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In retrospect, I was undeniably overly optimis-
tic when I wrote in my 1981 master thesis on Power
Supplies for Pulsed Power Systems that it would take
just one more decade to have wide bandgap devices
commercially available as a better alternative to sili-
con devices for such high energy pulse applications.
Today, we must recognize that it took three decades
to receive even workable samples. Now, 43 years lat-
er, SiC power MOSFETs and GaN HEMTs are commer-
cially available with static and dynamic performance
characteristics that outperform silicon devices.

At present, primarily the voltage rating determines
the type of wide bandgap material that is used in a
given application. Whereas, GaN HEMT power de-
vices can operate close to GHz switching frequencies
with breakdown voltages up to 800V, SiC MOSFET
devices are available having 1.2kV, 3.3kV up to 10kV
breakdown voltages. Hence, when looking at vehi-
cle electrification, grid and energy management ap-
plications, next to silicon IGBTs, SiC MOSFETs are
currently the only practical alternative power semi-
conductor for 400V,, low-voltage grid applications,
400 V4. or 800 Vq. battery electric vehicles, as well as
mediurn—voltage2 distribution AC and DC grid con-
nected converter applications. Compared to silicon
IGBTs, SiC MOSFETs offer voltage switching speeds
that are at least 20 to 30 times faster than IGBTs.
Indeed, although converter designers were dream-
ing of ever faster switches, power devices with switch-
ing speeds up to 150 kV/ps or 150 V/ns were not even
imaginable a decade ago. Theoretically, ignoring
parasitic effects caused by stray capacitances and in-
ductances, faster switching enables higher switching
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1 HEMT - High electron mobility transistor. GaN HEMTs are
currently lateral devices.

2 Medium-voltage starts at 1,000 V,. or 1,500 V4. according to
IEC standards
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frequencies. Higher switching frequencies potentially
leads to smaller and lighter passive components, such
as inductors, transformers and capacitors. Reduction
of volume and weight is of particular interest in road
vehicle and aerospace applications. With proper low-
inductive design of the device package and convert-
er lay-out, faster switching leads to lower switching
losses. In addition, as MOSFETs have no forward
threshold voltage, their conduction losses at partial
load operation tend to be lower than those of IGBTs.
Hence, applications which value high efficiencies over
a wide operating range, such as PV inverters, heat
pumps inverters, high-speed propulsion drives poten-
tially benefit from SiC MOSFETs. Nevertheless, to be
commercially successful, the higher cost of SiC versus
silicon devices must be offset by a reduction of costs
of passive components, cooling systems and energy
consumptioﬁ'.

No doubt, effective use of the aforementioned fast
switching characteristics of wide bandgap semicon-
ductors leads to converter designs that have much
higher power densities than what was achievable
with silicon devices. For example, a two-phase 800 V4.
to 400V synchronous buck-boost SiC automotive
DC-to-DC converter switching at 500 kHz was dem-
onstrated with a volumetric power density reaching
100 kW/dms3, whereas the three-phase silicon IGBT
variant switching at 20 kHz reached a power density
of merely 4kwW/dm3”. To achieve such extraordinary
results, many aspects of the circuit had to be reengi-
neered. To lower stray inductance not only the pack-
age design and placement of the SiC chigé) but also
an ultra-compact lay-out of the converter had to be
realized to lower the overall stray inductance of the
converter, in an attempt to reduce over-voltage spikes
and high-frequency ringing during the fast switching
of SiC MOSFETs. Novel compact 3D-printed liquid
cooled heatsinks and 3D-printed bobbins to shape
the foil windings of the inductors and intelligent gate
drivers that switch smoothly the SiC MOSFETSs in pico-
seconds were developed to operate the SiC MOSFETs
at their thermal limits under hard-switching condi-
tions. In practice, circuit designers often slow down
significantly the switching transients of SiC MOSFETs
in hard-switching converters to limit over-voltage
spikes, diode reverse recovery stress and reduce EMI’
high-frequency ringing noise. The latter in an at-
tempt to reduce the cost of EMI filters. However, in
doing so the potential efficiency advantages of SiC
devices switching at high frequencies compared to
silicon IGBTs switching at lower frequencies are par-
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3 EMI - Electromagnetic interference. Wide bandgap devices
can produce conducted EMI beyond 30 MHz, requiring more
sophisticated filter designs.
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tially lost. Hence, the question when and where to use
wide bandgap devices is a valid one. Consequently, it
remains an engineering task to have a commercially
successful product.

Clearly, soft-switching converters, predominantly
DC-DC converters, such as dual active bridge convert-
ers, which use the stray capacitance of the semicon-
ductor as a resonant capacitor thereby greatly de-
coupling the circuit stray inductance from the device
package stray inductance, avoid to great extend the
aforementioned EMI and overvoltage spike issues.
Hence, soft-switching or quasi-resonant DC-DC con-
verters can push wide-bandgap semiconductors up to
their limits. Compact single and three-phase on-board
AC-to-DC chargers are being installed in plug-in hy-
brid and full electric vehicles. SiC based converters are
finding their way in compact DC fast charging stations
that can charge 400 V4. or 800 V4. batteries at power
levels ranging from 50 kW up to 350 kW. Work is on-
going to develop charging stations that can charge
batteries of trucks and small all-electric aircraft up to
3 MW. The target is to charge a 500 kWh battery in just
about 15 min.

Whether wide bandgap devices will replace IGBTs
in inverters for propulsion systems of passenger elec-
tric vehicles, where the maximum speed is around
18,000 rpm is still an open question. Three-phase ro-
tating field machines with (expensive) multi-slot,
two-layer wave windings, which are typically used in
induction machines and permanent magnet synchro-
nous machines, do not require elevated switching
frequencies to fulfil the acoustic noise and efficiency
requirements. Actually, the lower the switching fre-
quency, the more efficiently the drive operates. On
the other hand, low-cost machines with block wind-
ings, such as switched reluctance machines, are prone
to produce annoying tonal acoustic noise as they ex-
cite much stronger the so-called zero-breathing vi-
bration mode of the stator. These vibration modes
have eigenfrequencies that are an order of magnitude
higher than the fundamental frequency of the ma-
chine, i.e. up to 4 kHz. Algorithms have been devel-
oped that actively dampen such vibration modes re-
ducing the emitted noise by 20 dB, making a low-cost
machine nearly as quiet as a rotating field wound ma-
chine. However, to compensate effectively 4 kHz vi-
brations SiC inverters switching at frequencies around
40 kHz and higher are needed. Hence, it can be antici-
pated that mass production of e-Axles drives, i.e. the
integration of high-speed machine, inverter and gear-
ing system, are implemented based on low-cost high-
speed machines (Cup to 30.000 rpm) using SiC invert-
ers that actively control smooth torques and dampen
the stator vibrations that cause most acoustic noise.
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