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Abstract— In synergy with the European Green Deal, which
aims at providing direct support for cities to strive for climate
neutrality, the search for innovative energy production, storage,
conversion and utilization solutions to be applied in the context of
mobility is becoming increasingly important to meet the needs for
energy savings, risk reduction and ecological footprint while
ensuring equity, inclusiveness and sustainable use of goods and
services. As far as conversion systems are concerned, for the
purpose of higher and higher levels of transportation
electrification, power converters based on emerging
semiconductor technologies of switching devices, such as wide
bandgap (WGB) devices, are essential to efficiently guarantee high
voltage levels while operating at high frequencies. Moreover,
alternative topologies of connections among switching devices are
currently investigated to further support power converters’
performances. Nevertheless, high-frequency high-voltage
switching power converters are implemented at the price of high
electromagnetic interference (EMI) noises, so that limiting the
radiated EMI of such power converters is a must. In this paper, a
3-phase traction inverter based on Silicon Carbide (SiC) devices
connected through cascode configuration is proposed. A 600 V
prototype has been assembled and experimentally tested, also
regarding its radiated EMI, measured inside a semi-anechoic
chamber.

Keywords—radiated EMI, traction inverter, SiC devices, power
converters, power modules, three phase motor drive.

I. INTRODUCTION

In the recent years, power electronics has increasingly used
Wide bandgap (WBG) semiconductor switching devices, due to
better performances in terms of high switching frequencies and
voltage levels with respect to the traditional Silicon (Si) devices.

Silicon Carbide (SiC) features different properties that make
it a better semiconductor material if compared to Si, such as
higher values of bandgap energy, breakdown field, saturation
electron velocity and thermal conductivity [1]. These attractive
features provide SiC with better performances in terms of
switching characteristics [2] and thermal properties [3].

Due to the afore-mentioned advantages and to the last
technological developments, SiC has been playing a key role to
push power converters towards increasingly high switching
frequencies and voltage levels, keeping high reliability and low
power losses in several applications, including electrical
mobility, bringing to power converters a significant contribution
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concerning efficiency, power density and high temperature
operations. [4-7].

While importance of SiC diodes due to their null reverse
recovery charge is well-known since long time, SiC transistors
have great developments margins, especially according to the
different technologies which can be exploited for different
applications. Regarding this, SIC MOSFETSs are substantially
drivable as the corresponding Si ones, with the benefit of better
performances at the highest voltage levels, so that SiC
MOSFETs are good candidates to replace Si IGBTs.

As far as Gallium Nitride (GaN) electronic switching
devices are concerned, they enable high efficiency and small
passive components, thus allowing to obtain higher power
density if compared to Si-based electrical systems. Nevertheless,
with respect to SiC ones, GaN devices are rated for lower
voltage levels: while SiC devices are strongly recommended for
more than 1000 V, GaN devices are more performant for
maximum 650 V. Regarding the electron mobility, GaN shows
much higher values than both Si and SiC, thus allowing for
notably high switching frequencies [8]. Thermal conductivity,
costs and reliability are still some aspects that address the choice
towards SiC, as far as high-voltage mobility applications are
concerned [9].

Considering SiC devices more in detail, SiC JFET provide
even better performances than SiC MOSFETs, but they require
a careful gate driving, especially normally-on transistors.
Therefore, a trade-off solution is desirable, collecting the
benefits of an easy drivability and of high conductivity and low
switching transients. This convenient combination can be
implemented by the cascode connection, which is the series
connection between a low-voltage switching pilot device, driven
by an external signal, and a high-voltage device which is driven
according to the state of the first one. These two devices are
generally corresponding to a normally-off low-voltage switch
and a normally-on high-voltage switch respectively [10-12].

The combination between SiC material and cascode
connection is therefore recommended to achieve reliable results:
the pilot normally-off device can be realized through a SiC
MOSFET, whereas the self-driven normally-on is well
implemented by a SiC JFET. The SiC MOSFET gives a notable
contribution in terms of speed of the switching transient with
respect to a low voltage Silicon MOSFET, due to the small gate-
source capacitance and to the fast body-diode, which allows to


mailto:filippo.pellitteri@unipa.it
mailto:nicola.campagna@unipa.it
mailto:massimo.caruso16@unipa.it
mailto:gerlando.frequente@unipa.it
mailto:rosario.miceli@unnipa.it
mailto:annalisa.contato@unipa.it
mailto:geraldina.signa@unipa.it

properly turn-on into reverse conduction: due to the reverse
current flowing through the body-diode, which is connected
between gate and source of the JFET, the high-voltage device is
turned-on. The self-driven device is implemented through a SiC
FET, which is more reliable in terms of thermal management
with respect to a GaN device and therefore it is more performant
as high-voltage device. A background on state-of-art SiC JFET
devices and their applications is provided in [13-16].

The promising performances of SiC cascode configuration
in terms of fast switching transients are obtained at the price of
high frequency EMI noises. Indeed, with the higher and higher
levels of dV/dt guaranteed by WBG devices with respect to
conventional Si devices and by cascode connection with respect
to the single switch, EMI noises are increasingly higher in
amplitude and at higher frequencies. Limiting the radiated EMI
is therefore essential to make the use of WBG devices, as well
as cascode connection, really convenient for several application
fields, including sustainable mobility. Regarding this, power
electronics plays a crucial role as well as electrical drives and
energy storage systems [17-20].

Due to their influence on the noise emitted by the power
module, modeling the parasitic elements of the PCB can be
crucial to foresee the switching transients of the voltage
waveforms and therefore the radiated EMI as well. Indeed, by
implementing the FFT on the simulated voltage waveforms of
the converter, it is possible to evaluate the noise emitted by the
unintentional antennas of the system, represented by the
terminal cables. By the combination between the emitted noise
and the gain factor of the receiving antenna, which depends on
the frequency, it should be possible to obtain the radiated electric
field and to relate it to the modelled parasitic elements, thus
aiming at a way to minimizing them.

In this paper, a cascode-based 3-phase traction inverter
implemented through SiC MOSFETs as pilot devices and SiC
JFETs as self-driven devices is proposed. A PCB prototype has
been realized and experimental tests have proven its correct
operation for a 3-phase induction motor power supply. To
evaluate the radiated EMI and its dependance on the parasitic
elements of the power module, the experimental results in terms
of radiated electric field have been related to the simulation
ones, carried out considering the equivalent PCB tracks
inductances of the power converter.

Simulation results concerning the switching transients, main
responsible of the emitted noise, have been compared to those
without considering parasitic inductances, thus aiming at
understanding their influence on the EMI noise.

The experimental tests have been reproduced inside a semi-
anechoic chamber.

II. SIC CASCODE CONFIGURATION

The proposed solution of SiC-based cascode configuration
consists of an enhancement n-channel MOSFET used as pilot
device and a n-channel JFET as high-voltage device.

This JFET is a normally-on device, due to its negative
threshold gate-source voltage The direct connection between the
MOSFET source and the JFET gate nodes makes this switching
configuration totally self-driven, since when the MOSFET is on,

the gate-source voltage of the JFET is zero and therefore the
JFET is on as well.

The SiC-based MOSFET-JFET cascode combination is
proposed as single element of the six switches implementing a
3-phase inverter, as highlighted in Fig. 1.

A prototype of the proposed cascode-based 3-phase inverter
has been assembled to evaluate its proper working, according to
appropriate layout design criteria, aiming at high frequency
noise reduction and at avoiding electrical arcs according to the
rated voltage levels.

Furthermore, ground paths are separated from ground plane
concerning the paths with high di/dt.

A detail of the proposed layout is proposed in Fig. 2,
highlighting a 2-layer PCB scheme.

As far as the produced radiated EMI, this shall be carefully
investigated to understand the role of high dV/dt, meaning high
voltage levels and short switching transients. Even aiming at
smoothing radiated EMI through stray inductances
minimization and proper positioning of electronic components
on the printed circuit board (PCB), the cables at the terminal
sections of the switching power conveter can act as unintentional
antennas.

Moreover, the equivalent track inductances should be
modeled to determine their influence on the EMI noise. The
related experimental prototype is shown in Fig. 3.

Some of the performed experimental results concerning the
operation of the cascode SiC converter supplying a 3-phase
induction machine are shown in Fig. 4, for a 250 V DC-link
voltage. Due to limitations in the voltage range of the available
DC power source, higher voltage levels have not been tested yet,
even though the used SiC JFET device voltage rating is 1200 V.
Modulation and carrier frequency concerning the implemented
three-phase sinusoidal PWM are 50 Hz and 40 kHz respectively.

The rise voltage of one of the cascode-based switches is
shown, corresponding to a dV/dt equal to about 5 V/ns.

The significance of the dV/dt is related to the produced
radiated EML.
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Fig. I Schematic of the 3-phase inverter based on nMOS/JFET cascode
with SiC devices.
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Fig. 2 Layout design of the proposed 3-phase inverter.

Fig. 3 Top view of the experimental prototype of the proposed 3-phase
inverter.

Fig. 4 Rise time of a cascode voltage during a switching transient; voltage
division: 150 V/div; time division: 30 ns/div.

III. RADIATED EMI OF THE PROPOSED CONVERTER

The realized SiC cascode 3-phase inverter is supposed to be
experimentally tested also regarding its radiated EMI, through
measurements inside a semi-anechoic chamber.

Fig. 5 shows the block diagram related to the experimental
setup for the radiated EMI measurements implementation: the
device under test (DUT) radiates emissions towards an antenna,
which is connected to the EMI receiver. The LabVIEW Virtual
Instrument block processes the EMI receiver results, consisting
in the achieved spectrum, splitting them into horizontal and
vertical polarization.

Fig. 6 shows the correspondent setup schematic considering
it in a semi-anechoic chamber.

The achieved results for a 250 V DC-link voltage are shown
in Figures 7 and 8, corresponding to vertical and horizontal
polarization respectively. Limits imposed by the International
Special Committee On Radio Interference (CISPR) are
highlighted as well. More in detail, Product Standards CISPR 12
and CISPR 25 should be considered to address protection of off-
board and on-board receivers from EMI concerning vehicles and
boats [21].
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Fig. 5 Diagram of the radiated EMI measurements setup..
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Fig. 6 Radiated EMI measurements setup in semi-anechoic chamber.
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Fig.7 Measured radiated EMI vs. frequency: vertical polarization.
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Fig. 8 Measured radiated EMI vs. frequency: horizontal polarization.

IV. CONCLUSIONS

In this paper, a 3-phase cascode-based inverter implemented
through SiC devices has been proposed. The assembled
experimental prototype has been tested, aiming at the
demonstration of its proper operation.

Results regarding the obtained waveforms have been
addressed for a voltage level of 250 V, concerning the DC-link
supplying the 3-phase inverter. Tested power rating of the
inverter is 100 W, even if in future tests the goal power level
will be 1 kW.

Moreover, the measurements about radiated EMI,
exploiting the availability of a semi-anechoic chamber, have
been performed and referred to the existing standards related to
mobility sector.

Future developments of the presented work imply the
implementation of a closed-loop control strategy on the power
converter and the extension of the tested voltage range until
1000 V to evaluate the reliability of the employed devices in the
framework of the proposed topology.
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