOSFETs and 15kV+ SiC IGBTs [6], a
6kV or 10kV output can be achieved directly with a high-
power-density three-level diode neutral-point-clamped (NPC)
structure instead of using a cascaded structure or a multilevel
modular converter (MMC) [11]. Thus, no large dc-link
capacitors or complex input transformers are needed, and the
structure is much simpler.

The reduced switching loss of fast-switching SiC devices
means the converter switching frequency can be increased. In
medium voltage and high power (MW+) applications, the
switching frequency can therefore be extended from below
1kHz with Si devices to several kHz with SiC devices [12].
This enables a higher control bandwidth, lower current/voltage
ripples which reduces the converter’s filtering requirement.
Compact and high-efficiency SiC-device-based, medium-
voltage power conversion systems can also facilitate the
adoption of power-electronics-based power distribution
equipment such as solid-state-transformers, where the power
density and efficiency have been identified as a bottleneck to
them replacing the conventional transformers [13]. The
power-electronics-based distribution network can provide
significant control advantages, especially for interfacing
renewable sources, energy storage as well as for more
electrified transportation systems.

In motor drive or power generation applications, in order to
reduce the weight and size of electric machines (motor or
generator), high speed machines (lower torque for the same
power) with a high number of poles are preferred. This results
in electric machines with a high fundamental frequency and
thus demands power converters with a high switching
frequency, which the SiC devices are suited to. High
switching frequency also leads to lower dc-link
voltage/current ripples, thus reducing the required dc-link
capacitance so that a higher power density can be achieved.
This also allows film capacitors to replace electrolytic
capacitors in the dc-link for a higher reliability in electric
vehicle (EV) drive applications given the low capacitance to
volume ratio of film capacitors. High-switching-frequency
drives can also reduce the switching-harmonics-induced rotor
losses, e.g. in permanent magnet machines, where the heat

(losses) is more difficult to dissipate from the inner rotor as
the liquid cooling is provided through the outer stator.

Another area where SiC power devices will be a key
enabler is more electric aircraft (MEA) or full electric aircraft
(FEA) with hybrid/full electric propulsion, which requires tens
of MW of efficient power conversion with high fundamental
frequency (kHz) drives, higher voltage levels (>1kV) as well
as higher power density (>20kW/kg) [14]. Similarly, SiC
power devices will be key for high-power wireless power
transfer systems, where the trend is to push the frequency from
tens of kHz to MHz at kW power levels to minimize the coil
size and increase the power transfer distance and efficiency
[15]. As the frequency of WBG devices gets higher and
higher, more and more techniques used for radio frequency
(RF) engineering can be used for power electronics such as

circuit topologies (e.g. class E/F converters [16]),
current/voltage measurement techniques and parasitic
analysis.

The high temperature characteristics of SiC devices can
reduce the cooling requirement or potentially change the
cooling method, e.g. moving from liquid cooling to forced air-
cooling. It also enables the devices to operate in harsh, high-
temperature  environments. However, most of the
commercially available SiC discrete devices or modules today
still have a maximum junction temperature of 150°C, which is
not much higher than the junction temperature of standard Si
devices of 125°C. In fact, there are also commercially
available 175°C Si IGBT modules. The limitation on the
maximum junction temperature is partly due to the lack of
reliable and low-cost packaging solutions, where existing
packaging solutions for power modules and discrete devices
have a temperature limit around 175°C [17]. Also, at higher
temperatures, the gate oxide of SiC MOSFETs exhibits
reliability issues. Furthermore, the on-state resistance Rason)
of SiC MOSFETs increases rapidly with the temperature. For
example, for the Wolfspeed C2M0040120D SiC MOSFET,
the Rasony at 150 °C is 72 mQQ, 1.8 times of that at 25 °C (40
mQ) [18]. Thus, the on-state resistance, corresponding voltage
drop and conduction losses of a SiC MOSFET at high
temperature is another concern. Similarly, for SiC BJTs, the
current gain drops with the increase in temperature [19, 20].

Fig.2 shows some application examples that can benefit
from high-voltage and high-frequency SiC devices.
Transformative improvement can be made for medium voltage
power conversion in terms of efficiency and power density,
and for MHz frequency power conversion in terms of light-
weight passive components such as air-core inductors and
ceramic capacitors.

SiC converters are being demonstrated or adopted in
applications such as solar inverters [21, 22], railway traction
inverters [23], EV/HEV drives [24-26], uninterrupted power
supplies (UPS) [27] and high voltage applications [28]. One of
the most cited application examples is the adoption of SiC
MOSFETs in Tesla Model 3 EVs [24], supplied by
STMicroelectronics.
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Fig.2. Potential application examples using SiC devices at various voltage and
frequency levels.

Although there is literature reviewing WBG power
semiconductor devices [1] and their applications [4, 5], there
is a lack of review of research aspects at the component and
converter level for SiC devices. This paper therefore aims to
fill part of this gap and highlight some opportunities,
challenges and potential solutions in the application of SiC
power devices and converters. The aim is to provide a useful
reference for researchers and engineers to better understand
these devices and accelerate their wider deployment in various
applications and realize their full potential.

The structure of the paper is organized as follows: Section
IT shows the capabilities of SiC devices, especially relating to
fast switching speed, reduced power losses and the resultant
higher efficiency and power density. Section III reveals some
of the key challenges of using SiC devices, especially those
due to high dv/dz. Section IV provides some solutions to
address the challenges given in Section III. Section V
concludes the paper.

II. PERFORMANCE IMPROVEMENT WITH SIC POWER DEVICES

One of the earliest adopted SiC devices was the SiC
Schottky diode, which has zero reverse-recovery loss. The
voltage ratings of Si Schottky diodes are limited to 200V
while the SiC ones can reach 10kV. SiC Schottky diodes can
be co-paired with Si IGBTs to offer a cost-effective solution.
By replacing a Si PN diode with a SiC Schottky diode, the
total switching loss may be reduced by 25% [29] as this
removes the power loss due to reverse recovery in the diode
and IGBT. This leads to either reduced cooling requirements,
efficiency improvement or a higher switching frequency. Fig.3
shows the reverse recovery characteristics of a Si PN diode
(IXDH20N120D1) and a SiC Schottky diode (GA35XCP12-
247) during turn-off [30]. As seen, the SiC Schottky diode has
a much smaller negative current due to the removal of the
reverse recovery effect. The small negative current of the SiC
diode is due to the charging of its junction capacitance. [30]
has discussed the EMI benefits of removing the reverse
recovery current by using SiC Schottky diodes to replace Si
PN diodes. The conclusion is that the EMI reduction is
relatively small unless the Si diode has a super-fast (<30ns)

reverse recovery current slope (higher harmonics), the
removal of which can lead to a clear EMI reduction.

Fig.4 compares the turn-off (reverse recovery) energy of
three diodes: a standard Si PN diode (DSEC60-12A), a fast Si
PN diode (DSEI12-10A) and a SiC Schottky diode
(GA35XCP12). As can be seen, the SiC Schottky diode has
the smallest turn-off energy due to the absence of reverse
recovery [30].
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Fig.3. Turn-off current of a Si PN diode (IXDH20N120D1) and a SiC
Schottky diode (GA35XCP12-247).
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Fig.4. Turn-off (reverse recovery) energy of a Si PN diode (DSEC60-12A), a
fast Si PN diode (DSEI12-10A) and a SiC Schottky diode (GA35XCP12).

Regarding fully-controlled SiC switching devices,
commercially available ones include MOSFETs, BJTs and
JFETs. SiC MOSFETs have the greatest potential to replace Si
IGBTs. The SiC MOSFET has a faster switching speed and
hence lower switching loss than the Si IGBT. Therefore, it
may replace the IGBT to achieve a higher efficiency for the
same switching frequency or to achieve a higher switching
frequency with a similar efficiency. The voltage ratings of SiC
MOSFETs range from 650V to 10kV+, which covers and
extends the voltage range of Si IGBTs. Currently, there are
SiC MOSFET samples with a voltage rating of 10kV [6] and
15kV [31]. A 10kV, 120A SiC module is demonstrated in [28,
32]. Other SiC devices need special arrangements to be used.
The SiC JFET is a normally-ON device, though cascode
configuration can be used to make the device normally-OFF.
The SiC BJT needs a constant base current to drive and
requires an additional anti-parallel diode if used in inverter
applications.

From the conduction loss point of view, as a uni-polar
device, the SiC MOSFET does not offer much a conduction



loss benefit compared to the Si IGBT as a bi-polar device with
conductivity modulation. Also, as mentioned, the on-state
resistance (Rasony) of SiC MOSFETS increases quickly with
temperature. For example, two representative devices are
given here for comparison: one is a SiC MOSFET from
Wolfspeed (C2M0040120D) and the other one is a Si IGBT
from Infineon (IKW40N120T2). Both these two devices are
rated 1200V and 40A at around 150°C. From the datasheet,
the Rasony of the SiC MOSFET is 84mQ at 150°C and this
translates to a voltage drop of 3.36V at 40A. In contrast, the Si
IGBT voltage drop is 2.25V at 40A at 150°C. As seen, in this
case, the Si IGBT has even lower voltage drop (conduction
loss) than the SiC MOSFET. Fig.5 further shows the forward
voltage drop of these two devices. As expected, the SiC
MOSFET forward voltage drop has a linear slope, i.e. Rason
within 60A. The Si IGBT forward voltage drop has some
initial voltage drop (Vcro) followed by an exponential curve.
At low current, the MOSFET has lower voltage drop and at a
higher current (>20A), the IGBT has a lower voltage drop.
Because the SiC MOSFET does not have the initial voltage
drop (Vcro) as in Si IGBTs, at low current (low load)
conditions, the SiC MOSFET will have lower losses.
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Fig.5. Si IGBT and SiC MOSFET forward voltage drop characteristics.

For the switching loss, with the same gate resistance of
12Q, the Si IGBT (IKW40N120T2) has a total switching
energy loss (turn-on and turn-off) of 5.25mJ while that of the
SiC MOSFET (C2M0040120D) is 2.1mJ, which is much
lower than the Si IGBT. Therefore, the main benefit of using
SiC MOSFETs is on the switching loss reduction.

Fig.6 shows turn-off transient waveforms measured in an
experiment of a Si IGBT with a Si diode (All-Si), a Si IGBT
with a SiC diode (Si-SiC) and a SiC MOSFET (All-SiC). As
seen, the SiC MOSFET switches much faster (within 50ns)
than the Si IGBT (500ns). The turn-on speed of a SiC
MOSFET is much faster than a Si IGBT as well. This fast
switching speed can lead to a significant reduction of the
switching loss, and thus improve the efficiency. Note that the
turn-on switching loss of a SiC MOSFET is normally higher
than the turn-off switching loss due to the higher turn-on
current overshoot and no tail-current during turn-off (as in
IGBTs), which will be analysed in later sections.
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Fig.6. Turn-off transients of a Si IGBT with a Si diode (All-Si), a Si IGBT
with a SiC diode (Si-SiC) and a SiC MOSFET (All-SiC) [33].

Fig.7 shows the measured efficiency of a SkW three-phase
two-level SiC MOSFET converter, where both a thermal
superposition-based method [34, 35] and an analytical
converter power loss model with switching energy obtained
through double pulse test (DPT) [35] have been used to obtain
the efficiency. In comparison, the efficiency of a Si IGBT
converter of the same power rating has been plotted using the
analytical converter power loss model with switching energy
obtained through DPT. As can be seen, the SiC MOSFET
converter has a higher efficiency than the Si IGBT converter.
The efficiency of the Si IGBT converter drops to ~98.2% at a
20kHz switching frequency. This is why the switching
frequency of a hard switched two-level IGBT converter is
normally below 20kHz [36].
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Fig.7. Variation of efficiency with switching frequency of a Si IGBT based
converter and a SiC MOSFET based converter (DPT: double pulse test).

In comparison, the switching frequency of the SiC
converter can be extended to 60kHz, while still retaining an
efficiency above 98%. The ability to increase the switching
frequency can lead to a volumetric reduction of passive
components, such as filter inductors and capacitors, and hence
improve the system power density. High switching frequency
operation is also an enabler for high-frequency motor drives,
where the fundamental frequency can reach several kHz for
multi-pole high-speed electric machines (for the pursuit of
volume and weight reduction). On the other hand, with the
same switching frequency, the efficiency of the SiC MOSFET
converter will be higher than the Si IGBT converter due to the



reduction of the switching loss. The improvement in efficiency
can reduce the cooling requirements (heatsink) or enable a
step change from liquid cooling to air cooling. Note that, a 1%
improvement in efficiency around 98% means a 50% power
loss reduction. In other types of converter topologies such as
soft-switching topologies and multilevel topologies, the
switching frequency can be pushed to an even higher level
than the two-level hard-switching converter. For example,
Vienna rectifiers can operate at a switching frequency of
50kHz with Si IGBTs [37]. If the IGBTs are replaced with SiC
MOSFETs, the switching frequency can be further extended
into the 70 to 100kHz range. For single-phase systems, SiC
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MOSFETs replacing Si IGBTs can also lead to efficiency
improvement or achieve a higher switching frequency [38-40].

Fig.8 shows the turn-on and turn-off test results of a high-
power (1700V, 300A) SiC MOSFET (CAS300M17BM2)
module and a Si IGBT (FF200R17KE3) module with the same
voltage and current ratings. The test currents are 120A and
200A, respectively [41]. As seen, the switching transients of
the SiC MOSFETs are much faster than the Si IGBTs, noting
the long tail current of the Si IGBTs during turn-off on the
right in Fig.8(b). The switching transient time of the high-
power SiC MOSFET modules is within 100ns.
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Fig.8. Turn-on and turn-off transients of a SiC MOSFET module and a Si IGBT module: dotted line: current; solid line: voltage. (a) SiC MOSFET switching
voltage and current. Left: turn-on waveforms; Right: turn-off waveforms. (b) Si IGBT switching voltage and current. Left: turn-on waveforms; Right: turn-off

waveforms.

In regard to the converter power density improvement due
to the lower switching loss and higher switching frequency of
SiC devices, [35] has shown a holistically optimized design
for a 5kW air-cooled three-phase DC/AC converter. By
replacing Si power devices with SiC ones, the total converter
volume and weight has been reduced from 3.7L to 1.4L and
from 8.2kg to 2.2kg for the same efficiency of 98%,
respectively as shown in Fig.9. The corresponding switching
frequency of the SiC converter is 63kHz in comparison to
6kHz of the Si IGBT converter. The SiC converter has
achieved a power density of 3.5kW/L including EMI filters.

Similarly, for DC/DC converters, [42] has shown a weight
reduction from 6.9kg to Skg for a liquid-cooled S0kW DC/DC
converter by replacing Si IGBTs with SiC BIJTs. The
switching frequencies are 75kHz and 25kHz respectively for
the SiC converter and Si converter. This achieves a power
density of 10kW/kg of the SiC converter. A recent

development has further pushed the power density to 15.7
kW/kg and 31.5kW/L for an 80 kW DC/DC converter
switching at 115kHz with an efficiency of 96.6% [43]. Fig.10
shows the picture of the 80kW DC/DC converter using SiC
MOSFETs.
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Fig.9. Converter volume split (Left: SiC MOSFET converter, Right: Si IGBT
converter). Line: line inductor, DM: differential-mode filters, CM: common-
mode filters, Cdc: dc-link capacitor [35].
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Fig.10. Picture of the 80kW DC/DC converter prototype based on SiC
MOSFETs, achieving a power density of 15.7kW/kg and 31.5kW/L [43].

Fig.11 further shows a 500kW forced-air-cooled SiC
MOSFET based DC/AC converter that achieves a high-power-
density of 1.2kW/L (or 1.2MW/m?). The converter is formed
by five 100kW two-level SiC converters connected in parallel.
The DC input voltage is 650V and the AC side output voltage
is 380V. The switching frequency is 20kHz. The capability to
handle 1.2MW within 1m?® is significant with forced-air-
cooling and will clearly improve the power density of
applications such as motor drives, solid-state-transformers and
grid-forming converters.

123cm

Fig.11. A 500kW forced air cooled three-phase DC/AC converter based on
SiC MOSFETs with a power density of 1.2kW/L.

Apart from the SiC MOSFET, another promising SiC
power device is the SiC BJT, which does not have the gate
oxide reliability issue seen in SiC MOSFETs. This is an
advantage when it comes to device and system reliability,
especially at high temperatures. As mentioned, there are
commercially available 210°C SiC BJTs [19]. However, the
SiC BJT needs a constant base drive current to keep the device
ON and requires an additional anti-parallel diode for inverter
applications. The current gain (hgg) of SiC BJTs is much
higher than that of the Si BJTs, e.g. 70 for a SiC BJT vs. 10 for

a Si BJT. Therefore, the base current requirement for SiC BJTs
is much lower. Also, proportional gate drivers with very low
loss can be used for SiC BJTs [44], where the base current is
sourced from the main circuit and is proportional to the main
(drain) current. An overview of gate drive technologies for
SiC BJTs is given in [45].

A like-for-like comparison has been carried out between a
5kW three-phase SiC MOSFET (C2M0040120D) converter as
shown in Fig. 12 and a SiC BJT (GA10JT12) converter with
proportional gate drivers as shown in Fig.13.

Gate driver

SiC BJT and SiC Schottky Diode
Fig.13. A 5kW three-phase DC/AC SiC BJT based converter.

Fig.14 shows the switching performance of the SiC
MOSFET and the SiC BJT converters during both the turn-on
and turn-off transients. The SiC MOSFET was tested with
various gate resistor values (0Q to 24€Q) and the gate
resistance of 5.1Q is given in Fig.14 as an example. The SiC
BIT is driven by a proportional gate driver [20, 44]. As seen
the switching times (overlap between the voltage and current)
of these two devices are very similar. The voltage overshoot of
the BJT during turn-off is higher than the MOSFET while the
current overshoot during turn-on of the BJT is smaller due to
the additional (leakage) inductance of the current transformer
of the proportional gate driver in the switching loop. The
switching transient of the SiC BJT can be further adjusted
through the supplied gate current.
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Fig.14. Comparison of switching performance of SiC MOSFETs and SiC
BITs. (a) Turn-off. (b) Turn-on.

The converter efficiency comparison between SiC
MOSFETs and SiC BJTs is given in Table I with a switching
frequency of 60kHz, where their efficiencies are very close.

TABLE 1. EFFICIENCY COMPARISON BETWEEN THE THREE-
PHASE SIC MOSFET CONVERTER AND SIC BJT CONVERTER

Parameter MOSFET BJT
DC link voltage (V) 599.31 599.59
Input current (A) 6.93 6.95
Input power (kW) 4.15 4.16
Output phase voltage (V) 187.05 187.52
Output phase current (A) 7.23 7.29
Output power (kW) 4.05 4.05
Efficiency (%) 97.65 97.30

Fig.15 shows the three-phase converter output voltage and
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currents at 4kW with SiC BITs [46].
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Fig.15. Three-phase SiC BJT converter output waveforms (top: three-phase
currents, bottom: line voltage)

A performance comparison between SiC MOSFETs and
SiC BIJTs used in dc/dc converters can be found in [42] [47],
which shows similar results.

Regarding high-voltage capabilities of SiC devices, [6]
presented a solid-state transformer demonstrator example.

I11. CHALLENGES IN THE APPLICATION OF SIC POWER
DEVICES AND CONVERTERS

The main challenges caused by the fast switching speed of
SiC devices exisit at both the component level (Section III. A,
B, C) and the converter level (Section III. D, E). At the
component level, the challeges include the voltage and current
oscillations (overshoot, losses), cross-talk effect, parasitic
effect, high-speed gate drivers, EMI and passive components.
At the converter level, the high dv/d¢ can cause negative
impact on loads such as motors. Also, the deadtime setting
under high switching frequencies, fault-detection and
protection and how to increase the converter capacity using
exisiting SiC power devices are other converter challenges.
These challenges will be presented in detail below.

A. Current overshoot, ringing, EMI and switching loss

Though SiC converters can offer clear efficiency and
power density improvement, there are also challenges in the
design and application of these devices. The high switching
speed means high voltage and current slew rates, i.e. dv/df and
di/dt. Fig.16 shows the turn-on voltage and current waveforms
of SiC MOSFETs with various values of the gate resistance.
The smaller the gate resistance is, the faster the switching
speed and the lower the switching energy are. However, as
seen in Fig.16, as the switching speed increases, the current
overshoots and ringing due to parasitic effects (e.g. parasitic
inductance and capacitance in the commutation loop) become
larger. The current overshoot is due to the charge of the output
capacitance of the complementary MOSFET, parasitic
capacitance of the PCB and the load, which will increase the
turn-on loss and reduce the expected efficiency. The ringing
can create harmonic spikes in the EMI spectrum.
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Fig.16. Turn-on switching waveforms of SiC MOSFETs with various gate
resistor values.

The increased switching speed (sharper edges) directly
leads to higher harmonic contents at higher frequencies, e.g.



MHz+ due to higher voltage/current slew rate. The increase in
switching frequency enabled by SiC devices also increases the
harmonics in both the low-frequency (switching frequency)
and high-frequency regions due to the increased number of
switching actions. Therefore, both the increase in switching
speed, and switching frequency will increase the harmonics
and EMI level.

Fig.17 illustrates the impact of the switching speed (rise
time, ) and switching frequency on the harmonics. In
Fig.17(a), the rise and fall time are assumed to be the same. As
seen, the reduction of the rise time (#) from 100ns to 50ns
causes the harmonics to increase in the MHz+ region. As
shown in Fig.17 (b), once the switching frequency is doubled
from 20kHz to 40kHz, the harmonics increase in both the
switching frequency region (kHz) and MHz+ region, i.e. over
the whole frequency range.
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Fig.17. The impact of switching speed (rise time) and switching frequency on
the harmonics and EMI. (a) The impact of rise time on harmonics (EMI). (b)
The impact of switching frequency on harmonics (EMI).

Fig.18 shows the harmonic analysis of the switching
currents in Fig.16. Consistent with the analysis in Fig.17(a), as
the switching speed increases (due to smaller gate resistance),
the magnitude of harmonics (EMI) increases accordingly,
which may result in requiring additional EMI filters. Also,
there are clear spikes in the EMI spectra due to the ringing in
the time domain waveforms. Designing EMI filters to
attenuate the high-frequency harmonics can be challenging as

the high-frequency components tend to go through the
parasitic elements of the circuit rather than the main circuit.
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Fig.18. EMI spectra of the switching currents in Fig.16.
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Fig.19 shows the trade-off between switching loss and
EMI. As the switching speed increases, the switching loss
reduces but the EMI level increases. The EMI metric used

here was defined in [48].
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Note that, the turn-off waveforms (not shown here) are
much ‘cleaner’ than the turn-on waveforms in Fig.16 with less
voltage and current overshoot and ringing. Hence, the voltage
overshoot during turn-off, which was normally a concern, may
not be an issue if the parasitic inductance in the circuit power
commutation loop is properly minimized in the design.

In order to investigate the switching loss generation
mechanism (especially during turn-on) and further break down
the losses, the turn-on and turn-off energies are calculated
based on tests with a SiC-MOSFET half-bridge converter
circuit. Given the large current overshoot (ringing) during the
turn-on transition, the turn-on energy due to the overshoot is
calculated separately to that generated by the overlap between
the base voltage and current as illustrated in Fig.20 [46].

Fig.21 shows the switching energy at various current
levels, where the switching energy has been broken-down into
its turn-off energy (blue), turn-on energy base (cyan) and turn-
on energy due to the current overshoot/ringing (yellow). There
are two observations to note in Fig.21. First, the turn-on
energy (base + overshoot) accounts for the majority of the
total switching energy (loss) while the turn-off energy (loss) is
relatively small. Second, there is clear turn-on energy caused



by the current overshoot. However, this overshoot energy does
not change with the magnitude of the current itself, which
indicates the overshoot is mainly due to the charge of the
parasitic capacitance, i.e. SiC MOSFET output capacitance,
PCB capacitance and load capacitance. In the experimental
test, the load capacitance has been intentionally minimized. In
real applications, the load capacitance can be large, e.g. for
electric machines, transformers, filters or power cables. Their
impact on switching loss can be much higher than the impact
of the MOSFET and PCB capacitance and thus cannot be
neglected.
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Fig.20. SiC MOSFET turn-on waveforms at 600V, 25A with separated
overshoot (ringing) energy calculated (Vdsl: drain-source voltage; Id1: drain
current; Id1(base): the base (steady state) drain current as illustrated in the
figure; Id1(ring): the drain current overshoot as illustrated in the figure).
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The feature that the energy loss due to the overshoot does
not change with the magnitude of the current also means the
overshoot is not due to the reverse recovery current of the
body diode of the SiC MOSFET. Though the body diode of
the SiC MOSFET is a PN-type diode, rather than a Schottky
diode, from the test results, the body diode has hardly any
reverse recovery current. There are some suggestions to use an
additional SiC Schottky diode connected in parallel with the
SiC MOSFET to minimize the effect of the higher voltage
drop of the body diode (~3V) and its reverse recovery issues.
From the results in Fig.21, the reverse recovery effect is

negligible and the high voltage drop of the body diode during
the reverse conduction may not be an issue as synchronous
rectification, where the reverse current flows through the
MOSFET channel rather than the body diode, is normally
used. The body diode only carries the current during the short
deadtime period, so the conduction loss is low. Therefore,
connecting an additional Schottky diode in parallel with the
SiC MOSFET is not necessary from power loss reduction
point of view. Also, if a parallel Schottky diode is used, the
junction capacitance of the Schottky diode will generate a
current overshoot that produces additional losses associated
with the main (complementary) switching MOSFET.

B. Cross-talk effect and gate driver circuit

Another issue under high switching speeds (dv/df) is the
‘cross-talk’ effect [49], where the turn-on transition of one
device may increase the voltage at the gate of the
complementary device in a bridge-leg structure. If the gate
voltage of the complementary device rises above the threshold
voltage (e.g. 2V), this may trigger a false turn-on and lead to a
shoot-through failure. Fig.22 illustrates the cross-talk effect.
The high voltage slew rate (dVps/df) is applied across the
Miller capacitance (Cgp) of the bottom device during the top
device M1 turn on. The resulting current (iminer) causes a
voltage drop on the gate resistance (R,) and internal resistance
of the gate driver (Rarver), Which raises the gate voltage. In
order to avoid the false turn-on of the bottom device, a
negative gate voltage (Vieg-supply) 1S normally adopted, e.g. -5V
during the OFF state.
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Fig. 22. Cross-talk effect during turn-on and turn-off of the top device. (a) Top
device turn-on. (b) Top device turn-off.

The gate voltage Vs can therefore be expressed as in (1)

where the Miller current can be calculated by (2)
approximately.
VGS = iMiller ’ (Rdriver + Rg ) + ‘/negfsupply (])
dv,
i — C . DS 2
Miller GD d 1 ( )

where, Vpsis the drain-source voltage of the bottom switching
device M2.

There is an interesting question associated with the cross-
talk effect during the top device turn-on transition. Assuming
the gate resistor values are the same for the top and bottom
switching devices, as the value of the gate resistor (R;) gets
smaller, the switching speed will get faster which results in



higher dVps/dt and hence larger iminer. However, since the gate
resistor value is reduced, will the voltage drop on the gate
resistor get higher or lower? The combined effect of these two
factors on the voltage drop and thus the cross-talk effect needs
to be investigated. Fig.23(a) shows the measured gate voltage
for various gate resistance values ranging from 2.5Q to 25Q.
As seen, while the gate voltages rise from -5V but the peaks
are all below 0V, and thus there is no false turn-on. The peak
voltages are very similar for various gate resistance values.
Also, it should be noted that there are clear negative spikes
due to the oscillation of the gate circuit, which may exceed the
maximum allowable negative voltage of the device which in
this case is -10V [50].

Similar to the cross-talk effect during the top device turn-
on transition, when the top device turns off, it may cause an
undershoot (negative voltage) on the gate voltage of the
bottom device as illustrated in Fig.22(b). This negative voltage
adds to the -5V of the bottom device gate voltage, which may
potentially exceed the minimum allowable gate voltage, i.e. -
10V, and affect the gate reliability of the MOSFET. Fig.23(b)
shows the gate voltage during the top device turn-off. As the
gate resistance gets larger, the negative voltage overshoot gets
larger as well, exceeding -10V with gate resistance values of
10Q and 25Q. Also, the overshoot is affected by the load
current level which has been discussed in [50]. While most of
the existing research focuses on the turn-on cross-talk effect,
the turn-off cross-talk effect should also receive attention in
regards to the gate reliability. It should also be noted that the
measured gate voltage may be slightly different to the actual
voltage between the MOSFET gate and source due to the
parasitic elements in the device packaging such as the source
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voltage due to cross-talk effect with a load current of 20A. (a) Bottom device
gate voltage during top device turn-on. (b) Bottom device gate voltage during
top device turn-off.

As seen in Fig.23, there are clear oscillations in the gate
loop which will make its design challenging when applied to
the high-speed switching of SiC devices. For example, to turn
on a device as fast as possible, the gate voltage has to rise very
quickly. Therefore, the gate loop inductance must be
minimized to avoid large resonance between the loop
inductance (L) and the gate capacitance (Cgs) shown in Fig.24.
The recommended gate voltage range for SiC MOSFETs is
between -5V and +20V and the maximum allowable range is
between -10V and +25V, which is likely to be exceeded if the
gate loop inductance is high. Fig.25 shows a gate voltage
waveform in an experimental test, where the peak of the
oscillation has exceeded +25V; well above the 20V reference.
Although the gate resistance can be increased to add damping
to the gate circuit loop, it will slow down the switching speed.
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Fig.24. Gate loop equivalent circuit.
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Therefore, the gate driver circuit has to be put as close as
possible to the MOSFET gate if a high switching speed is to
be achieved. As an example, the gate driver boards in Fig.12
and Fig.13 have been arranged perpendicular to the power
devices, to be as close as possible to the device pins. Other
techniques for high-speed gate driver circuits include using
separate source pins for the gate loop and power loop (Kelvin
connection) or using resonant type gate drivers [51].

Although there are challenges as mentioned above, with
skilled design, very fast switching can be achieved
successfully with minimum external gate resistance. For
example, [46] has demonstrated switching waveforms of SiC
MOSFETs tested with zero (no) external gate resistance. The
switching transient can be completed within around 30ns.

Also note that the internal gate resistance of SiC MOSFETs
is normally higher than that of Si MOSFETSs. The value of the
internal gate resistance depends on the sheet resistance of the
gate electrode material and the chip size. For a given design,
the resistance is higher for smaller chips. For devices with
equivalent performance, a SiC-MOSFET chip is smaller



compared with a Si-MOSFET, the internal gate resistance of
the SiC MOSFET is therefore higher.

The challenges regarding gate driver design for high-
voltage (e.g. 10kV) SiC devices and the use of transformer-
based, optical based or wireless based gate drivers can be
found in [52-56].

C. High-frequency magnetic components

One of the motivations of using SiC devices is to reduce the
volume of passive components such as inductors and
capacitors, noting that these passive components take around
30%~50% of the total volume or weight of a typical power
electronics converter. Although the increase in frequency can
reduce the required value of the inductors and capacitors, it
does not necessarily reduce their volume and weight. For
example, increasing the switching frequency will increase the
high frequency losses in the inductors. Also, reducing the
volume of the inductors will lead to a smaller surface area,
resulting in a lower thermal dissipation capability. Hence, the
volume and weight of the inductor does not reduce in inverse
proportion with the increase of frequency. Therefore, an
accurate high-frequency core loss and winding loss model is
critical for estimating the losses. [57, 58] have shown a loss-
map based method to accurately predict the high-frequency
winding loss and core loss for high power inductors by
considering dc offset, square-type PWM waveforms and
varying duty cycles. Also, combined electromagnetic, thermal
and mechanical multi-physics design and optimization is
needed for accurately sizing the inductors.

Fig.26 illustrates how the magnetic component value and
volume/weight varies with frequency. The figure also shows
how various techniques can be used to achieve desired
switching frequencies such as hard-switched Si IGBT based
converters, hard-switched SiC MOSFET based converters,
multilevel converters and soft-switching/resonant-switching
converters. Note that, with very high frequencies and low
inductance values, air-core inductors can be used which avoids
high-frequency core-loss and reduces the weight.
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Required magnetic
component value

L L L
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Fig.26. Variation of magnetic component value and volume/weight with
(switching) frequency.

For high power, high-frequency magnetic components,
candidate magnetic materials include Ferrites, Nanocrystalline
laminated/powder material, Amorphous alloy, etc [59]. Table
IT shows the properties of various magnetic materials,

including saturation flux (Bmax), permeability (ue), typical
frequency range (fiyp) and core loss level.

Also, the parasitic capacitance of components such as
inductors must be minimized to reduce the current overshoot,
oscillations, etc produced under high dv/dz. [60] has modeled
the parasitic capacitance of an inductor and investigated how

to reduce an inductor’s parasitic capacitance through
conductor placement.
TABLE II. SUMMARY OF MAGNETIC MATERIALS
. Binax He Jor Core
Material Type (1) © Shapes (kHz) losses
Vitroperm Nano- Toroids
500F crystalline 1.23 22000 C <200 Low
14-20pum laminated
Metglas Amqrphous 1.56 45000 Toroids <100 Medium
25 um laminated C
. Nano- .
Finemet = olline 123 30000 T 00 Low
15-18um . C
laminated
Mn-Zn Femite . 05 2400 V9 10 pow
Ni-Zn range
MPP
Hi-flux Powder 0.8- Variable Wide 300 Medium
X-flux core 1.6 range
Sendust
Nano-
SWAP crystalline 1.25 Variable Toroids  >200 Low
powder
Vaffgl“" Laminated 2.4 18000  Custom <100  Medium
D. Converter-load interference

At the converter or system level, one challenge is the
impact of the high dv/ds ouput voltage on loads such as
electric machines (motors or generators), transformers (for
grid-connection), connecting cables, etc. Taking a motor drive
application as an example, high dv/dr can lead to an
overvoltage (can be doubled or even higher) at the motor
terminals due to the cable transmission line effect [61-63] as
the dv/dt can normally reach 20kV/us. With the high
switching speed of SiC devices, the critial length of the cable,
when significant overvoltage is taking place, will reduce from
tens of meters for Si IGBT converters to several meters for
SiC converters. Fig.27 shows an experimentally measured SiC
converter output voltage and the terminal voltage of an
induction motor with a 1.6m cable. As seen, the voltage at the
motor terminal has reached 1000V, which is 400V more than
the original 600V at the converter output.

This overvoltage will increase the stress on the motor
winding insulation, potentially causing partial discharge and
insulation failure [64]. Also, under high dv/d¢, the majority of
the machine terminal voltage will drop on the first or first
several turns of the stator winding during transient due to the
high-frequency parasitic effect. Hence the insulation stress of
the first several turns will be very high, leading to a potential
insulation breakdown. Furthermore, research has shown that
the gradual ageing of insulation systems take place due to
space charge injection into the insulation system [65]. Each
voltage transition causes a specific amount of degradation and
the high switching frequency of SiC converters means that this



is rapidly repeated and thus leads to a reduced insulation
lifetime. Therefore, the insulation degredation must be
considered under high dv/df, high switching frequency SiC
converters.
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Fig.27. SiC inverter output voltage and overvoltage at the motor terminal.
Vmotor: Motor terminal voltage; Vinerer: inverter output voltage.

A very similar effect happens to the motor bearings under
high dv/ds and high switching frequency. The increased
amplitude of the common-mode (CM) voltage and its high
changing rate lead to an increased level of capacitive-type
bearing charging current and a higher possibility of EDM
(Electric Discharge Machining)-type motor bearing current,
causing motor bearing degradation. The EDM bearing current
is more severe for bearing damage, analogeous to the partial
discharge effect for the insulation [66]. Fig. 28 shows an
experimentally measured CM voltage, shaft voltage and
bearing current (EDM type and dv/dt type (capacitive-type))
of an induction motor driven by a SiC converter. The
amplitude of the EDM current is higher than the dv/dr driven
capacitive current. Fig.29 shows a comparsion of the motor
shaft voltage and the capacitive-type bearing current between
a SiC MOSFET converter and a Si IGBT converter. The Si
IGBT converter operates at 10kHz with a dc-link voltage of
580V as shown in Fig.29(a). The SiC MOSFET converter
operates at 100kHz with a dc-link voltage of 600V as shown
in Fig.29(b). As seen, the frequency and amplitude of the
capacitive bearing current are higher for the SiC MOSFET
converter than for the Si IGBT converter. Whether the dv/dt
driven capacitive-type current becomes another main cause of
bearing failure needs further investigation.

The bearing and insulation issues have been observed in
IGBT based motor drives. SiC converters, with switching
speeds and switching frequencies that are an order of
magnitude higher, will aggravate these issues and need to be
carefully addressed during the system design.
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Another issue that occurs under high dv/dr is due to the
cable capacitance. Fig.30 shows the effect of the cable (e.g.
connection between a SiC converter and load) capacitance on
the switching device current. When the switching device turns
on, it will charge the cable parasitic capacitance. The faster the
switching speed is, the larger the charging current will be. In
Fig.30, ‘Normal’ means the converter is connected to a
standard load with a small capacitance. ‘With cable’ means a
cable is connected between the converter and the load (e.g. an
electric motor). As seen, with the cable connected, the current
spike is much higher than the ‘Normal’ case due to the cable



capacitance. The current spike can increase the switching
device turn-on loss and reduce the converter efficiency. Also,
the frequency of the oscillation in the current is much lower
than the ‘Normal’ case, which means larger filters may be
needed to attenuate the harmonics. The ‘with inductor’ cases
in the figure will be discussed in Section IV of the paper.
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Fig.30. Power device turn-on current under normal loads or with cables [67].

E. Deadtime, control, fault detection and protection,
measurement and converter capacity challenges

For high-switching-frequency converters, the use of
deadtime between the complementary switching devices in a
phase leg may cause low-frequency harmonics, voltage drop
and additional losses. These deadtime effects become more
severe as the switching frequency gets higher, even though the
duration of deadtime for SiC MOSFETs can be set much
smaller than would be needed for Si IGBTs. Effective
deadtime compensation/elimination strategies can be adopted
[68] to extend the linear modulation region. [69] has
investigated how to set the optimal (minimum) deadtime for
SiC converters.

The increased switching frequency of SiC devices can
enable higher control bandwidth. There are concerns whether
control algorithm can still be completed within each short
switching period. Firstly, for a lot of applications such as some
motor drives, there is no strong need to increase the control
bandwidth (dynamics), and therefore, the control algorithm
can be implemented over several switching periods, rather
than each switching period. Although the control bandwidth is
not increased, the benefit of increasing the switching
frequency is the reduction of current/voltage ripple, and hence
the harmonic induced losses in motors. On the other hand, if
the control does need to be implemented within one switching
period to achieve high control bandwidth, e.g. in switching
mode power supplies, efforts need to be made to reduce all the
delays including calculation, sampling, PWM delay, etc.

The protection of SiC devices and converters also faces
challenges due to its limited short-circuit current withstand
capability [70, 71]. Typically, Si IGBTs can withstand a short-
circuit current for around 10 ps. This gives sufficient time for
over-current detection and protection circuits to turn-off the Si
IGBTs. For example, in low-cost applications, relatively low
bandwidth (10s to 100s of kHz) current sensors, which are

already installed for load current measurement for control
purposes, can be used for Si IGBT overcurrent detection and
protection during load-side short circuit, e.g. in motor drive
systems. However, the short-circuit withstand time has been
reduced for SiC devices, e.g. to 2us due to a smaller chip area
and device short-circuit characteristics. Therefore, low-
bandwidth current sensors may not be quick enough when it
comes to detecting and protecting SiC MOSFETs from faults.
During short-circuit (shoot-through) failure, the SiC MOSFET
current will rise rapidly and the device voltage drop (Vps) will
clearly increase as well. Therefore, the widely used
desaturation protection method (DESAT) based on the
measurement of MOSFET voltage drop can be used. The
detailed design of a desaturation based protection circuit can
be found in e.g. [72] and it has also been used in commercial
SiC MOSFET gate drivers for shoot-through protection such
as the CGDI15HB62P1 gate driver board from
CREE/Wolfspeed. Given a fast protection time under 2us is
normally recommended, the triggering voltage level of the
desaturation circuit needs to be carefully selected to respond
fast while not mistriggered by noise. There are also other
methods being proposed for current measurement and
protection for SiC devices such as the Si MOSFET current
shunt, embedded Rogowski coils [73-75].

High speed, high bandwidth, non-intrusive current and
voltage measurement is another challenge when characterizing
the SiC devices, which is even more challenging with GaN
devices where the switching time is generally within 10 ns. A
detailed comparison of various measurement techniques such
as split core current probes, Rogowski coils, co-axial currents
shunt and current transformers can be found in [76, 77].

In order to increase the current and voltage capabilities of
existing SiC discrete devices and power modules, the parallel
and series connection of SiC devices has been used. The
current and voltage sharing between the devices under high
switching speed is another challenge, especially where more
than three devices need to be connected in parallel or in series
[78, 79].

IV. POTENTIAL SOLUTIONS FOR HIGH FREQUENCY SIC
CONVERTERS

As seen in previous sections, the side-effects of high
frequency and high dv/d¢ may cause a series of issues at both
the component and converter level. There are generally two
approaches to tackle these challenges: one is from the source
and the other is from the load side or adding filters. Some
representative solutions are summarized below.

Firstly, snubber circuits, filters, ferrite beads as well as
skilled circuit design, can be used to address some of the
above issues. [80] has investigated the DC-link RC snubber
design for SiC MOSFET applications to attenuate the turn-off
voltage overshoot and oscillations, where the model and
optimal parameters of the RC snubber across the dc-link are
given. [81, 82] discuss the use of snubber circuits for SiC
MOSFETs and the effect of external snubber capacitors for
soft-switching operation of SiC MOSFETs. dv/df limiters, sin



wave filters or other types of filters such as LCL filters can be
used to limit the dv/dr and filter the switching-frequency
harmonics as presented in [67, 83, 84]. This also helps to
reduce the impact of high dv/dr and high-switching frequency
on the load. [33] shows the use of ferrite beads in the
switching loop to effectively attenuate the oscillations and
improve switching stability. The use of larger gate resistances
can effectively solve a lot of high-frequency issues at the cost
of slower switching speed, hence higher switching losses.
From the circuit design point of view, the parasitic inductance
in the communtation loop must be minimized. As mentioned,
[46] has demonstrated a circuit design which can achieve very
fast switching of SiC MOSFETs (<30ns) with no external gate
resistance.

Secondly, various topologies can be used to mitigate the
dv/dr effect, cross-talk, EMI issues, etc from the source. For
example, the split output topology with embedded inductors
can reduce the output dv/dt, current overshoot, EMI and cross-
talk effect [85]. The common-mode (CM) current passing
through the system’s parasitic capacitance will increase due to
the high dv/dr of SiC devices, which can cause EMI, leakage
current and other issues. Various exisiting topology solutions
for Si devices can be adoted to tackle the CM EMI for SiC
converters [62, 86-90]. Multilevel and soft-switching
topologies can reduce the output dv/ds, EMI and the negative
impact on the load due to the smoothed output voltage (soft-
switching) [91] and more output voltage steps (multilevel)
[92]. [63] has shown a quasi-three-level approach to attenuate
motor terminal overvoltage. Furthermore, soft-switching
topologies and multilevel topologies can benefit from the use
of SiC devices, e.g. to reduce the turn on/off delay or increase
the number of switching actions for balancing capacitor
voltages, which will be explained in more detail in Section I'V.
D.

Thirdly, the gate driver plays an important role in
controlling the switching profile of SiC MOSFETs. The gate
driver circuit needs to be put as close as possible to the
gate/source pin of the SiC MOSFET to reduce the parasitic
inductance in the gate loop and thus reduce oscillations and
voltage overshoot if a very high switching speed is to be
achieved. SiC MOSFETs with Kelvin connections have been
introduced, where a dedicated Kelvin source pin is created for
the gate driver, which can reduce the parasitic inductance in
the gate loop [93]. Also, as mentioned, resonant gate drivers
can be used to facilitate very fast switching, which is not
constrained by the parasitic inductance in the gate loop [51].
The gate voltage for SiC MOSFETs is normally +20V/-5V for
ON/OFF states rather than +15V/-5V for Si IGBTs. In order to
mitigate the cross-talk effect, special gate drivers can be
designed to clamp the gate voltage [49]. Shaping the SiC
MOSFET voltage through gate control (active gate drivers)
has been extensively investigated recently. A more ‘smoothed’
device output voltage can reduce oscillations, current/voltage
overshoot, cross-talk effect and EMI issues, which will be
discussed more in Section IV. C.

In the following, some effective and special approaches
related to SiC devices and converters to address the
mentioned challenges will be discussed in more detail.

A. Adding an output inductor (dv/dt limiter)

To address the issues related to the converter-load
interference experienced under high dv/d¢, a small inductor
(one per phase or a three-phase inductor) can be added at the
output of the SiC converter to decouple the higher frequency
behavior of the converter and the load as shown in Fig.31. The
inductor here is only intended to limit the dv/dr (dv/dt limiter)
seen at the output of the converter, i.e. filtering out the very
high frequency component so the inductance value can be
small, which can be achieved by an inductor with a small
number of winding turns or without a magnetic core (air-core
inductor). With this dv/dt limiter, the SiC device turn-on
current overshoot due to the charging of the load (including
cable, motor, transformer, etc) parasitic capacitance and the
associated ringing can be reduced. For example, as shown in
Fig.30, in both ‘with inductor’ and ‘with cable and inductor’
the charging current and ringing have been attenuated
compared with the cases where no inductors are used, i.e.
‘normal’ and ‘with cable’. The inductor here refers to the dv/dt
limiter. Fig.32 shows the switching device turn-on energy with
and without the dv/dr limiter (inductor). As seen, with the
dv/dt limiter, the switching energy has been reduced from
74u) to 68uW) and from 102uJ to 85u), respectively,
correponding to the cases shown in Fig.30. Also, this dv/d¢
limiter will mitigate issues mentioned in motor drive
applications such as the stress on the electric machine winding
insulation, bearing current, etc.
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Fig.31. A SiC MOSFET based converter with an output dv/dt limiter.
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Fig.32. Switching device turn-on energy reduction by adding the dv/d¢ limiter.
It should be noted that this output dv/d¢ limiter does not help

with the converter internal issues caused by the high dv/d¢
such as charging the output capacitance of the complementary



switching device and the PCB parasitic capacitance, cross-talk
effect, etc.

B.  Alternative topologies

Standard converter topologies such as the hard-switched
three-phase two-level converter may not be the best to fully
exploit the potential of SiC devices due to the side-effects of
high dv/dt. Adjusted topologies or new topologies may be
more suitable for SiC devices. Fig.33 shows a split output
topology, where each phase has been split by embedded
inductors (Lsl to Ls6) [85, 94]. This topology can help to
attenuate the current overshoot, ringing and cross-talk effect.
The split inductor can also serve as a dv/df limiter.
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Fig.33. A split output converter topology for SiC power devices.

Fig.34 shows the switching device’s gate voltage at the OFF
state during the complementary device turn-on transition for a
split inductor value of 10uH. As seen, the gate voltage rise is
only 1.8V, much smaller than that (3.2V) of a conventional
topology as illustrated in Fig.22(a). This means that the cross-
talk effect is mitigated.
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Fig.34. Gate voltage at OFF state during the complementary device turn-on
(cross-talk effect) with the split output topology.

Fig.35 shows the switching device turn-on current and
energy with and without the split inductors. Without the split
inductor (Fig.35(a)), the topology becomes a standard two-
level three-phase converter. As seen, the current overshoot and
turn-on energy are significantly reduced with the split output
structure (Fig.35(b)).
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Fig.35. Switching device turn-on current and energy. (a) Without the split
inductor. (b) With the split inductor.

Fig.36 shows the converter output currents and voltages
with a standard R-L load. As seen in Fig.36(a), without the
split inductor (standard topology), the current and voltage
have clear high frequency components due to the charging of
the load parasitic capacitance. In comparison, with the split
output topology (Fig.36(b)), the current and voltage
waveforms are ‘clean’, which means the split inductor has
mitigated the load’s parasitic effect that is produced under
high dv/dt.

(b)
Fig.36. Converter output current (top) and voltage (bottom). (a) Without the
split inductor. (b) With the split inductor.



C. Waveform shaping through gate control

As mentioned before, the sharp edges and corners of fast
switching transients can cause an increased level of EMI,
current overshoot and ringing, and stress on the load.
However, it may be possible to shape the switching
waveforms to attenuate the high-frequency components
without increasing the switching loss. Fig.37(a) shows four
waveforms (square, trapezoidal, ‘S’ shaped and a more
smoothed one with 4% derivative control) [48]. The
‘trapezoidal’ waveform is a common switching waveform
with sharp corners and linear edges. However, if the waveform
can be shaped to more smoothed ones such as the ‘S’ shaped
or ‘4" derivative control’, then the high frequency components
will be reduced as shown in Fig.37 (b), leading to reduced
current overshoot, ringing and EMI. In theory, the three
waveforms discussed here (trapezoidal, ‘S’ shaped, 4"
derivative control) should generate the same switching loss
due to them having the same switching time. This is more
advantageous than simply slowing down the switching speed
by using a larger gate resistance which increases the switching
losses. Fig.37 (c) further shows the variation of the amplitude
of the ringing with the switching time and waveform
smoothness. More smoothed waveforms with high derivatives
(D) and longer switching time can lead to a reduced amount of
ringing. The waveform shaping may be achieved through
active gate control or soft-switching circuits.
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Fig.37. High frequency attenuation through waveform shaping. (a) Various
shaped waveforms. (b) Harmonic spectra of various shaped waveforms. (c)
Ringing amplitude under various waveform smoothness and transition time
[48].

For example, the gate driving voltage can be
shaped/programmed to a specific form that can lead to a
smoothed output voltage and current for the switching device.
This requires advanced gate drivers with programmable
driving impedance/voltage, e.g. by switching on/off a series of
gate resistors (switch and resistor arrays), multi-level gate
voltage or current source based gate drivers [95-101]. Also,
relatively simple passive component based gate drivers can be
used for shaping the output voltage with limited resolution
[102, 103].

Note that under various (e.g. current, temperature)
conditions or with different power devices, the gate voltage
required to achieve smoothed waveforms may be different.
Therefore, knowing how to adjust the gate voltage pattern
according to various conditions is a challenge. Switching-
transient based closed-loop waveform-shaping control is very
challenging due to the very short switching transient time,
typically in the range of tens of ns, which requires a very high
sensing and control bandwidth. A more practical method is to
use a pre-defined gate-pattern look-up table, which is created
and used according to the load current level with a lower
control bandwidth requirement.

Fig.38 shows that by using shaped gate voltage (yellow) as
in Fig.38(a), the current overshoot in Fig.38(b) can be reduced
and the output voltage in Fig.38(c) can be smoothed relative to
the ‘normal’ case.
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Fig.38. Switching device output voltage and current waveform shaping by
using modified gate voltage. (a) Gate voltage. (b) Switching current. (c)
Switching voltage.

D. Multilevel and soft-switching techniques for SiC devices

SiC devices achieve lower switching losses by switching
faster, however this comes at the cost of increased EMI and
negative side-effects generated by high dv/dz. It is desirable for
both the low switching loss (high efficiency) and reduced EMI
to be achieved at the same time. Multilevel and soft-switching
techniques solve these two aspects simultaneously, albeit at
the cost of increasing the number of components. Multilevel
converters have lower output harmonics and lower dv/d¢ due
to more levels (steps) in the output voltage. Multilevel
converters also have lower switching losses because each
device only needs to switch a portion of the total dc-link
voltage as opposed to the full dc-link voltage in a two-level
converter. The switching losses can be reduced even further by
using SiC devices, with their fast switching speed, in a
multilevel converter. Doing so will also reduce the output
dv/dt below that produced by an equivalent two-level
converter.

Another opportunity afforded by high voltage SiC devices
(e.g. 10kV) is that they can reduce the number of power
devices needed for a given number of output voltage levels.
For example, for the four-level m-type converter shown in
Fig.39 [104], only 6 devices are needed to achieve a four-level
output, which is the minimum number of devices. Although
the devices in the T1 and T2 positions need to block the whole
dc-link voltage, SiC devices with higher voltage ratings can be
used in these places. Another issue with simplified topologies,
like the one in Fig.39, is that the dc-link capacitor voltages
cannot be balanced at high modulation indexes and high
power factors with conventional space vector modulation or
carrier-based zero-sequence signal injection. This is also the
case for four-level or higher level neutral point clamped (NPC)
converters or other simplified topologies. The virtual space
vector modulation [105] or redundant level modulation [106]
however can achieve dc-link capacitor voltage balancing at the
cost of an increased number of switching actions and
consequent increased switching loss. Given that wide-bandgap
(e.g. SiC) devices have very low switching energy, the
switching loss due to the increased switching actions may not
increase by much. Hence, there is a great opportunity for SiC
devices in multilevel converters with simplified topologies and
balanced dc-link capacitor voltages.
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Fig.39. A four-level n-type converter based on SiC MOSFETs.

Since wide-bandgap devices have low switching losses,
they can be used at a high switching frequency. There is a
question whether soft-switching techniques are still needed for
wide-bandgap devices to reduce the switching loss by
decoupling the voltage and current switching transitions (zero
voltage/current switching). On one hand, to achieve very high-
switching frequencies (e.g. MHz+), soft-switching is still
needed for wide-bandgap devices. Furthermore, since the soft-
switching converter works in a resonant mode, the output
voltage is smoothed so that the high frequency harmonic
components are attenuated [107]. Therefore, using SiC devices
in soft-switching converters can achieve both lower switching
loss and EMI at the same time. Also, compared with Si IGBTs,
SiC MOSFETs have a much smaller turn-on delay and no tail
current. SiC MOSFET based soft-switching converters can
achieve ideal soft-switching waveforms [108]. If a shorter
switching transition time is needed for SiC soft-switching
converters, the required size of resonant components, such as
auxiliary inductors and capacitors, can also be reduced. This
will help to improve the system power density. Fig. 40 shows
the experimental waveforms of a soft-switching auxiliary
resonant commutated pole inverter (ARCPI) using either SiC
MOSFETs or Si IGBTs. As seen, with SiC MOSFETs the
device current (is4) and resonant current (i ;) is reduced due to
a smaller turn-on delay, which can reduce the losses in the
components.
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Fig.40. Switching waveforms of the auxiliary resonant commented pole
inverter (ARCPI): iy main switching device current, i, auxiliary inductor
current, vy, converter output voltage. (a) with Si IGBTs. (b) with SiC
MOSFETs.



In addition, with soft-switching, the output voltage rise time
can be actively controlled to produce a longer transition time
that will reduce the voltage overshoot at the motor terminals
by mitigating the long cable effect [91]. This will help reduce
the motor insulation stress and bearing stress. The reduced
dv/dt of multilevel converters can also achieve similar effects.

E. Holistic Design Optimization

The best system-level benefits that come from using SiC
devices can only be achieved if a holistic design optimization
approach is used, where various component models are linked
together to evaluate the design trade-offs for various design
objectives such as efficiency, power density, reliability. For
example, in regards to power density, increasing the switching
frequency can reduce the required size of the line filters such
as the line inductors and capacitors, but it will increase the
switching loss, hence the required size of heatsink while also
increasing the EMI level and the size of corresponding EMI
filters. These trade-offs need to be evaluated during the
design. SiC converters have allowed the switching frequency
to reach ~100kHz with hard-switching, and the optimal
switching frequency to achieve the maximum efficiency,
power density, etc. within this range can only be identified if a
holistic optimization approach is used. [35, 109] presented
such a holistic design optimization tool. This tool can also be
used to evaluate the impact of various topologies (e.g. two-
level vs. multilevel) and the junction temperature limit (e.g.
125°C with Si devices vs. 150/175/225 °C with SiC devices) on
the optimal system design and the component and parameter
selection [110]. A holistic design optimization tool, such as
this, is therefore needed to achieve the overall optimal design
for SiC-based converters.

F. Packaging and Thermal Management

There are two main areas that research have been done for
the packaging for SiC devices. The first is to optimize the
packaging for reducing parasitics for high speed switching.
The second area is improved packaging for better heat
dissipation, thermal management, integration and high
temperature operation.

Surface mounted SiC MOSFETs have been introduced to
reduce the device footprint, parasitic inductance due to less
pin connections and enable a more automated soldering
process [111]. A low-cost QFN package for a SiC half-bridge
module has been made to reduce the parasitic inductance
[112]. For these surface mounted packages, heat is dissipated
through PCB copper vias, metal core or AIN inlay, and a
heatsink is mounted on the other side of the board to extract
the heat. Presspack packages have been used for SiC
MOSFETs to reduce parasitic inductance or eliminate wire-
bonding and die-attach and can be used for high power and
high temperature applications [113-116]. High temperature
packaging solutions, e.g. using AIN substrate to enable high-
temperature operation capability of SiC devices up to 500°C
has been presented in [7, 117].

Regarding thermal management and integration, various
mechanical, embeded structures have been proposed for
integrated converter systems such as ‘converter in package’ to
capitalise on the high frequency operation of SiC devices
[118-120]. A 3D packaging structure has been created with
heatsinks on both sides to better dissipate the heat [121]. [122]
presents the performance of a loop thermosyphon-based
thermal management system (TMS) for SiC converters. The
TMS can extract a large amount of heat from the device
junction and is able to maintain a low junction temperature
frequency ripple resulting in an increase in the module’s
lifetime. [123] examines the thermal impact the chip thickness
and heatsinking has on various WBG and ultra WBG
(UWBG) materials. Thermal conductivities considered range
from 11 W/mK for B-Ga;O; to 2200 W/mK for diamond.
Above 400 W/mK the effect of the device’s thermal
conductivity is negligible compared to the effect of the
packaging and heatsink. [124] provides an overview on SiC
device reliability issues relating to thermal, packaging and
other aspects.

V. CONCLUSIONS

SiC power devices with their fast switching speeds can
significantly improve the system efficiency and power density.
For example, they can enable a 1.2MW/m? power conversion
capability using only forced-air cooling. However, the high
dv/dt and high switching frequencies that they are typically
operated at have a series of challenges that need to be
overcome in order to realize their full potential. Some
solutions have been pointed out in this paper that help tackle
these challenges and thus can accelerate the adoption and
application of SiC devices and converters. It is expected that
this tutorial paper will be a useful reference for power
electronics engineers when it comes to designing SiC
converters.

ACKNOWLEDGMENT

The authors would like to thank the input from current and
previous researchers at the Electrical Energy Management
Group at the University of Bristol, U.K. including Wenzhi
Zhou, Neville McNeill, Bosen Jin, Qingzeng Yan, Niall
Oswald, Shushu Zhu, Jun Wang, Phil Anthony and Harry
Dymond as well as Lei Zhang, Yonglei Zhang, Yan Li and
Yipu Xu, Yan Liang from the China University of Mining and
Technology, China. The authors would also like to thank Jeff
Carter from BorgWarner for his view on industrial application
challenges of SiC devices and thank Andrew Forsyth and
Gerardo Calderon-Lopez from the University of Manchester,
U.K. for their work on SiC dc/dc converters.

REFERENCES

[1] J. Millan, P. Godignon, X. Perpina, A. Perez-Tomas, J. Rebollo, “A
survey of wide bandgap power semiconductor devices”, IEEE Trans.
Power Electronics, vol. 29, no. 5, pp. 2155-2163, May 2014.

[2] K. Shenai, R. S. Scott, B. J. Baliga, “Optimum semiconductors for high
power electronics”, IEEE Trans. Electronics Devices, vol. 36, no.9, pp.
1811-1823, Sept. 1989.

[3] D. Stephani, “Today’s and tomorrow’s industrial utilization of silicon
carbide semiconductor power devices”, in Proc. EPE Conf., 2003.



[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

X. She, A. Q. Huang, O. Lucia, B. Ozpineci, “Review of silicon carbide
power devices and their applications”, [EEE Trans. Industrial
Electronics, vol.64, no.10, pp.8193-8205, Oct. 2017.

F. Wang, Z. Zhang, “Overview of silicon carbide technology: Device,
converter, system, and application”, CPSS Transactions on Power
Electronics and Applications, vol.1, no.1, pp.13-32, Dec. 2016.

S. Madhusoodhanan, A. Tripathi, D. Patel, “Solid-state transformer and
MV grid tie applications enabled by 15 kV SiC IGBTs and 10 kV SiC
MOSFETs based multilevel converters”, IEEE Trans. Industry
Applications, vol. 51, no. 4, pp. 3343-3360, Jul./Aug. 2015.

R. M. Schupbach, B. McPherson, T. McNutt, A. B. Lostetter, J. P. Kajs,
and S. G. Castagno, “High temperature (250°C) SiC power module
formilitary hybrid electrical vehicle applications”, in Proc. NDIA
Ground Vehicle Syst. Eng. Technol. Symp., pp. 1-7, Aug. 2011.

C. Dimarino, R. Burgos, D. Boroyevich, “High-temperature silicon
carbide: charaterisation of state-of-the-art silicon carbide power
transistors”, IEEE Industrial Electronics Magzine, vol.9, no.3, pp. 19-30,
Sept. 2015.

P. W. Hammond, “A new approach to enhance power quality for
medium voltage ac drives,” IEEE Trans. Ind. Appl., vol. 33, no. 1, pp.
202-208, Jan./Feb. 1997.

X. Yuan, “Application of silicon carbide (SiC) power devices: opportunities,
challenges and potential solutions”, in Proc. IEEE IECON Conf., pp.1-8, Oct.
2017.

S. Debnath, J. Qin, B. Bahrani, M. Saeedifard, P. Barbosa, “Operation,
control and applications of the modular multilevel converter: A review”,
IEEE Trans. Power Electronics, vol.20, no.1, pp.37-53, Jan. 2015.

Q. Al’Akayshee, H. Neal, A. Sartain, et al, “An 8 MW, 3-level inverter
drive based on press-pack IGBTs: design, construction and operational
propulsion system”, in Proc. IET PEMD 16, pp.1-6, Apr. 2016.

X. She, A.Q.Huang, R. Burgos, “Review of solid-state transformer
technologies and their application in power distribution systems”, IEEE
Journal of Emerging and Selected Topics in Power Electronics, vol.1,
no.3, pp.186-198, Sept. 2013.

B. Sarlioglu, C. T. Morris, “More electric aircraft: review, challenges,
and opportunities for commercial transport aircraft”, IEEE Trans.
Transportation Electrification, vol.1, no.1, pp.54-64, Jun. 2015.

M. B. Shamseh, 1. Yuzurihara, A. Kawamura, “A 3.2-kW 13.56-MHz
SiC passive rectifier with 94.0% efficiency using commutation
capacitor”, IEEE Trans. Power Electronics, vol.31, no.10, pp.6787-
6791, Oct. 2016.

S. Aldhaher, D. Yates, P. Mitcheson, “Load-independent class E/EF
inverters and rectifiers for MHz-switching applications”, IEEE Trans. on
Power Electronics, vol.33, no. 10, pp. 8270-8287, Oct. 2018.

Report  “Technical Explanation SEMiX®5” from Semikron.
https://www.semikron.com/dl/service-
support/downloads/download/semikron-technical-explanation-semixrS-
en-2017-02-28-rev-02/

Datasheet  for ~ Wolfspeed SiC ~ MOSFET  C2M0040120D
https://www.wolfspeed.com/downloads/dl/file/id/165/product/9/c2m004
0120d.pdf

Datasheet for SiC BJT from GeneSiC,
http://www.genesicsemi.com/sic_junction_transistors/2N7638-GA.pdf
N. McNeill, B. Jin, X. Yuan, I. Laird, “Evaluation of the off-state base-
emitter voltage requirement of the SiC BJT with a regenerative
proportional base driver circuit and their application in an inverter”,
IEEE Trans. Industrial Electronics, vol.67, no.9, pp. 7179-7189, Sept.
2020.

M. H.Todorovic, F. Carastro, T. Schuetz, etc, “SiC MW solar inverter”,
in Proc. PCIM Europe, pp.645-652, 2016.

K. Fujii, Y. Noto, M. Oshima, Y. Okuma, “1MW solar power inverter
with boost converter using all SiC power module”, in Proc. EPE (ECCE
Europe)’15 Conf., pp.1-10, Sept. 2015.

K. Ishikawa, K. Ogawa, S. Yukutake, etc “Traction inverter that applies
compact 3.3kV/1200A SiC hybrid module”, in Proc. International
Power Electronics Conference (IPEC, ECCE-Asia), pp.1-5, May 2014.
Tesla Model 3 using SiC MOSFETs from ST Microelectronics,
https://www.pntpower.com/tesla-model-3-powered-by-st-
microelectronics-sic-mosfets/

“Toyota to trial new SiC power semiconductor
http://newsroom.toyota.co.jp/en/detail/5692153.

technology”,

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[40]

M. Su, C. Chen, S. Sharma, etc, “Performance and cost considerations
for SiC-based HEV tration inverter systems”, I[EEE 3rd Workshop Wide
Bandgap Power Devices and Applications (WiPDA), pp.347-350, Nov.
2015.

“G2020 series SiC 500-750kVA”, https://www.toshiba.com/tic/power-
electronics/uninterruptible-power-systems/three-phase/g2020-series-sic-
500-to-750-kva.

M. K. Das, C. Capell, D. E. Grider, et al, “10 kV, 120 A SiC half-bridge
power MOSFET modules suitable for high frequency, medium voltage
applications”, in Proc. IEEE ECCE’11 Conf., pp.2689-2692, Oct. 2011.

M. O’Neill, “SiC puts new spin on motor drives,” Power Electron.
Technol., vol. 31, pp. 2-5, Jan. 2005.

X. Yuan, S. Walder, N. Oswald, “EMI generation characteristics of SiC
and Si diodes: influence of reverse-recovery characteristics”, IEEE
Trans. Power Electronics, vol.30, no.3, pp. 1131-1136, Mar. 2015.

A. Q. Huang, Q. Zhu, L. Wang, L. Zhang, “15 kV SiC MOSFET: An
enabling technology for medium voltage solid state transformers”, CPSS
Trans. Power Electronics and Applications, vol.2, no.2, pp.118-130,
Jun. 2017.

C. DiMarino, 1. Cvetkovic, Z. Shen, R. Burgos, D. Boroyevich, “10 kV,
120 A SiC MOSFET modules for a power electronics building block
(PEBB)”, in Proc. IEEE Workshop on Wide Bandgap Power Devices
and Applications, pp.55-58, Oct. 2014.

N. Oswald, P. Anthony, N. McNeill, B. H. Stark, “An experimental
investigation of the tradeoff between switching losses and EMI
generation with hard-switched All-Si, Si-SiC, and All-SiC device
combinations”, IEEE Trans. Power Electronics, vol. 29, no. 5, pp.2393-
2407, May 2014.

N. McNeill, X. Yuan, P. Anthony, “High-efficiency NPC multilevel
converter using super-junction MOSFETs”, [EEE Trans. Industrial
Electronics, vol. 63, no.1, pp. 25-37, Jan. 2016.

I. Laird, X. Yuan, J. Scoltock, A. Forsyth, “A design optimisation tool
for maximising the power density of 3-phase DC-AC converters using
silicon carbide (SiC) devices”, IEEE Trans. Power Electronics, vol. 33,
no. 4, pp. 2913-2932, Apr. 2018.
https://toshiba.semicon-storage.com/eu/semiconductor/knowledge/e-
learning/discrete/chap3/chap3-21.html

G. Gong, M.L. Heldwein, U. Drofenik, J. Minibock, K. Mino, J.W.
Kolar, “Comparative evaluation of three-phase high-power-factor AC—
DC converter concepts for application in future more electric aircraft”,
IEEE Trans. Industrial Electronics, vol.52, n0.3, pp.727-737, Jun. 2005.
D. Barater, G. Buticchi, C. Concari, G. Franceschini, E. Gurpinar, D.
De, A. Castellazzi, “Performance analysis of UniTL-H6 inverter with
SiC MOSFETSs”, in Proc. IPEC’14 (IEEE ECCE Asia) Conf., pp. 433~
439, May 2014.

D. De, A. Castellazzi, A. Solomon, A. Trentin, M. Minami, T. Hikihara,
“An all SiC MOSFET high performance PV converter cell”, in Proc.
EPE’13 Conf., pp. 1-10, Sept. 2013.

E. Gurpinar, A. Castellazzi, “Single-phase T-type inverter performance
benchmark using Si IGBTs, SiC MOSFETs and GaN HEMTs”, IEEE
Trans. Power Electronics, vol.31, no. 10, pp.7148-7160, Oct. 2016.

L. Zhang, X. Yuan, X. Wu, C. Shi, J. Zhang, Y. Zhang, “Performance
evaluation of high-power SiC MOSFET modules in comparison to Si
IGBT modules”, IEEE Trans. Power Electronics, vol.34, no.2, pp.1181-
1196, Feb. 2019.

G. Calderon-Lopez, A. J. Forsyth, D. Gordon, J. McIntosh, *“ Evaluation
of SiC BJTs for high-power DC-DC converters”, IEEE Trans. Power
Electronics, vol.29, no.5, pp.2474-2481, May 2014.

G. Lopez, J. Scoltock, Y. Wang, I. Laird, X. Yuan, A. Forsyth, “Power-
dense bi-directional DC-DC converters with high performance
inductors”, IEEE Trans. Vehicular Technology, vol.68, no.12, pp.
11439-11448 , Dec. 2019.

N. McNeill, B. Jin, X. Yuan, “Proportional regenerative base driver
circuit with negative off-state voltage for SiC bipolar junction
transistors”, in Proc. IET PEMD’16 Conf., pp.1-6, Apr. 2016.

D. Peftitsis, J. Rabkowski, “Gate and base drivers for silicon carbide
power transistors: an overview”, IEEE Trans. Power Electronics, vol.31,
n0.10, pp.7194-7213, Oct. 2016.

I. Laird, B. Jin, N. McNeill, X. Yuan, “Performance comparison of 3-
phase DC/AC converters using SiC MOSFETs or SiC BJTs”, in Proc.
IEEE IECON’17 Conf., pp.1-6, Oct. 2017.



https://www.semikron.com/dl/service-support/downloads/download/semikron-technical-explanation-semixr5-en-2017-02-28-rev-02/
https://www.semikron.com/dl/service-support/downloads/download/semikron-technical-explanation-semixr5-en-2017-02-28-rev-02/
https://www.semikron.com/dl/service-support/downloads/download/semikron-technical-explanation-semixr5-en-2017-02-28-rev-02/
https://www.wolfspeed.com/downloads/dl/file/id/165/product/9/c2m0040120d.pdf
https://www.wolfspeed.com/downloads/dl/file/id/165/product/9/c2m0040120d.pdf
http://www.genesicsemi.com/sic_junction_transistors/2N7638-GA.pdf
https://www.pntpower.com/tesla-model-3-powered-by-st-microelectronics-sic-mosfets/
https://www.pntpower.com/tesla-model-3-powered-by-st-microelectronics-sic-mosfets/
https://www.toshiba.com/tic/power-electronics/uninterruptible-power-systems/three-phase/g2020-series-sic-500-to-750-kva
https://www.toshiba.com/tic/power-electronics/uninterruptible-power-systems/three-phase/g2020-series-sic-500-to-750-kva
https://www.toshiba.com/tic/power-electronics/uninterruptible-power-systems/three-phase/g2020-series-sic-500-to-750-kva
https://toshiba.semicon-storage.com/eu/semiconductor/knowledge/e-learning/discrete/chap3/chap3-21.html
https://toshiba.semicon-storage.com/eu/semiconductor/knowledge/e-learning/discrete/chap3/chap3-21.html

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

G. Calderon-Lopez and A.J. Forsyth, “High power density DC-DC
converter with SiC MOSFETs for electric vehicles”, in Proc. IET
PEMD 14 Conf., pp.1-6, Apr. 2014.

S. Walder, X.Yuan, I. Laird, J. Dalton, “Identification of the temporal
source of frequency domain characteristics of SiC MOSFET based
power converter waveforms”, in Proc. IEEE ECCE’16 Conf., pp.1-8,
Oct. 2016.

Z.Zhang, F. Wang, L. M. Tolbert, B. J. Blalock, “Active gate driver for
cross talk suppression of SiC power devices in a phase-leg
configuration”, IEEE Trans. Power Electronics, vol.29, no.4, pp. 1986-
1997, Apr. 2014.

I. Laird, X. Yuan, “Investigation of the crosstalk effect during turn-off
and turn-on transitions for SiC MOSFETs in a half-bridge arrangement”,
in Proc. IEEE ECCE Conf., pp.1-8, Sept. 2019.

P. Anthony, N. McNeill, D. Holliday, “High-speed resonant gate driver
with controlled peak gate voltage for silicon carbide MOSFETs”, IEEE
Trans. Industry Applications, vol.50, no.1, pp.573-583, Feb. 2014.

C. DiMarino, J. Wang, R. Burgos, D. Boroyevich, “A high-power-
density, high-speed gate driver for a 10 kV SiC MOSFET module”, in
Proc. IEEE Electric Ship Technologies Symposium (ESTS), pp.629-634,
Aug.2017.

A. Tripathi, K. Mainali, S. Madhusoodhanan, A. Yadav, K. Vechalapu,
S. Bhattacharya, “A MV intelligent gate driver for 15kV SiC IGBT and
10kV SiC MOSFET”, in Proc. IEEE APEC Conf., pp.2076-2082, Mar.
2016.

D. Rothmund, D. Bortis, J. W. Kolar, “Highly compact isolated gate
driver with ultrafast overcurrent protection for 10 kV SiC MOSFETSs”,
CPSS Trans. Power Electronics and Applications, vol.3, no. 4, pp.278-
291, Dec. 2018.

X. Zhang, H. Li, J. A. Brothers, L. Fu, M. Perales, J. Wu, Jin Wang, “A
gate drive with power over fiber-based isolated power supply and
comprehensive protection functions for 15-kV SiC MOSFET”, IEEE
Journal of Emerging and Selected Topics in Power Electronics, vol.4,
no.3, pp.946-955, Sept. 2016.

https://www.eenewspower.com/news/isolating-gate-driver-uses-

wireless-power

J. Wang, K. J. Dagan, X. Yuan, W. Wang, P. H. Mellor, “A practical
approach for core loss estimation of a high-current gapped inductor in
PWM converters with a user-friendly loss map”, IEEE Trans. Power
Electronics, vol.34, no. 6, pp. 5697-5710, Jun. 2019.

J. Wang, X. Yuan, N. Rasekh, “Triple pulse test (TPT) for characterizing
power loss in magnetic components in analogous to double pulse test
(DPT) for power electronics devices”, in Proc. IEEE IECON 20 Conf.,
pp.1-8, Oct. 2020.

G. Calderon-Lopez, R. Todd, A. Forsyth, J. Wang, X. Yuan, S.
Aldhaher, C. H. Kwan, D. Yates, P. Mitcheson, “Towards lightweight
magnetic components for converters with wide-bandgap devices”, in
Proc. IEEE ECCE-Asia (IPEMC) 20 Conf-, pp. 1-6, Nov, 2020.

S. Zhu, X. Yuan, P. Mellor, “Reduction of parasitic capacitance of a
power inductor through conductor placement”, in Proc. IEEE ECCE
Conf., pp.3215-3221, Oct. 2017.

B. Narayanasamy, A. S. Sathyanarayanan, A. Deshpande, F. Luo,
“Analysis and mitigation of reflected wave voltages and currents in
WBG devices based motor drives”, IEEE 4th Workshop on Wide
Bandgap Power Devices and Applications (WiPDA) , pp.297-301, Nov.
2016.

S. Narasimhan, S. Tewari, E. Severson, R. Baranwal, N. Mohan,
“Mitigation of common-mode noise in wide band gap device based
motor drives”, in Proc. IEEE APEC’16 Conf., pp. 2043-2050, Mar.
2016.

M. Diab, X. Yuan, “A quasi-three-level PWM scheme to combat motor
overvoltage in SiC-based single-phase drives”, IEEE Trans. Power
Electronics, vol.35, no.12, pp.12639-12645, Dec. 2020.

P. Wang, A. Cavallini, G. C. Montanari, “The influence of repetitive
square wave voltage parameters on enameled wire endurance”, IEEE
Trans. Dielectrics and Electrical Insulation, vol. 21, no. 3, pp.1276-
1284, Jun. 2014.

G. C. Stone, S. R. Campbell, H. G. Sedding, “Adjustable speed drive
surges: how they affect motor stator windings”, in Proc. IEEE Int. Conf.
Elect. Mach. and Drives (IEMDC), pp. 207-209, May 1999.

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

A. Muetze, J. Tamminen, J Ahola, “Influence of motor operating
parameters on discharge bearing current activity”, IEEE Trans. Industry
Applications, vol. 47, no.4, pp. 1767-1777, Jul./Aug. 2011.

S. Walder, X. Yuan, “Effect of load parasitics on the losses and ringing
in high switching speed SiC MOSFET based power converters”, in
Proc. IEEE ECCE’15 Conf., pp.1-8, Sept. 2015.

Q. Yan, X. Yuan, X. Wu, “A comparative study of two kinds of PWMs
for split output converters in high-switching-frequency applications”, in
Proc. IET PEMD’16 Conf., pp.1-6, April. 2016.

L. Zhang, X. Yuan, J. Zhang, X. Wu, Y. Zhang, C. Wei, “Modeling and
implementation of optimal asymmetric variable dead-time setting for
SiC MOSFET-based three-phase two-level inverters”, IEEE Trans.
Power Electronics, vol.34, no.12, pp.11645-11660, Dec. 2019.

J. Sun, H. Xu, X. Wu, K. Sheng, “Comparison and analysis of short
circuit capability of 1200V single-chip SiC MOSFET and Si IGBT”, in
the 13th China International Forum on Solid State Lighting:
International Forum on Wide Bandgap Semiconductors China
(SSLChina: IFWS), Nov. 2016.

Z. Wang, X. Shi, L. M. Tolbert, F. Wang, Z. Liang, D. Costinett, B. J.
Blalock, “Temperature-dependent short-circuit capability of silicon
carbide power MOSFETs”, IEEE Trans. Power Electronics, vol.31,
no.2, pp.1555-1565, Feb. 2016.

D. Sadik, J. Colmenares, G. Tolstoy, D. Peftitsis, M. Bakowski, J.
Rabkowski, H. Nee, “Short-circuit protection circuits for silicon-carbide
power transistors”, IEEE Trans. Industrial Electronics, vol.63, no.4,
pp-1995-2004, Apr. 2016.

P. Liu, L. Zhang, A. Q. Huang, S. Guo, Y. Lei, “High bandwidth current
sensing of SiC MOSFET with a Si current mirror”, in the 4" IEEE
Workshop on Wide Bandgap Power Devices and Applications (WiPDA),
pp-200-203, Nov. 2016.

Z. Wang, X. Shi, Y. Xue, L. M. Tolbert, F. Wang, B. J. Blalock,
“Design and performance evaluation of overcurrent protection schemes
for silicon carbide (SiC) power MOSFETs”, IEEE Trans. Industrial
Electronics, vol. 61, no. 10, pp.5570-5581, Oct. 2014.

S. Mocevic, J. Wang, R. Burgos, D. Boroyevich, M. Jaksic, M. Teimor,
B. Peaslee, “Phase current sensor and short-circuit detection based on
Rogowski coils integrated on gate driver for 1.2 kV SiC MOSFET half-
bridge module”, in Proc. IEEE ECCE’18 Conf., pp.393-400. Sept. 2018.
Z. Zhang, B. Guo, F. Wang, E. Jones, L. M. Tolbert, B. J. Blalock,
“Methodology for wide band-gap device dynamic characterization”,
IEEE Trans. Power Electronics, vol. 32, no. 12, pp.9307-9318, Dec.
2017.

C. New, A. N. Lemmon, A. Shahabi, “Comparison of methods for
current measurement in WBG systems”, in Proc. IEEE 5th Workshop on
Wide Bandgap Power Devices and Applications (WiPDA), pp.87-92,
Nov. 2017.

E. Raszmann, K. Sun, R. Burgos, I. Cvetkovic, J. Wang, D. Boroyevich,
“Voltage balancing of four series-connected SiC MOSFETSs under 2kV
bus voltage using active dv/dt control”, in Proc. IEEE ECCE’19 Conf.,
pp-6666-6672, Sept. 2019.

E. Aeloiza, A. Kadavelugu, R. Rodrigues, “Evaluation and
characterization of parallel connected ultra-low-inductance 400A SiC
MOSFET modules”, in Proc. IEEE ECCE’19 Conf., pp.1934-1940, Sept.
2019.

Z. Chen, J.Rice, J. Shao, Y. Hu, “An optimal DC-link RC snubber
design for SiC MOSFET applications”, in Proc. IEEE ECCE’19 Conf.,
pp-1974-1980, Sept. 2019.

“SiC MOSFET Snubber circuit design methods”, Rohm Application
Note, No. 62AN037E Rev.001, Oct.2019.
https://d1d2qsbl8m0m72.cloudfront.net/en/products/databook/applinote/
discrete/sic/mosfet/sic-mos_snubber_circuit_design an-e.pdf

M. R. Ahmed, R. Todd, A. J. Forsyth, “Analysis of SiC MOSFETSs
under hard and soft switching”, in Proc. IEEE ECCE’15 Conf., pp.2231-
2238, Sept. 2015.

W. Choi, D. Han, C. T. Morris, B. Sarlioglu, “Achieving high efficiency
using SiC MOSFETs and reduced output filter for grid-connected V2G
inverter”, in Proc. IEEE IECON’15 Conf., pp.3052-3057, Nov. 2015.

A. Jouanne, H. Zhang, A. K. Wallace, “An evaluation of mitigation
techniques for bearing currents, EMI and overvoltages in ASD
applications”, IEEE Trans. Industry Applications, vol. 34, no. 5,
pp-1113-1122, Sept./Oct. 1998.



https://www.eenewspower.com/news/isolating-gate-driver-uses-wireless-power
https://www.eenewspower.com/news/isolating-gate-driver-uses-wireless-power
https://d1d2qsbl8m0m72.cloudfront.net/en/products/databook/applinote/discrete/sic/mosfet/sic-mos_snubber_circuit_design_an-e.pdf
https://d1d2qsbl8m0m72.cloudfront.net/en/products/databook/applinote/discrete/sic/mosfet/sic-mos_snubber_circuit_design_an-e.pdf

[85] Q. Yan, X. Yuan, Y. Geng, A. Charalambous, X. Wu, “Performance
evaluation of split output converters with SiC MOSFETs and SiC
Schottky diodes”, IEEE Trans. Power Electronics, vol.32, no.1, pp.406-
422, Jan. 2017.

[86] D. Han, C. T. Morris, B. Sarlioglu, “Common-mode voltage cancellation
in PWM motor drives with balanced inverter topology”, IEEE Trans.
Industrial Electronics, vol. 64, no. 4, pp. 2683-2688, Apr. 2017.

[87] C. T. Morris, D. Han, B. Sarlioglu, “Reduction of common mode
voltage and conducted EMI through three-phase inverter topology”,
IEEE Trans. Power Electonics, vol. 32, no. 3, pp. 1720-1724, Mar.
2017.

[88] S. Heribert, S. Christoph, K. Jurgen, “Inverter for transforming a DC
voltage into an AC current or an AC voltage,” Europe Patent 1 369 985
(A2),2003.

[89] R. Gonzalez, J. Lopez, P. Sanchis, L. Marroyo, “Transformerless
inverter for single-phase photovoltaic systems” , IEEE Trans. Power
Electronics, vol. 22, no. 2, pp. 693-697, Mar. 2007.

[90] B. Yang, W. H. Li, Y. J. Gu, W. F. Cui, X. N. He, “Improved trans-
formerless inverter with common-mode leakage current elimination for a
photovoltaic grid-connected power system,” [EEE Trans. Power
Electronics, vol. 27, no. 2, pp. 752762, Feb. 2012.

[91] W. Zhou, M. Diab, X. Yuan, “Mitigating the reflected wave
phenomenon in SiC motor drives with the auxiliary resonant
commutated pole inverter”, in Proc. IEEE ECCE’20 Conf., pp.1-8, Oct.
2020.

[92] X. Yuan, Y. Li, “A common-mode voltage mitigation method based on
the universal PWM algorithm for neutral point clamped converters”, in
Proc. IEEE APEC’09 Conf., vol.2, pp.1793-1797, Feb. 2009.

[93] E. Ayerbe, A. Barkley, J. Mookken, “SiC MOSFETSs in optimized
packaging deliver a 3xreduction in switching losses, enabling affordable
high-efficiency EV battery chargers”, Bodo’s Power Systems, pp.84-87,
May 2017.

[94] P. Sun, C. Liu, J.-S. Lai, C.-L. Chen, and N. Kees, “Three-phase
dualbuck inverter with unified pulsewidth modulation”, IEEE Trans.
Power Electronics, vol. 27, no. 3, pp. 1159-1167, Mar. 2012.

[95] A. Paredes, H. Ghorbani, V. Sala, etc, “A new active gate driver for
improving the switching performance of SiC MOSFET”, in Proc. [EEE
APEC’17 Conf., pp.3557-3563, Mar. 2017.

[96] P. Nayak, K. Hatua, “Active gate driving technique for a 1200V SiC
MOSFET to minimize detrimental effects of parasitic inductance in the
converter layout”, in Proc. IEEE ECCE’16 Conf., pp.1-8, Sept. 2016.

[97] K. Miyazaki, M. Takamiya, T. Sakurai, “Automatic optimisation of
IGBT gate driving waveform using simulated annealing for
programmable gate driver IC”, in Proc. IEEE ECCE’16 Conf., pp.1-6,
Sept. 2016.

[98] H. Riazmontazer, A. Rahnamaee, A. Mojb, et al, “Closed-loop control of
switching transition of SiC MOSFETS”, in Proc. IEEE APEC’15 Conf.,
pp.782-788, Mar. 2015.

[99] S. Zhao, X. Zhao, H. Mehisan, C. Farnell, A. Mantooth, “An intelligent
model-based multi-level active gate driver for powere semiconductor
devices”, in Proc. IEEE ECCE’19 Conf., pp.2394-2400, Sept. 2019.

[100]H. Obara, T. Mannen, K. Wada, K. Miyazaki, T. Sai, M. Takamiya, T.
Sakurai, “Design and implementation of digital active gate control with
variable 63-level drivability controlled by series 4-bit signals”, in Proc.
IEEE ECCE’19 Conf., pp.2408-2412, Sept. 2019.

[101]P. Palmer, J. Zhang, E. Shelton, “Active switching with SiC
MOSFETSs”, in Proc. IEEE ECCE’19 Conf., pp.3275-3280, Sept. 2019.

[102]S. Walder, X. Yuan, Q. Yan, “SiC MOSFET switching waveform
profiling through passive networks”, in Proc. IEEE IECON’18 Conf.,
pp. 1483-1488, Oct. 2018.

[103]R. Ramabhadran, M. H. Todorovic, C. Li, E. Asa, K. Huh, “An analog
active gate drive circuit architecture for wide band gap devices”, in
Proc. IEEE IECON’18 Conf., pp. 380-386, Oct. 2018.

[104]X. Yuan, “A four-level n-type converter for low-voltage applications”,
in Proc. EPE’15 Conf., pp.1-10, Sept. 2015.

[105]S. Busquets-Monge, J. Bordonau, and J. Rocabert, "A virtual-vector
pulsewidth modulation for the four-level diode-clamped dc-ac
converter," IEEE Trans. Power Electronics, vol. 23, pp. 1964-1972, Jul.
2008.

[106]J. Wang, X. Yuan, B. Jin, I. Laird, “Closed-loop DC-link voltage
balancing algorithm for a four-level n-type converter”, in Proc. IEEE
IECON’19 Conf., pp.3529-3534, Oct. 2019.

[107]A. Charalambous, X. Yuan, N. McNeill, “High-frequency EMI
attenuation at source with the auxiliary commutated pole inverter”, [EEE
Trans. Power Electronics, vol.33, no.7, pp. 5660 — 5676, July 2018.

[108]W. Zhou, X. Yuan, “Experimental evaluation of SiC MOSFETs in
comparison to Si IGBTs in a soft-switching converter”, IEEE Trans.
Industry Applications, Jun. 2020 (Early Access online).

[109]R. Lai, F. Wang, R. Burgos, Y. Pei, D. Boroyevich, B. Wang, T. Lipo,
V. Immanuel, K. Karimi, “A systematic topology evaluation
methodology for high-density three-phase PWM AC-AC converters”,
IEEE Trans. Power Electronics, vol. 23, no. 6, pp. 2665-2680, Nov.
2008.

[110]1. Laird, X. Yuan, B. Jin, N. McNeill, “High temperature design
optimisation of DC/AC power converters using SiC BJTs”, in Proc.
IEEE ECCE’18 Conf., pp.1-8, Sept. 2018.

[111]C. Wei, J. Shao, B. Agrawal, D. Zhu, H. Xie, “New surface mount SiC
MOSFETsS enable high efficiency high power density bi-directional on-
board charger with flexible DC-link voltage”, in Proc. IEEE APEC’19
Conf., pp. 1904-1909, Mar. 2019.

[112]M. Arnold, I. Laird, A. Longford, X. Yuan, “Experimental evaluation of
a low-cost QFN silicon carbide half-bridge module”, IEEE Trans.
Components, Packaging and Manufacturing Technology, vol.9, no.§,
pp-1603-1612, Aug. 2019.

[113]J. Gonzalez, O. Alatise, L. Ran, P. Mawby, P. Rajaguru, C. Bailey, “An
initial consideration of silicon carbide devices in pressure-packages”, in
Proc. IEEE ECCE’16 Conf., Sept. 2016.

[114]N. Zhu, H. A. Mantooth, D. Xu, M. Chen, M. D. Glover, “A solution to
press-pack packaging of SiC MOSFETs”, IEEE Trans. Industrial
Electronics, vol. 64, no.10, pp.8224-8234, Oct. 2017.

[115]Y. Zhang, H. Nee, T. Hammam, I. Belov, P. Ranstad, M. Bakowski,
“Multiphysics characterization of a novel SiC power module”, IEEE
Trans. Components, Packaging and Manufacturing Technology, vol.9,
no. 3, pp. 489-501, Mar. 2019.

[116]Y. Chang, H. Luo, F. lannuzzo, A. S. Bahman, W. Li, X. He, F.
Blaabjerg, “Compact sandwiched press-pack SiC power module with
low stray inductance and balanced thermal stress”, IEEE Trans. Power
Electronics, vol. 35, no. 3, pp.2237-2241, Mar. 2020.

[117]Z. Lin, R. J. Yoon, “An AIN-based high temperature package for SiC
devices: materials and processing”, in Proc. International Symposium on
Advanced Packaging Materials: Processes, Properties and Interfaces,
Mar. 2005.

[118]C. Chen, Y. Chen, Y. Li, Z. Huang, T. Liu, Y. Kang, “An SiC-based
half-bridge module with an improved hybrid packaging method for high
power density applications”, IEEE Trans. Industrial Electronics, vol.64,
no.11, pp.8980-8991, Nov. 2017.

[119]S. Seal, M. D. Glover, H. A. Mantooth, “3-D wire bondless switching
cell using flip-chip-bonded silicon carbide power devices”, IEEE Trans.
Power Electronics, vol. 33, no. 10, pp.8553-8564, Oct. 2018.

[120]J. Yin, Z. Liang, J. D. Wyk “High temperature embedded SiC chip
module (ECM) for power electronics applications”, IEEE Trans. Power
Electronics, vol. 22, no. 2, pp.392-398, Mar. 2007.

[121]Z. Wang, M. Chinthavali, S. L. Campbell, T. Wu, B. Ozpineci, “A 50-
kW air-cooled SiC inverter with 3-D printing enabled power module
packaging structure and genetic algorithm optimized heatsinks”, IEEE
Trans. Industry Applications, vol.55, no.6, pp.6256-6265, Nov./Dec.
2019.

[122]S. Acharya, A. Anurag, S. Bhattacharya, D. Pellicone, “Performance
evaluation of a loop thermosyphon-based heatsink for high-power SiC-
based converter applications”, IEEE Trans. Components, Packaging and
Manufacturing Technology, vol.10, no.1, pp.99-110, Jan. 2020.

[123]L. Boteler, A. Lelis, M. Berman, M. Fish, “Thermal conductivity of
power semiconductors—when does it matter?”” in Proc. IEEE Workshop
on Wide Bandgap Power Devices and Applications (WiPDA), pp.265-
271, Oct. 2019.

[124]B. J. Nel, S. Perinpanayagam, “A brief overview of SiC MOSFET
failure modes and design reliability”, in Proc. The 5th International
Conference on Through-life Engineering Services (TESConf 2016),
Procedia CIRP 59, pp. 280- 285, 2017.



