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Victor Dos Santos, Bernardo Cougo, Davin Guedon, Olivier Crepel, and Richard Perraud

Abstract—In modern aircraft applications, an electrical pow-
ertrain based on silicon carbide (SiC) modules is a promising
technology for achieving commercial roadmap targets. However,
the high switching speeds and parasitic elements associated with
SiC-based power converters bring up drawbacks in terms of
electromagnetic compatibility (EMC). Furthermore, during the
early-stage design of a system, the prediction, optimization,
and fast simulations to analyze EMC performances are not
always easy tasks. It requires accurate models and is still
continuously being treated in the literature. This article discusses
and highlights the key elements responsible for EMC issues, in
a typical common-mode (CM) current signature. A discussion
and methodology on how several aspects of EMC, in terms of
power energy, can be predicted in advance are also presented.
A modeling approach through an improved equivalent CM
circuit (ECMC) is introduced, providing satisfactory results and
good computational time versus accuracy trade-off, even with
ringing effects. The analyses presented here are suitable for
EMC pre-compliance tests. Simulation results of a 2-level SiC-
MOSFET prototype under development are presented to validate
theoretical approaches. Experimental EMC tests in a 50 kW
electromechanical chain with 70 kVA SiC-MOSFET prototype
are presented for validation purposes.

Index Terms—Electromagnetic Compatibility, Silicon-Carbide,
More-Electric Aircraft, Modeling.

I. INTRODUCTION

HE emerging concepts of All-Electric Aircraft [1] and
More-Electric Aircraft systems [2] using SiC-based pow-
ertrain experience difficult trade-offs and worldwide chal-
lenges [3], [4]. For instance, the high switching speed of the
latest SiC-based power modules has provided benefits in terms
of semiconductor losses and power density [5]. On the other
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hand, for each switching transient event experienced at the
switching node, a critical CM current is generated and will
circulate via parasitic elements. This leads to an increase in
conducted emissions and produces a negative EMC impact,
as emphasized in [6]. Hence, such interdependence between
efficiency and electromagnetic interference (EMI) issues is one
of the most essential trade-offs in this area [2], [7], [8].

The power electronic-based motor drive systems used in
aircraft applications face challenges due to growing power
demand and strict safety and EMC rules. Electric aircraft
power systems must work reliably in different conditions,
which is a big challenge. As mentioned in [9],the electric and
more-electric aircraft industry needs even more powerful and
reliable electrical systems than the automotive industry.

Several aspects can contribute to the failure of an EMC
compliance test (e.g., constraints to integrate high-temperature
decoupling capacitors, very low gate-driver resistances, high
parasitic inductance values, simulation models with time-
accuracy issues, etc.). Hence, special attention should be paid
during the early-stage EMC (pre-compliance stage) analyses.
Such investigations are essential to assist design teams, by
warning critical points before designing the passive (or active)
EMI filters. The literature highlights efforts related to EMC
and improvements of fast switching transient issue in [7],
[10]-[16]. In summary, most papers can be grouped as: i)
switching speeds compensation techniques [11]-[13], [17],
[18], ii) ringing mitigation [16], [19], [20], iii) layout rules-of-
thumb or techniques to reduce parasitic elements [10], [15],
[21], and iv) modeling approaches with good computational-
efficiency ratio [22]-[26]. This latter group highlights the
attention to be paid to modeling, either for more efficient
models in terms of calculation or terms of accuracy.

Accurate models faithful to theoretical studies can help to
confidently predict main HF perturbations in such a way that
mitigation techniques can be chosen properly. However, mak-
ing a full system simulation model for time-domain analysis as
accurate as possible increases its complexity and vulnerability
to modeling errors (losses, for example). As a consequence
convergence problems can come up. In addition, prohibitive
simulation time (i.e., tens of hours) are also observed. Hence,
other approaches i.e. [8], [25], [27], [28], are better options
to avoid these problems. Among them, approaches based on
common-mode equivalent circuits stand out as suitable and
well-accepted in the literature [25], [29], [30]. However, one
observes a lack of study in the aircraft domain that clearly
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states a methodology to identify the critical elements involved
in a well-defined HF common-mode model, and supported by
a set of analyses considering different scenarios.

This paper investigates useful HF-EMC modeling and sim-
ulation analyses focused on the CM current spectrum (CMCS)
for a typical SiC-MOSFET-based three-phase (3®) motor
drive system applied in more-electric aircraft systems, as
depicted in Fig. 1. A methodology for extracting essential
information (i.e., parasitic elements identification, analysis of
high-temperature decoupling capacitors, oscillations character-
ization, etc.) is proposed. Such a methodology considers a
common-mode simplified model which is capable to reproduce
the CMCS profile very close to the one obtained by simulating
the 3® model (including all elements of the overall systems).
Furthermore, the proposed methodology provides faster simu-
lations. Further, focusing on aircraft applications, the issue to
integrate high-voltage and high-temperature (e.g., 150-200°C)
decoupling capacitors with only low-value capacitors available
on the market is highlighted. This work comprises early-
stage design studies for a high-power and high-temperature
motor control unit (MCU-HT) demonstrator, carried out by an
aircraft manufacturer.

The present work is divided as follows: in Section III, a
general description of the studied system is presented. Next,
the modeling and main equations are introduced to support
the capability to predict key EMI effects. In Section IV, an
equivalent common-mode model able to reproduce ringing
effects is presented. The results, and discussions of this work
comprise two scenarios as case studies. The first one considers
a module under development and is covered in Section V. The
second case covered in section VI considers experimental and
simulation results for a 50 kW electromechanical chain system
with a 70 kVA SiC-inverter prototype developed at IRT-Saint
Exupéry. The DO-160 standard [31] is considered to quantify
the failure margin. Finally, conclusions are presented.

II. SYSTEM DESCRIPTION AND EMI BASICS

The system modeling discussed in this work is based on
a typical 3® motor drive system, depicted in Fig. 1. Such
a system represents a basic setup used in the EMC pre-
compliance tests to comply with the DO-160 standard. It is
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composed of a line impedance stabilization network (LISN),
DC and AC cables, current measurement at DC-side (i.e.,
power lines), dc-link capacitors, optional high-temperature
decoupling capacitors, inverter, current measurement at AC-
side (i.e., interconnecting bundles), and AC motor. If short
cables are used, a low impact on the common-mode current
spectrum (CMCS) is expected [32], [33], thus they can be
omitted in the early-stage analysis.

A. EMI source

The main EMI source here is the conducted EMI emission,
which is generated mainly due to the switching behavior
of the SiC-MOSFET. This is addressed mainly to the high
dV/dt (or dI/dt) experienced by the inverter outputs that
can propagate through common-mode (CM) and differential-
mode(DM) paths. Such transients with considerably high-
value parasitic elements will create a critical CM current path.

B. CM and DM Modeling Hypothesis (transfer of mode)

There are cases where the CM and DM spectra maybe not
be fully decoupled, and the phenomenon of transfer of mode
may take place. It means that a contribution of the DM current
may appear in the CM current, mainly due to a dissymmetry
in the propagation path. More details about the transfer of
mode can be observed in [34]. However, even if the conducted
EMI can be investigated by means of CM and DM circuits
(i.e., by superposition principle), in this paper, we assume
that the conducted emissions are dominated by CM only. It is
shown experimentally at section VI-B the DM/CM influence
that confirm this assumption.

C. EMI basics - switching voltage approximation

Once the switching behavior of SiC-MOSFET is the main
EMI source, the CM voltage Vs is a function of them.
Additionally, Vo s can be seen as a piecewise-linear waveform
carrying the transient behavior of drain-source voltage Vs at
the switching node of each phase. Then, Vs can be assumed
as a linear combination of pole-voltages in each phase. This
can be easily observed by using linearity, time shifting, and
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differentiation properties of the Fourier series from the theory
of signals and systems.

In a first approximation, let assume Vs as just a trape-
zoidal waveform with amplitude 0.5V, duty cycle d, equal
rise and fall times ¢, = ty, and period Ty = 1/fs. Its
corresponding spectrum envelope in the frequency domain is
given as

t
Vou (W)=~ Vaed ‘ Sinc (%) H e (w;) ‘ .
0 dBldec —
-20 dB/dec -40 dB/dec

where 7 = d.T,, w = 2.7.f, and Sinc(z)Zsin(z)/(x).

Its spectral characteristic has a DC gain and a product of
two Sinc functions. This spectrum can be seen as a series of
linear asymptotes having 0dB/dec, -20dB/dec, and -40dB/dec,
respectively. At high frequency, attenuation with a slope at -
40dB/dec is obtained after a cut-off frequency dependent on
the switching rising and falling times (¢ and ¢ ). Additionally,
the dV/dt are also inversely proportional to switching times
as detailed in [35]. Note that some fixed parameters play an
important role. Indeed, they will impose critical values that
may not be flexible to be attenuated in EMC pre-compliance.

III. MAIN CONTRIBUTORS FOR EMC MODELING

In the early-stage EMC design (i.e., a system without
EMI filters), the system of Fig. 1 may reproduce a CMCS
signature quite similar to the one indicated in Fig. 2. In such
a hypothetical scenario, some critical points associated with
resonance peaks can be observed as shown by the circled
numbers. To have a better understanding of such a profile,
the first step is to analyze it: (i) by using techniques or
methodologies based on the theory of signals and systems,
(i1) by verifying the origins of peak resonance, and (iii) by
finding key elements (or effects) that are contributing to this.

Critical pre-compliance EMI issues

!
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Fig. 2. Hypothetical CMCS of a typical high-power motor drive system for
aircraft applications. The red curve depicts CM current Iy limits allowed
by the DO-160 standard. Circled numbers are possible contributors to EMI

issues. Yellow arrows indicate where high values can have an impact on the
CMCS.

In this work, the CMCS is divided into two frequency
ranges: i) low-frequency (LF) from 10kHz up to 1MHz, and
ii) High-frequency (HF) from 1MHz up to 150MHz. The LF
EMC issues can be associated with cable, AC machine LF

characteristics, and PWM strategies. The HF issues can be
probably due to some HF machine resonances or ringings
inherent from high switching speeds of SiC-MOSFETs where
constraints are more critical to be treated in aircraft applica-
tions. Based on the example of Fig. 2, the designer teams
should be aware of five effects that play an important role in
the CMCS profile:

1) Switching frequency fs and HVDC voltage V4.: The
CMCS is associated with CM voltage and CM
impedance such that Icar ~ Venr/Zenr. From (1), note
that fs and V. impose a high LF gain (i.e., o¢|Vy..d|)
and move the first corner frequency (f., = fs/(7.d)) of
the CMCS to the right side, increasing the bandwidth of
the conducted emission.

2) CM motor impedance: The capacitive motor impedance
(e.g., stray capacitance from stator to ground) providing
a path for the CM current circulation is a common issue
and can be verified through simulations via impedance-
frequency characteristic analysis.

3) Ringing on switching nodes: The resonance peaks are
due to the high switching speeds of the SiC-MOSFET
power module under the presence of local parasitic
components involved in the power loop. High parasitic
values together with switching speeds can impose criti-
cal ringings. Indeed, switching speeds dI/dt and dV'/dt
associated with turn-off and turn-on, respectively, have a
strong impact on the magnitude of the HF spectral lines
(HF envelope). This will be more evident under high
asymmetries scenarios. Also, external gate resistances
can slow down the switching transients at the cost of
increasing the switching losses as detailed in [13], [35].

4) Decoupling issues: The sizing design and placement
of high-voltage and high-temperature decoupling ca-
pacitors on the board have a strong impact on the
reduction of parasitic components and resonances. Their
inappropriate sizing can lead to their inefficiency. In
addition, if only low-value commercialized capacitors
are available, another EMC issue can come into account.

5) Parasitic values: Depending on the geometry and routing
layout of the power module’s internal board, high-value
parasitic components are identified and their effects on
HF are observed, allowing optimization measures to be
taken.

In this work, the HF-EMC coupling paths will be mainly ob-
served from parasitic elements in two types: i) Capacitive cou-
pling - associated with metallic structure references, internal
SiC-MOSFET structure (dielectric and junction-capacitances),
heat-sink, ground-winding motor connections, which is re-
sponsible for the common-mode current flow and/or i) In-
ductive coupling - associated with PCB traces, busbar, and/or
terminals involved in the power loop area of the switching
cells responsible for very HF radiated emission.

Limited and low values for high-temperature capacitors
available on the market may limit the decoupling factor
and even the choice of using an arrangement with a series-
parallel connection may be unfeasible. This way, when high-
temperature decoupling capacitors are considered, two loops
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should be considered: i) HF power loop, and ii) LF power
loop, as it can be seen in Fig. 1. Some HF-EMC performances
can be deduced based on a commutation cell (C-cell) analysis
described next.

A. Analysis Based on the Commutation Cell (C-cell)

From the EMC analysis point of view, in a typical motor
drive system, as shown in Fig. 1, each pole-voltage commu-
tates between +0.5V;. in a much shorter time compared to
the AC motor winding current time constant, and also than
the pulse-width modulation (PWM) period, as experimentally
observed in [36]. Indeed, during the switching transients, the
motor current magnitude should barely change compared to
the changes in pole-voltage and HF CM current magnitude.
Therefore, during each PWM switching period, the magnitude
of AC motor current can be approximated by a constant current
source with amplitude equal to the average value of the 3®-
system current. Taking that into account, the C-cell shown in
Fig. 3 can be considered to provide a good approximation for
the HF-EMC analysis.

The main parasitic elements of the C-cell are highlighted in
Fig. 3. Such a structure can be seen as a fourth-order circuit
if the parasitic elements of the “busbar”, “high-temperature
decoupling capacitors” and “SiC-MOSFET with N-dies in
parallel” are considered. Therefore, it should be noted that, for
a step transient response, there is basically a cascade of two
resonant circuits that will interact with each other. The main
purpose of the high-temperature decoupling capacitors is to
drastically reduce the influence of the parasitic inductance L,
responsible for the overvoltage appearing across the switching
nodes. For that reason, they are placed as close as possible to
the C-cell. Then, if their values are high enough, the fourth-
order system can be approximated by a second-order circuit.

In this work, the system under development (case study
1) discussed in Section V is being designed such C,,, the
motor-ground parasitic capacitance, can be considered with a
higher value than C),, the busbar parasitic capacitance, and
Cin, the inverter-heatsink parasitic capacitance, respectively
(i.e., Cpg >> Cy, >> Cp). However, there may exist other

Half-Bridge Power Module (multichip 2-Level Converter)
©  HTDeloupling  SiC-MOSFET LEG

Busbar  Capacitors Each one with N-Dies in parallel
" o a2 =
o DC ' H 4
2 e Nz i % | Tl |
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Fig. 3.  Commutation cell (C-cell) circuit with parasitic elements. The three

blocks highlighted with dashed lines are: busbar, high-temperature decoupling
capacitors and SiC-MOSFET leg with IN-dies in parallel.

cases in which the parasitic capacitances associated with the
heatsink and busbar may not neglected as it is treated in case
study 2, briefly discussed in section VI.

From this equivalent circuit, it is possible to extract impor-
tant insights in terms of HF-EMI problems:

(i) The fourth-order system may produce two oscillating
signals’ superposition. Hence, the switching node voltage Vg,
can be approximated by a trapezoidal waveform with two
sinusoidal damped signals present at each switching transient.
Details on the analytical approach are found in [20].

(i) Both turn-on (TON) and turn-off (TOFF) events may
induce ringing involving parasitic inductance and capacitance
within the power loop [13]. However, for SiC-MOSFET
switching under high current, the TOFF event (implying tran-
sistor overvoltage due to the parasitic inductance of the power
loop) may be more representative in terms of EMI issues than
the TON event (which implies transistor overcurrent) [16].

When the low-side (LS) SiC-MOSFET arrives at the end of
the TOFF and high-side (HS) SiC-MOSFET is OFF, the C-cell
circuit of Fig. 3 can be simplified into an equivalent circuit as
shown in Fig. 4, leading to an analysis in the Laplace domain.

4"_order frequency analysis at the end of TOFF:

Considering a positive current flowing into the switching
node, the LS TOFF equivalent impedance characteristic circuit
is considered and shown in Fig. 4. Note that internal parasitic
elements of high-temperature decoupling capacitors were not
considered for simplification purposes which will give already
a good amount of insights in terms of EMC analysis.

Parasitic capacitances C;." and C}f can be neglected in a
first approach since their values do not imply a strong impact if
compared to the C’gfg ) value. The equivalent circuit of Fig. 4
is useful to extract and predict at which frequency the ringing
will occur.

In the Laplace-domain, one can observe that the impedance
Z(s) seen by this commutation process and their resonance
frequencies can be respectively approximated as

L[] Ln
Lyl dead 4 o —Y Y LYY\
gLl time ;B8 d
L opp 2 HS Lioad
.,L_—L.t g N Fewn ‘
Ves| g D
— s ;
it ‘M. ¢ C
Vi e — de Z bulk—— de=
/ :
L
ik Vs
d [_‘_ { :1'
I o ZisorF
, N/
Overshoot | 4
zone Ini g
Note: ng >>Cr'h>>Cp+ iIch
(Ground reference) == | [=HF Power Loop ] [=FWD Loop|[+==+CM paths

Fig. 4. Equivalent circuit at the end of the turn-off (TOFF) event of the
low-side (LS) MOSFET, where L, = LYY+ + LD~ Cy. = Cyee + Cp,
Lo=LE4+LL, C({S(Y) = Cyq+Cys as a function of Vs, and Cy1p >>
Cyc. Zy is the total impedance seen by the circuit input circuit, and Zp, sop
is the impedance seen across the LS MOSFET terminals.
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S4k2 + 82]{71 +1
33( gs(s“/)ccho) + 3( Ofs(sV) + Cdc)

(V). G

Zi(s) =

and foscl,Q =

where, ( = %+2 ;712’ v = %72, /1712’ with k1 = C({g((:/)LOJr
CI Ly + CacLy, and ky = CI8 LoCuc Ly,
Also, note that the Cgs(;/ ) value considered in this case (i.e.,

at the end of TOFF) is the one obtained at high-voltage from
the non-linear AC capacitance characteristic of the transistor.

Ringing and duty cycle relationship:

The ringing phenomenon of Fig. 4 will be more evident for
small duty-cycle cases (i.e., d < 10 %), as detailed in [37].

B. Motor capacitive coupling and higher-order circuit

When the AC motor is coupled with the C-cell, the current
source must be replaced by an RLC-lumped parameter HF-
model. This way, in HF Zone, any value close to a few nano
Farad for parasitic capacitances between the switching node
and the ground (e.g. C,4) can have a strong impact and lead
to failing in EMI compliance. Such a capacitive coupling may
result in additional ringing in the analyses.

The additional ringing may increase the order of the system
(from 4"- up to 8"-order), leading to analyses even more
complex in time- or Laplace-domain. Indeed, as similarly
discussed in [38], for HF-range, it becomes more difficult
to obtain a general mathematical expression associating all
elements impacting in the conducted disturbances and the EMI
source. However, if the principle of superposition cannot be
used in this case, a methodology based on the impedance-
frequency characteristic curve analysis of the system can be
considered. More details about this can be found in [36].

C. Switching Considerations for 3®-PWM Inverter

The three-phase 2-level SiC Inverter has eight switching
states (2%) in its PWM operation. Among them, six perform
active vectors ([100],[010],[001],[110],[101],[001]) and two
perform zero vectors ([000L[111]). Active vectors impose
common-mode voltage V.., equals to +V,./6 whereas the
zero vectors impose +V;./2. This can be verified by con-
sidering further equation 4.

In terms of EMI, the 3®-PWM pattern will impose simi-
lar switching transients. Indeed, the disturbance current path
generated by the CM interference sources of the three-leg-
based inverter is symmetrical in terms of CM paths [38]. Then,
any switching states can be considered for a study case. The
relevant aspect here to keep in mind is that for each period
of the PWM, there will always be three legs (one for each
phase) excited, enabling circulating paths of CM currents with
identical behavior. This can be assumed for a three-phase
symmetrical/balanced case.

IV. EQUIVALENT COMMON-MODE CIRCUIT (ECMC)

Compared to some existing solutions in the literature [29],
an improved ECMC is presented in Fig. 5(a). The ECMC
is useful for two study cases discussed in this work. To
provide accurate results, it considers the ringing effects due
to TON/TOFF transients. The ECMC model includes the
most important elements in terms of EMI represented by
the studied system (i.e., CM motor-side, CM LISN, and CM
Voltage source). The CM voltage (CMV) source represents
the contribution of the three C-cells. It includes the ringing
generation, discussed next.

A. CMV implementation with ringing

The CMYV with ringing generation is implemented as shown
in Fig. 5(b). The ringing voltage signal V., , is added to
the ideal modulated signals for each phase (i.e., V,, V,, and
Vi). For example, phase-U voltage Vpy, ., will be composed
of two superimposed signals: i) the ringing from V., and
the ideal PWM modulated signal from V,,. This way, the CM
voltage Viopr can be obtained from this association as well
as considering homopolar (i.e., zero-sequence component)
voltage generation from Park transformation, defined by

‘/thfu + V}ah,v + Vph,w

Vem = 3 “

The ringing effects in the disturbance source (i.e., Vo)
were emulated by adding a stimulus during each switching
transient in a simulation model, as shown in Fig. 5(b). In
a SPICE simulator such as LTspice, to guarantee that the
ringings will be synchronized with each switching transients,
the trigger function can be used.

B. Overshoot (Av) and Switching Speeds (dV/dt) Implemen-
tations

The ringing carries important information associated with
overshoot (Ay) and it can be implemented with a combi-
nation of the superimposed damped sinusoidal waveforms
as illustrated in Fig. 5(c). To generate the PWM voltages
properly as well as avoid convergence issues, switching speeds
must be considered. In the SPICE simulation environment,
one way to generate such a waveform chosen in this work
is by using dependant voltage sources by considering the
hyperbolic tangent function (i.e., tanh(z)). Such implemen-
tation provides smooth transitions carrying the information of
dV/dt in voltage transient implementation (or dI/d¢ if the
current transient is implemented) and can be useful for a more
accurate approximation. Note from Fig. 5(d) that parameter

g = f(dV/dt).

C. Considerations about PWM

In this work, the PWM implementation is based on the con-
ventional sinusoidal PWM (SPWM) approach [39]. It is worth
noting that, other PWM strategies or converter topologies can
be considered focusing on CM voltage reduction, to evaluate
their impact on EMC in the HF range, [40]-[42].
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Fig. 5. Proposed equivalent common-mode circuit (ECMC). (a) Circuit.
(b) Description of implemented blocks. (c) An example of V.;,4 signal
with two superimposed damped sinusoidal carrying overshoot information
and oscillation frequencies. (d) An example of V,, signal carrying switching
speed informations.

D. Impact of parasitic capacitances coupled with inverter

The additional ringing may occur when the AC motor
model is coupled. This will depend on values of parasitic
elements, mainly stator-winding capacitance C,,4. To emulate
this, additional sources V4.3, and V,s.4 can be added and
series-connected in the ringing generation block of Fig. 5(b).
Moreover, optimized designs for the cooling system con-
sidering the material/shape/area/geometry of baseplate (BP)
and/or heatsink (e.g, the thickness/permissivity of the thermal
interface material or TIM), may help to reduce the impact of
parasitic capacitances Cpg, Cro, Cio, Chso compared to C.g.
Note that part of these capacities can be strongly impacted
by the implementation of the converter on the vehicle, thus
increasing the difficulty in estimating the value of these
capacities.

E. Impact of Common-mode filtering capacitance Cl,

Common-mode capacitors C,,,, highlighted as grey in
Fig. 5(a), can be intentionally included in order to attenu-
ate/mitigate CM issues.

The theoretical approaches, expectations, and modeling con-
siderations are verified for early-stage HF-EMC analyses in
two studies of cases, as discussed next.

V. CASE STUDY 1 (SYSTEM UNDER DEVELOPMENT)

The under-development module is based on SiC-MOSFETs
with 10 dies in parallel for each MOSFET and body-diode.
The studied system was implemented and simulated with
LTspice and MATLAB®. Two sets of simulation results are
presented next.

A. Simulation Analysis: C-cell (10-Dies in parallel per switch)

The analysis presented here concerns the commutation pro-
cess of a C-cell half-bridge. It emulates the switching transient
in phase-U of the 3®-system, under a given current level. Such
a current level is the value obtained when their corresponding
modulating signal is close to its maximum/minimum value.
The LS MOSFET switching is then considered assuming
the current direction as the one shown in Fig. 4. In terms
of power scaling and modularity requirements, figures of
merits concerning high current and high power capability are
effectively achieved by considering the multi-chip (/V-dies in
parallel) operation design for the half-bridge power module.
Each SiC-MOSFET has 10 bare dies connected in parallel.

Table I summarizes the main parameters and specifications
for this first set of results. The V. is rated as 800 V and it
corresponds to a standard and trend value for transportation
and electrification applications. The nonlinearities of SiC-
MOSFET parasitic capacitances (e.g., Cgq, Cgs, Cas) were
implemented intrinsically from LTspice by means of VDMOS
model. For instance, Cyq = f(tanh(Vyq)) if Vyg > 0
or Cgq = f(arctan(Vyq)) if Vygg < 0. For more details,
see [43]. The value of Cg“ is directly proportional to the
physical dimensions of the busbar and to the permittivity
of the dielectric, and inversely proportional to the dielectric
thickness. Equations to estimate them can be found in [44].

TABLE 1
PARAMETERS FOR SIMULATION RESULTS WITH C-CELL.

General parameters

Parameters Value Description
fsw 50 kHz Switching frequency
d 5% Minimum duty cycle
Lioad 150 A RMS Load current
Vie 800 V HVDC DC-link voltage
High-temperature
Caee 220k decoupling capacitors
Vgs | Vgs +22V |5V Gate driver voltages
Rg.on | Rgoff 19]330Q External gate resistors
Parasitics
Parameters Value Description
Lt | L= 16.05 nH | 16.05 nH Busbar inductance
Cgc 76 pF Busbar capacitance
N 10 Dies-count per MOSFET
L L 38.15nH | 32.10 nH  Inductance (dies 1-10)

CHL | c;dH 1.36 pF' | 0.12 pF’ Capacitance (dies 1-10)
Cys, Cgda, Cas f (V) Non-linear* Junction capacitances
*all-inclusive values from VDMOS MOSFET model at LTspice.

Fig. 6(a) shows simulation results of C-cell during the
commutation process. Note that the Vs at LS MOSFET has
a higher resonance at the turn-off (TOFF) compared to the
turn-on (TON) event. Further, the two superimposed damped
and sinusoidal signals previously described are observed with
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Fig. 6. Simulation result. (a) Ringing analysis at LS V;, with C-cell. (b)

Zoom on the beginning of TOFF oscillation. (c) FFT of V5. (d) Impedance-
frequency characteristic curve analysis based on circuit of Fig. 4.

two different frequencies (i.e., fysc1, and fosc2), as shown Fig.
6(b). In addition, from the spectrum curve of Fig. 6(c), a third
frequency f,sc3 at 17 MHz appears, which is due to non-linear
capacitance.

Estimation validation: To validate the theoretical estima-
tions, a frequency-domain analysis is considered. From Vj,
spectrum of Fig. 6(c), which is produced by the FFT of the
time-domain simulation presented in Fig. 6(a), or by using
equation (3), one can compute the two oscillation frequency
values. The theoretical values are very close to the ones ob-
served in simulations as summarized in Table II (the difference
between them is less than 1.5 %).

TABLE II
COMPARISON OF RINGING FREQUENCIES.

Values comparison from theoretical and simulation estimations

Variable  Value from Eq. (3) Value from Fig. 6(c)
fosc1 88 MHz 8.7 MHz
fosc2 49.5 MHz 489 MH z

Impedance-frequency analysis: Another way to determine
the ringing positions can be done differently from the ex-
planation in the previous paragraph (i.e., not based on Fig.
6(a)-(c)). Alternatively, we can have the same result with
simulations based on the impedance-frequency study (i.e.,
small-signal simulation in frequency domain). It performs an
AC simulation analysis of the equivalent circuit depicted in
Fig 4. The corresponding simulation result is shown in Fig.

6(d).

B. Simulation Analysis: 3® motor drive system (60-Dies)

This set of simulations takes into account the original and
complete model (OCM) of 3® system of Fig. 1. The simulated
OCM has a 3P half-bridge power module with 60 SiC-
MOSFET dies (i.e., 20 dies connected in parallel per phase,
with 10 for the HS and 10 for the LS). Table III presents
the main parameters considered for this set of simulations.
Two analyses are performed: 1) Accuracy comparison between
OCM and ECMC models, 2) impact evaluation of the key
parasitics in the CMCS before and after optimization, as
discussed next.

OCM and ECMC model accuracy comparison:

The OCM model considers a full description of the system
at the transistor level as depicted in Fig. 7 whereas the
ECMC is based on the equivalent common-mode circuit of
Fig. 5. Thus, OCM is the complete model from the bottom-
up modeling approach whereas ECMC is a simplified model
from the black-box modeling approach.

Phase W,

Phase V,,f-—————— SiC Pairs of Dies 1,2,

@ 2-Level SiC-MOSFET Inverter Phase U

®) 10 Pairs of dies in parallel for each phase
(© Schematic for 1 pair of die

LTI

MCU-HT

Control Board (PWM + Dead Time)

o o s — T T T
cose | | ciose | | cose | | ciose | | ciose | | ciose
Oriver | | oriver | | oriver | { oriver | | oriver | | oriver
DC-Link L 7—‘ et o
S,

ol DC+ HJ S%J

Fig. 7. Parts of LTspice schematic for OCM representing the whole 3®-
system. Main parameters are listed in Table III.

®

o

To LISN
and HVDC Supply

o}

Fig. 8 shows the comparison of simulations using both
models in which the AC motor equivalent circuit is considered.
These simulations show that the approach using the ECMC
model (with fitting adjustments) is capable to reproduce with
accuracy, in a few tens of seconds (since it is based on
simplified circuits with reduced elements count), a result very
similar to the one obtained with the complete system model
(OCM), requiring hours of simulation time since it uses several
elements (including their non-linearities) several switching
transients.

Note that four HF-resonance peaks are observed with their
respective oscillating frequencies noted fysc1, fosc2, foscs, and
fosca. This is typically the behavior of an 8"-order system in
this frequency range. The four oscillating frequencies high-
lighted in Fig. 8 can be interpreted as follows:

fosc1 and foseo: These frequencies are correlated together.
They are due to the resonances involved by the parasitic
components present at the end of TOFF in the SiC-MOSFET.
Note that they are exactly the same as the ones presented in
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TABLE III
SIMULATION PARAMETERS FOR 3% MOTOR DRIVE SYSTEM. OTHER PARAMETERS NOT LISTED HERE ARE SIMILAR AS IN TABLE I

AC Motor (rated at 100 kW | 150 A RMS )

[ 2-Level SiC MOSFET Inverter (continuation)

Parameters Value Description ‘ Parameters Value Description
fo 800 Hz Output frequency of the motor Lg s |l Lf;s g 3637 nH | 3209 nH  Inductance (dies 3 and 8)
Ly | Rpn 175 pH | 1.45 Q Phase Inductance and resistance | L . | LL, . 3576 nH | 32.38 nH  Inductance (dies 4 and 7)
Cuwg | Chm 1.2 nF | 3.6 nF Motor-ground capacitances Lfs 6 | L£5,6 3523 nH | 3278 nH  Inductance (dies 5 and 6)

2-Level SiC MOSFET Inverter (rated at 1.2 kV) [ Driver and other specifications

Parameters Value Description ‘ Parameters Value Description

PWM | m SPWM | 0.95 PWM method and mod. index DT 200 ns Dead time
MOSFETs count 60 10 pairs of dies HS-LS per phase Rgon 1.0 Q Ext. TON gate resistance
L(I){1 10 | Lgl 10 38.15nH | 32.10 nH Inductance (dies 1 and 10) Ryory 33Q Ext. TOFF gate resistance

L02,9 | ng 9 37.17 nH | 32.04 nH Inductance (dies 2 and 9) Dgyx D0452A Schottky diode model

subsection V-A. The commutation loop involves Lﬁ75,1076,

L51_5710_6, Lg”, Lgc’, Cygec and CLOFY) The asymmetry

between the values of each parasitic inductance indicated in
Table III (i.e., Lfl_mo_ﬁ, Lgl_s’lo_s) contributes to the
appearance of some asymmetries and sub-harmonics around

fosc2-

foscs: The spectral line at this frequency is due to the effect

of the non-linearity of the output capacitance Cgs(;/ ) during
the TOFF which is also associated with the zero-bias body
diode junction capacitance C'o. This event is even worst under
high voltage overshoot when the HS and the LS operate in
complementary modes (e.g., DC-AC). More details about this
phenomenon can be seen in Fig. 8 of [45].

fosca: This HF spectral line is mainly due to the capaci-
tance C,,4 Which resonates with other parasitic elements. The
commutation loop involves basically Ldt, Lde= Lf o 1o g,
LE 5,10—6> Cdec and Cyy. To identify in more detail the root-
causes of the HF-EMC issues related to the frequencies f,s¢3
and fyscq, it is suggested to perform impedance-frequency
simulation-based analysis.

Extraction and Impact of Parasitic elements:

The values of the parasitic components associated with
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Fig. 8. Simulation result. Models comparison between The OCM (i.e., with
60 SiC MOSFETS) and proposed ECMC. The original OCM is the complete
model from the bottom-up modeling approach. The proposed ECMC is a
simplified model from the black-box modeling approach.
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Fig. 9. Layout and prototype photos of 2-level SiC-MOSFET Module.

the busbar and the PCB layout of the board involving the
half-bridge power modules have a strong impact on several
ringings during a switching event. They must be considered
in the early-stage of the EMC study. To provide some rules-
of-thumb, an overview of the multichip layout is presented
next.

i) Multichip power module prototype (preliminar version):
Fig. 9 presents the layout and photos of a one-phase sample
for a multichip 2-level SiC-MOSFET half-bridge. For a
3P converter, three identical modules are used. Such a
preliminary layout version is very useful to determine the first
issues associated with overestimated parasitic components
and not-optimized routing methods as well as geometry and
other coupling effects (e.g., busbar effect). Then this part
must be carefully revised during the early-stage of the design
process. The parasitic values were extracted by using Ansys
Q3D considering the worst cases.

ii) Impact of parasitic component values:

To evaluate the influence and impact of parasitic values in
the common-mode current spectrum (CMCS), a simulation
was performed considering the worst case and an optimized
case, see Fig. 10. The worst case considers high parasitic
values as listed in Table III, whereas an optimized case
considers parasitic inductance values reduced by a factor
of ten. It is worth noting that initially high values of the
worst case were extracted considering connections without the
busbar effect. The optimized case is expected since this busbar
effect and reduction of parasitic MOSFET inductance are now
considered. Note that the HF ringings are drastically reduced,
which simplifies the EMI filter design.

VI. CASE STUDY 2 (TESTS WITH A 50 KW SYSTEM)

This scenario considers an experimental EMC test with a
SiC-based 70 kVA prototype designed and mounted at IRT-
Saint Exupery Laboratory. Fig. 11 shows the main parts of
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Fig. 10. Simulation result. Analysis of parasitic elements influence in CMCS.

such a prototype. The converter overview in Fig. 11(a) in-
cludes three SiC-MOSFET half-bridges modules commercial-
ized by Wolfspeed (HT3201-RV-B/CAS325M12HM?2), sen-
sors boards, optical interface to PWM and conditioning sig-
nals, heat-sink, and PCB board with filtering capacitors. Such
a board was designed namely to include decoupling DM and
CM filtering capacitors, see Fig. 11(b). More details can be
found in [46]. Fig. 11(c) shows an external overview for one
half-bridge module whereas the internal view can be seen in
Fig. 11(d). The internal design allows us to observe that it has
seven dies SiC-MOSFETs (Gen2 CPM2-1200-0025B) and six
SiC Schottky Barrier Diodes (SiC SBDs CPW5-1200-Z050B)
per switch position.

Fig. 11. 70 kVA prototype designed at IRT-Saint Exupery. (a) Overview.
(b) PCB with Decoupling DM and CM capacitors. (c) Half-bridge module
HT3201-RV-B from Wolfspeed. (d) De-capsulated top view (adapted from
[47]).

The 70 kVA SiC converter is used in a 50 kW electrome-
chanical chain. This setup is commonly used to perform EMC
compliance tests accordingly to aircraft standards (e.g., DO-

(5)LIsN (6) DC cable
@ AC Nidec PMSM @ Oscilloscope

Fig. 12.

(7) 70 kVA SiC converter

Overview of the experimental setup for EMC tests.

TABLE IV
PARAMETERS FOR EXPERIMENTAL TESTS.

General parameters

Parameters Value Description
Ssw 15 kHz Switching frequency
Vie 540 V HVDC DC-link voltage
fo 533.33 Hz Machine frequency
n 8,000 rpm Machine speed
T 40 N.m Machine Torque
Chulk 6x20 puF DC-link capacitance
Cam 12x100 nF DM filtering capacitors
per phase
Com 2x6x1 nF CM filtering capacitors
per phase
Vb [ Vgs  +18V |5V Gate driver voltages
NrOSFET 7 MOSFET Dies per switch
NsBpD 6 SBD Dies per switch

160), seen Fig. 12. The main parameters considered for the
experimental EMC tests are summarized in Table IV. The
experimental data is shown in oscillogram form (i.e., points
of the oscilloscope and/or EMI receiver have been saved and
plotted through MATLAB).

A. Electromechanical chain characterization

The characterization of the chain was made through several
impedance measurements (Z,,.qs) of each part. The goal
is to build behavioral circuit-type models to be simulated
at LTspice. The lumped equivalent circuit for characteristic
impedances (CM and DM) are fitted according to experimental
measurements obtained via an impedance analyzer (Keysight
E4990A). Then, the following impedance measurements are
obtained: ZLISN(f): anble—dc(f): Zinverter(f)7 Zmotor(f)-
For instance, Fig. 13 shows that the simulated model for
the AC machine has a good correlation with the impedance
characterized. Fig. 14 shows the comparison betweeen sim-
ulation and measurements in order to prove that the DC-
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cable topology used in the simulated model is well-fitted with
impedance measurements.
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Fig. 13. Experimental result. CM Impedance measurement of the AC motor
(Zmotor). Comparison between experimental and simulation results.
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B. Dominant Mode Analysis

The model hypothesis we considered for CM currents is
based on the assumption that all CM currents are exclusively
due to an EMI source dominated by CM noise. However, it
is necessary to question possible mode transfers (in this case,
DM — CM) that may make the model less relevant, and if CM
current is greater than DM current. The CM and DM can be
observed by measuring the currents at the input of equipment
terminals. In other words, the currents are measured at the DC-
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Fig. 15. Experimental result. Mode transfer analysis. Comparison of the

DC(+) and DC(-) currents at the DC-side.
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Fig. 16. Experimental result. Dominant mode on the high-frequency range.
Comparison of the DC(+) current and CM current at the DC-side.

side named Power lines (PL) in Fig. 1. More details about this
methodology can be found in [28].

Fig. 15 shows an experimental analysis to evaluate any
modes of transfer. As a result, it can be seen that mode trans-
fers become negligible at the observed sensitivity frequencies.
Indeed, it can be seen that the spectrum of measured currents
of Power Lines currents at DC+ and DC- of schematic in
Fig. 1 are virtually the same, which means that the system
does not present asymmetries. Finally, Fig. 16 shows an
experimental analysis to evaluate the dominant mode on the
studied frequency range. It can be seen by comparing the DC+
current, which is equal to ipc+ = ipy + %M to the CM
current that the CM is higher in the entire frequency range of
interest.
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C. Comparison of Experimental with Simulation Results (CM
voltage)

Fig. 17 shows a comparison of CM voltage, obtained
experimentally, with CM voltage obtained from simulation by
using the ECMC model. Some essential information such as
switching speed dV//dt and critical oscillations were consid-
ered to improve the accuracy. For this, dV//dt and overshoot
are collected for each commutation of an entire period of
the output current. An algorithm based on linear interpolation
presented in [8] was considered based on experimental results.
The higher switching speed computed is around 15 V/ns. The
overshoots are observed as well, the highest also close to 336
V (from 270 V). Thanks to DM and CM capacitors connected
externally in the prototype, relatively low values of overshoots
and ringings reductions are observed in the experimental tests.
Note that the result of the simulation model is representative,
providing satisfactory performance of the real system.

160f | Experimental
™ Proposed ECMC model

n~

140k —‘ZOdB/dec\ ;

* _40dB/dec

—_
[
=3

CM Voltage (dBuV)
=
(=]

®©
(=]

40 - '
10 10 10° 10
Frequency (Hz)

Fig. 17.  Experimental result. Comparison of CM voltage obtained from
Experimental test and obtained from Simulation via LTspice.

D. Comparison Experimental with Simulation (CM Current)

Fig. 18 shows a comparison of CM current at the DC-
side, obtained experimentally, with the one obtained from
simulations (CM voltage obtained from simulation by using
the (ECMC model). Note that the model is representative
providing lower than 5 dB of differences. Further analyses
considering a more accurate model for DC cable and other
elements not included in the LTspice could help to better fit
the result.

VII. CONCLUSIONS

This work discussed the main aspects impacting the CMCS
failure in DO-160G at the early-stage of an HF-EMC study.
Analysis of the disturbance sources in the common-mode
current spectrum is carried out. Then a simplified model
allowing to quickly obtain accurate simulation results in a
large range of frequency is proposed. This model is based on
the extraction of some parasitic components surrounding the
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Fig. 18.  Experimental result. Comparison of CM current obtained from

Experimental test and obtained from Simulation via LTspice.

switching cell as well as is capable to reproduce the switching
oscillations into common-mode voltage sources.

Then, estimation of the key performance parameters can be
made thanks to the proposed ECMC model in tens of seconds
instead of hours. Finally, the relevance of the model is checked
on a real application case in two scenarios: i) case study 1
concerning module under development, and ii) case study 2
by using commercialized module showing benefits to reduce
the ringing and overshoots when using CM and DM capacitors
as well as having low parasitic inductances in the power loop
(compared to case study 1). This approach makes it possible
to have a practical tool for predicting EMC disturbances from
the start of the design of a complex system and to optimize
the routing of the board and the 3D assembly in compliance
with the rules of the DO-160 aeronautic standard. Then, in
this work it was possible to start early-stage analysis in a
worst-case having very high parasitic values and not optimized
filtering capacitors (i.e., study case 1) to a case with very
low parasitic inductance with CM and DM filtering capacitors.
Practical tests in case study 2 were presented for validation
purposes. Practical tests of a 2-M W MCU-HT demonstrator
based on a SiC-MOSFET inverter may be covered in future
publications.
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