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Characterization and Implementation of Dual-SiC
MOSFET Modules for Future Use

in Traction Converters
Joseph Fabre, Philippe Ladoux, Member, IEEE, and Michel Piton

Abstract—Silicon (Si) insulated-gate bipolar transistors are
widely used in railway traction converters. In the near future,
silicon carbide (SiC) technology will push the limits of switching
devices in three directions: higher blocking voltage, higher operat-
ing temperature, and higher switching speeds. The first silicon car-
bide (SiC) MOSFET modules are available on the market and look
promising. Although they are still limited in breakdown voltage,
these wide-bandgap components should improve traction-chain ef-
ficiency. Particularly, a significant reduction in the switching losses
is expected which should lead to improvements in power–weight
ratios. Nevertheless, because of the high switching speed and the
high current levels required by traction applications, the imple-
mentation of these new modules is critical. An original method
is proposed to compare, in terms of stray inductance, several dc
bus-bar designs. To evaluate the potential of these new devices, a
first set of measurements, based on a single-pulse test-bench, was
obtained. The switching behavior of SiC devices was well under-
stood at turn-off and turn-on. To complete this work, the authors
use an opposition method to compare Si-IGBT and SiC-MOSFET
modules in voltage source inverter operation. For this purpose, a
second test-bench, allowing electrical and thermal measurements,
was developed. Experimental results confirm the theoretical loss-
calculation of the single-pulse tests and the correct operation of
up to three modules directly connected in parallel. This analysis
provides guidelines for a full SiC inverter design, and prospects for
developments in traction applications are presented.

Index Terms—Loss measurement, power MOSFET, power semi-
conductor devices, silicon carbide, switching loss.

I. INTRODUCTION

NOW, power electronics has used silicon components. De-
veloped almost 30 years ago [1], [2], IGBTs arrived in

railway traction converters in 1992 [3] and quickly supplanted
earlier bipolar devices such as phase-controlled thyristors or
GTOs. While improvements continue to be made [4–10], sil-
icon technology is reaching an asymptote and progress on
breakdown-voltage and switching performance is limited (see
Fig. 1).

Recently, some semiconductor manufacturers began the pro-
duction of SiC transistors with a breakdown voltage of 1200 V
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Fig. 1. ALSTOM Transport, urban traction converter losses versus time and
Si-IGBT technologies.

or even 1700 V. These components are marketed in single-chip
devices and/or in power modules [11], [12]. For ten years, many
publications showed that SiC devices are very attractive in terms
of blocking voltage [13–15], operating temperature [16–18], and
switching frequency [19–21] which is why traction-drive man-
ufacturers now have to seriously consider this new technology
[22–27]. At the moment, some suppliers are offering silicon car-
bide (SiC) MOSFET modules [28–32] which seem very promis-
ing to improve traction drive performance. The first commercial
1200 V-100 A dual-SiC MOSFET modules essentially push the
limits of switching speeds and allow an increase of converter ef-
ficiency. To evaluate the potential of these new devices, a first set
of measurements, based on a single and double-pulse test-bench
(chopper with inductive load), was achieved [33]. However,
these tests require sensors with large bandwidths [33], and it is
difficult to obtain accurate measurements of switching energies
from current and voltage waveforms. Nevertheless, they help to
understand turn-off and turn-on behavior and the impact of the
electrical environment (parasitic RLC) on the switching wave-
forms. To go further in the characterization of these modules,
the authors proposed a second step using the opposition method
[34], [35] to compare Si-IGBT and SiC-MOSFET modules in
voltage source inverter (VSI) operation [36]. Different methods
for estimating semiconductor losses have been implemented
on the test-bench, and experimental results with Si-IGBTs and
SiC-MOSFETs have been presented and compared [36]. They
clearly show the attractiveness of SiC-MOSFETs with regards
to increased efficiency and/or weight and volume reduction of
traction chains.
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Fig. 2. SiC-MOSFET macro model developed in PSIM software.

Study and implementation of dual-SiC MOSFET modules
for traction converters is not straightforward, and the aim of this
paper is to show how this can be done.

II. KEY TO UNDERSTANDING SIC SWITCHING IN ITS

ENVIRONMENT AND ITS IMPLEMENTATION: DEVICE MODELING

A. Macrobehavioral Models and Switching Simulations
of 1200 V-100 A Dual-SiC MOSFET Modules

Simulations are needed to completely understand the switch-
ing waveforms. To this effect, the behavioral model of a SiC-
MOSFET was developed in PSIM software. This macro model
allows a first approximation and analysis of the different stages
during turn-on and turn-off. It will also be used for modeling
components in their environment (see Section II-B.). This macro
model for a SiC-MOSFET was built with the use of a classi-
cal Si Power MOSFET modeling tool. It is easier and faster
to implement than the physical model based on analytical dif-
fusion equations and for which the manufacturer’s proprietary
data is unavailable. The behavioral model parameters are eas-
ily extracted from manufacturer’s data (RdsON , VgsTH , gfs , . . .)
and can be refined by component measurements. This model,
shown in Fig. 2, has a linear channel opening and constant par-
asitic capacitances. Polynomial modeling of an open channel,
not detailed here, was implemented.

The simulations have to be performed in the same condi-
tions as the practical tests which follow (see Fig. 10). To this
effect, the modeling, which includes a macro model of the an-
tiparallel diode, considers a chopper with an inductive load.
The simulations are performed according to the main param-
eters such as bus-voltage (VDC ), commutated current (Ids),
junction temperature (Tj ), gate-voltage (Vgs), gate-resistances
(RgON and RgOFF ), and the circuit elements (capacitors and
loop-inductance). By adjusting the gate-resistance and the gate
control voltage, the simulations give the same switching speeds
as observed in practice. Also, the various parasitic capacitances
which take into account the different oscillations observed, were
also identified.

Fig. 3. Simulation results: dual-SiC MOSFET module (a) turn-off waveforms
and (b) turn-on waveforms.

Fig. 3 shows an example of simulation results in which cur-
rent, voltage, and energy waveforms are presented.

By comparing simulation results and measurements, the diode
model was improved to include the small recovery current ob-
served. In Fig. 4, this model is placed in a circuit to adjust the
parameters of the recovery current.

Fig. 5 shows simulation results at diode turn-off: current,
voltage, and energy waveforms are presented. These results
are obtained with the circuit during a turn-on of the opposite
MOSFET. The parameters for the recovery current are adjusted
according to the experimentally obtained waveforms.

B. Environmental Modeling of the Dual-SiC MOSFET Module
to Design the Test-Bench

The main advantage of the new SiC-MOSFET modules
comes from their high switching speed. Special care should
be taken in circuit layout to minimize the loop-inductance (ca-
pacitors, bus-bar, and SiC-MOSFET module) [37–40]. Module
construction and the connection to the dc-link capacitors have
to be considered with regards to high-speed switching and high-
current capability to minimize voltage transients due to the high
turn-off di/dt, which could destroy the SiC device. Furthermore,
oscillations that could cause EMC problems [41–44] have to
be minimized. The challenge is therefore to achieve a bus-bar
including a shunt current measurement with a loop-inductance
as low as possible.

To assist in the design of various test benches, an innovative
procedure, based on 3-D electromagnetic modeling, al-
lows complete simulation of the electrical behavior of the
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Fig. 4. (a) Test circuit for the 1200-V SiC Diode model. (b) Diode turn-off
waveforms with recovery current.

Fig. 5. Simulation results at diode turn-off: Current, voltage, and energy
waveforms.

dc-capacitor/bus-bar connection/module-packaging circuit.
Thus, it is even possible to optimize the position of the half-
bridge power module. For that, a mechanical design of the entire
test-bench was performed with SolidEdge (see Fig. 6). Then, a
cosimulation with Q3D and Simplorer allowed taking into ac-
count all the assembly elements [45], [46] (see Fig. 7). In the
simulations, internal stray inductances of the power modules
were taken into account as well as the stray inductance of the
driver circuit.

Using the flowchart of Fig. 8 to optimize the design of the
power circuit, the iterations on different bus-bar designs led to

Fig. 6. Geometry design of the test-bench (SolidEdge Software).

a minimum stray inductance of less than 37 nH (internal induc-
tance corresponding to the assembly of capacitors, connectors,
and bus-bar). Table I and Fig. 9 show examples with three dif-
ferent designs and their impact on the SiC-MOSFET switching
waveforms.

III. SWITCHING CHARACTERIZATION OF 1200 V-100 A
DUAL-SIC MOSFET MODULES

A. Test-Bench Principle and Implementation of SiC-MOSFET
in Switching Cell

The circuit diagrams corresponding to the two possible con-
figurations of the chopper with inductive load, are shown in
Fig. 10. Unlike a conventional circuit used to characterize a sil-
icon IGBT, special care was taken in the design of the circuit
to minimize the loop-inductance between the bus capacitor and
the SiC-MOSFET module (see Fig. 8). Each test-point allows
the measurements of Vds(t) and Ids(t) on the controlled com-
ponent. Gate-voltage Vgs(t) and gate-current Ig (t) can also be
measured to verify the correct operation of the driver. From
Vds(t) and Ids(t) plots, switching energies, Eoff (t), Eon(t), and
Erec(t), are obtained by integration of the product. Thus, the
curves of switching energy versus switched current can be plot-
ted for a fixed junction temperature and dc voltage, VDC .

As shown in Fig. 11, the switching characteristics were mea-
sured with a “classical” single or double-pulse pattern.

For SiC devices, the measurements require sensors with large
bandwidths since switching energies are calculated from the
product of current and voltage waveforms. The voltage Vds(t) is
measured with a passive probe (bandwidth �250 MHz), and the
current Ids(t) is measured with shunt (bandwidth �200 MHz).
Fig. 12 shows a picture of the test-bench equipped with a SiC-
MOSFET module and measurements devices.

B. Switching Waveforms Analysis

A characterization procedure was carried out on several
1200 V-100 A dual-SiC MOSFET modules. For each module,
the measurements were performed for a switched current rang-
ing from 0 A to twice the nominal current (2 × In = 200 A).

tyeh
螢光標示

tyeh
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Fig. 7. Modeling of components in their environment (3-D electromagnetic and electric cosimulation using Q3D and Simplorer).

Fig. 8. Flowchart used to minimize the loop-inductance (3-D electromagnetic
and electric cosimulation using Q3D and Simplorer).

DC bus voltages of 600, 750, and 900 V as well as junction
temperatures of 25 °C, 125 °C, and 150 °C were considered.
In this paper, the results are presented only for one dual-SiC
MOSFET module, but it is important to note that the dynamic
behaviors of the other tested modules are similar. To achieve
an objective comparison, a 1200 V-100 A dual-Si Trench/Field-
Stop IGBT module was also characterized in the same condi-
tions. All the SiC-MOSFET and Si-IGBT curves presented in
the following are synchronized with the gate voltage signal.

1) Turn-Off Waveforms Analysis: Fig. 13 shows an example
of turn-off waveforms for VDC = 600 V, Iload = 200 A, Tj =
150 ◦C, Vgs = +20V/−5 V, and RgOFF = 3.5 Ω performed
with the test circuit of Fig. 10(a).

TABLE I
RESULTS OF STUDY BY COSIMULATION: IMPACT OF BUS-BAR DESIGN

ON THE SIC-MOSFET TURN-OFF

Iterations designs Vd s m a x dId s o f f /dt Lp ow e r (nH)
(V) [10–90%] (kA/μs) (capacitors,

connectors,
and bus-bar)

Bus-bar n°1 933.7 3.17 86.5
(with bus-capacitor
1500 μF)

Bus-bar n°2 802.7 3.40 40.7
(with bus-capacitor
1500 μF and
decoupling capacitors
4×47 μF)

Bus-bar n°3 792.4 3.47 36.7
(with bus-capacitor
1500 μF and
decoupling capacitors
10 × 47 μF)

For VD C = 600 V, IL O A D = 200 A, TJ = 25 ◦C , VG S =
+20V/−5 V , RG O F F = 3.5 Ω , and RG O N = 2.5 Ω .

These waveforms show that the turn-off energy of the SiC
MOSFET is lower than that of the Si-IGBT with the same rating.
Furthermore, it was found that under similar electrical operating
conditions, dv/dt, di/dt, and switching losses are almost inde-
pendent of junction temperature for SiC MOSFETs which is
not the case for Si-IGBTs whose switching losses increase with
temperature. On the other hand, the high turn-off di/dt of the SiC
devices leads to a higher overvoltage than for the IGBT which
shows a tail current at turn-off. Current and voltage oscillations
are due to the resonant circuit formed by the loop-inductance
and stray capacitances of the semiconductors. The overvoltage
at turn-off is a combination of these oscillations and the effect
of di/dt.

2) Turn-On Waveforms Analysis: Fig. 14 shows an exam-
ple of turn-on waveforms for VDC = 600 V, Iload = 200 A,
Tj = 150 ◦C, Vgs = +20 V/−5 V, and RgON = 2.5 Ω and
performed with the test circuit of Fig. 10(a).
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Fig. 9. Results of cosimulations—impact of bus-bar design on the switching
waveforms (for VDC = 600 V, Iload = 200 A, Tj = 25 ◦C, Vgs = +20 V/−
5 V, RgOFF = 3.5 Ω and RgON = 2.5 Ω). (a) SiC-MOSFET turn-off.
(b) SiC-MOSFET turn-on.

These waveforms show that the turn-on energy of the SiC-
MOSFET is lower than that of the Si-IGBT with the same rat-
ing. As for the turn-off dv/dt and di/dt, these, again, are almost
independent of the junction temperature, likewise, the switch-
ing losses. Unlike a conventional silicon module that contains
p-i-n diodes, the SiC dual-pack contains Schottky barrier diodes
(SBD) which theoretically have no recovery current. Neverthe-
less, it should be noted that the SBD shows a small reverse
current peak for high di/dt values. As for turn-off, the cur-
rent and voltage oscillations are due to the resonant circuit
formed by the loop-inductance and stray capacitances of the
semiconductor (capacitances of the MOSFET and antiparallel
SBD).

3) Comparison Between SiC-MOSFET Module and Si-IGBT
Module: Table II shows a comparison of switching perfor-
mances for a given operating point: VDC = 600 V, Iload =
200 A, Tj = 150 ◦C, Vgs = +20 V/−5 V , RgOFF = 3.5 Ω,
and RgON = 2.5 Ω.

Fig. 10. Circuit for the switching characterization of dual-SiC MOSFET mod-
ules, (a) SiC MOSFET turn-off and turn-on, (b) SiC diode turn-off.

Fig. 11. Single- or double-pulse control for switching characterization.

Fig. 12. Test-bench equipped with SiC MOSFET module.

As shown in Fig. 15, the switching energies of the SiC module
are dramatically lower than those of the equivalent Si-IGBT
module. At nominal current and Tj = 150 ◦C, the reduction
is a factor of about 11 at turn-off and about 4 at turn-on; the
recovery energy of the Schottky diode is about 36 times lower
than that of the p-i-n diode.

IV. DUAL-SIC MOSFET MODULES CHARACTERIZATION

BY USING THE OPPOSITION METHOD

Once the characterization was completed, it was interesting
to compare semiconductor losses in the VSI operation.
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Fig. 13. Experimental turn-off waveforms (current and voltage).

Fig. 14. Experimental turn-on waveforms (current and voltage).

A. Principle

As shown in Fig. 16, an opposition method test-bench, based
on an H-bridge supplying an inductor, was built. In this circuit,
one leg imposes the voltage while the other one assures current
flow [34–36]. This test-bench allows the investigation of all op-
erating points, in inverter or chopper mode, according to several
parameters such as bus voltage (VDC ), load current (Iopp ), mod-
ulation frequency (fmod ), switching frequency (fsw ), dead time
(tm ), phase-shift between current and voltage (ϕ), gate-voltage
(Vgs), and gate resistors (RgON and RgOFF ). Beyond that, the
opposition method allows the characterization of power semi-
conductors in real working conditions since the mechanical de-
sign of bus bars and the thermal environment (cooling system)
are also taken into account.

TABLE II
COMPARISON OF DIFFERENT TIMES AND SWITCHING SPEEDS BETWEEN

SIC-MOSFET MODULE AND SI-IGBT MODULE

VD C = 600 V, I l o a d = 200 A, Si-IGBT SiC-MOSFET
Tj = 150 ◦C , Vg s = +20 V /−5 V ,
Rg O F F = 3.5 Ω and Rg O N = 2.5 Ω

Turn-off td o f f (ns) 294 169.4
tf (ns) 92.6 30.8
to f f (ns) 386.6 200.2
dVd s c e o f f /dt [10–90%] (kV/μs) 5.2 15.6
dVd s c e o f f /dt max (kV/μs) 6.0 20.0
Vd s c e max (V) 686.3 762.1
dId s c e o f f /dt [10–90%] (kA/μs) −0.8 −3.9
dId s c e o f f /dt max (kA/μs) −2.9 −6.0

Turn-on td o n (ns) 86 66
tr (ns) 224 71.5
to n (ns) 310 137.5
dVd s c e o n /dt [10–90%] (kV/μs) –2.1 –6.7
dVd s c e o n /dt max (kV/μs) −5 −20.0
Id s c e max (A) 299.7 263.3
dId s c e o n /dt [10–90%] (kA/μs) 2.5 3.5
dId s c e o n /dt max (kA/μs) 2.6 5.0

Fig. 15. Energy versus commutated current, (a) turn-off, (b) turn-on, (c) an-
tiparallel diode turn-off—Comparison between SiC-MOSFET and Si-IGBT.

In addition, this test-bench was used to study the direct par-
allel connection of power modules to reach the high current ca-
pability required by traction applications. In the test procedure,
the total losses in the modules are evaluated in PWM-VSI mode
by using two methods: measuring the electrical input power and
calorimetry of the cooling water.

B. Measurement of Losses by the Electrical Method

The power measurement at the dc link gives the total losses of
the system (see Fig. 16). The losses in the input filter (Lfilter and
Cbus) were considered negligible whereas those of the air-cored
inductor, Lopp and its connecting cables were calculated after
characterization with an impedance bridge. The losses in the
inverter legs are then determined by subtracting the load inductor
losses from the input power. The losses in one leg can be derived
if an operating point with symmetrical conditions is respected
(ϕ = π/2) [34]. For unsymmetrical operating conditions, it is
necessary to know the losses of one leg before determining
the losses on the second leg. Finally, tests were carried out
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Fig. 16. Opposition method principle with an H-Bridge (PWM-VSI mode),
(a) Schematic diagram, (b) Simulation results for one period.

Fig. 17. Calorimetric method applied on the opposition test-bench.

at different switching frequencies to separate conduction and
switching losses.

C. Measurement of Losses by the Calorimetric Method

As shown in Fig. 17, the thermal method consists of mea-
suring the coolant flow rate and the input and output tempera-
tures [47], [48]. To ensure adiabatic conditions, the coolers are
insulated with foam. To obtain accurate temperatures, measure-
ments are performed by probes PT100 Class B/10 (Ti1, To1,
Ti2, and To2), and the flow is measured by a flow-meter with
a vortex system (Qv). Nevertheless, the accuracy of the power-
losses measurement depends on the differential temperature,
and a reduction of the flow rate is required to obtain an accurate

Fig. 18. Heat-sink 1; flow-rate and inlet/outlet temperatures recording for a
SiC-MOSFET module.

measurement for operating points with low losses (in our case,
the minimum flow was 0.5 L/min).

Equation (1) gives the expression of switching losses in a leg
as a function of thermodynamic parameters

Pleg = ρ × Qv × Cp × (ΔTo − ΔTi) (1)

where:
Pleg total losses per leg [W];
(ΔTo − ΔTi) differential temperature of cooling water be-
tween the output and the input of the heat-sink [°K];
ρ density of the coolant [kg/m3];
Cp specific heat capacity of cooling water [J/(kg.K)];
Qv flow rate of cooling water [m3/s].

Thermocouple sensors were placed under the base-plate of
the power modules in order to estimate the junction temperature
of the chips. Temperatures and flow rates were recorded on a
data logger. Before using SiC-MOSFET devices, a first stage
of validation and calibration of the two methods was performed
with Si-IGBT 1200 V-100 A modules.

As an example, the measurements presented in Fig. 18
for Heat-sink 1 equipped with a SiC-MOSFET module, were
recorded over 2 h with a sampling rate of one per second.
In this example, the cooling loop tries to maintain a constant
flow of about 1.25 L/min, while the heat-sink temperatures (in-
let/outlet) evolve, resulting in a loss estimation that is stabilized
after 30 min of operation.

D. Details of the Implemented Test-Bench

The key parameters which fix the operating range of the test-
bench are listed as follows:

1) DC Bus Voltage : 0 to 1100 V;
2) number of modules in parallel: 1 to 3 (here with 1200 V-

100 A dual-SiC MOSFET modules or 1200 V-100 A
dual-Si IGBT modules);

3) output sine-wave current : 0 to 600 A peak;
4) fundamental frequency : 0 to 500 Hz;
5) current phase-shift ϕ : 0 to π;
6) switching frequency : 1 to 20 kHz, by step of 1 kHz;
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Fig. 19. Opposition test-bench, (a) mechanical design (SolidEdge), (b) picture
of the test-bench.

7) modulation ratio adjustable independently of each leg:
0.1 to 0.9;

8) minimum dead time: 2 μs, here dead time: 3 μs;
9) water-flow cooling system : 0.5 to 5 L/min;

10) maximum power dissipation: 5 kW.
Fig. 19 shows the mechanical design and a picture of the

opposition test-bench.

V. ESTIMATION OF LOSSES—COMPARISON OF DIFFERENT

METHODS AND COMPARISON OF SIC-MOSFET
VERSUS SI-IGBT MODULES

In this section, the semiconductor losses are determined by us-
ing the two methods mentioned previously. Furthermore, these
results were compared with calculations based on the on-state
characteristics and switching energies previously determined
with a pulse test-bench.

Fig. 20 recalls the first approach used to estimate semiconduc-
tor losses in inverter operation. First, the SiC-MOSFET on-state

Fig. 20. Calculation of losses based on conduction and switching character-
istics (analytical method).

Fig. 21. Losses comparison between 1200 V-100 A Si-IGBT and SiC-
MOSFET modules versus switching frequency for three junction temperatures.

TABLE III
VSI PARAMETERS

VSI control PWM
Modulation ratio 0.5
Junction Temperature [25/125/150] °C
DC Bus Voltage 600 V
Output Current Sinusoidal waveform

100 A peak /50 Hz
Phase angle ϕ = π/2

Switching frequency [0–20] kHz by step 1 kHz

resistance (in forward and reverse directions) and the antiparal-
lel SiC-Diode slope-resistance and threshold-voltage were ex-
tracted from conduction tests. Switching energies from single
and double-pulse tests (see Fig. 11) were represented by poly-
nomial equations. Using these parameters, the calculation of
semiconductor losses was performed. In this calculation, con-
trary to the Si-IGBT which is unidirectional, the reverse con-
duction of the SiC-MOSFET was considered. All equations
were implemented in a specific calculation routine. It should
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Fig. 22. VSI operation. Total dissipated Power (transistor + diode) versus switching frequency. Comparison between SiC-MOSFET and Si-IGBT modules.

TABLE IV
VSI PARAMETERS

VSI control PWM
Modulation ratio 0.5
Junction Temperature [25/125/150] °C
DC Bus Voltage 600 V
Output Current Sinusoidal waveform

100 A peak/20 Hz
Phase angle ϕ = π/2

Switching frequency [1–18] kHz
Dead time 3 μs

be noted that the gate drivers used in the two test benches are
the same.

Fig. 21 shows an example obtained with this calculation
routine. It allows a comparison between the 1200 V-100 A
Si-IGBT and SiC-MOSFET modules, the total losses (tran-
sistor and diode) versus switching frequency are given
for three junction temperatures under the conditions of
Table III.

For this calculation approach, the estimation of junction tem-
perature and the resulting losses are performed by successive
iterations which take into consideration the temperature mea-
surement at the base of the power module (considered as “Case
Temperature”).

Fig. 22 shows the results obtained on Heat-sink 1 (see Fig. 17),
this is a comparison between a Si-IGBT module and a SiC-
MOSFET module under the conditions of Table IV.

In Fig. 22, the points corresponding to the thermal method
are shown by bars for each switching frequency point. These
bars represent measurement uncertainties. Accuracy increases
with the number of modules in parallel (i.e., at higher powers)
as the water temperature differential increases.

The measurement results show that the calculated losses are
correct since calorimetry is subject only to well-defined errors
(mainly ΔT). For the SiC-MOSFET, it confirms the accuracy of
current and voltage measurements during switching tests and
validates the on-state modeling of the SiC-MOSFET which
takes into account the current bidirectionality. The calculation
approach and the calorimetric method give almost the same re-
sult. This can be explained by the fact that the two test benches
were designed with the same loop inductance values. On the
other hand, the electrical method assumes the same losses in
the modules but in our test bench, the precision is degraded by
the series connection of the heat-sinks. Although the two mod-
ules operate at the same voltage and current level, the junction
temperatures are not the same. As a consequence, the error in
the loss estimation increases with the switching frequency. Nev-
ertheless, it was observed that this error is always small (less
than 4% at 15 kHz) even in the case of three modules in parallel
on each leg and with 300 A of peak current (see Fig. 23).

Beyond the successful operation for the SiC-MOSFET mod-
ules, these results show a reduction in total losses (one dual mod-
ule: transistors and diodes) of 60% for a switching frequency of
15 kHz. The Si-IGBT module at 1 kHz has the same losses as
the SiC-MOSFET module at 15 kHz. Table V summarizes the
results presented in Fig. 22.

Finally, a comparison based on the calculation method was
performed in the case of a more conventional VSI operating
point which is defined in Table VI. The results presented in
Table VII show a reduction in total losses (one dual mod-
ule: transistors and diodes) of 57% for a switching frequency
of 20 kHz. It should be noticed that the losses at 1 kHz
are lower in the Si-IGBT module than in the SiC-MOSFET
module. In fact, for a current level greater than 50 A, the
SiC-MOSFET shows a higher voltage drop than the Si-IGBT
(at Tj = 150 ◦C).
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Fig. 23. VSI operation. Total dissipated power (for one dual module) versus switching frequency. Comparison between three SiC-MOSFET modules in parallel
and three Si-IGBT modules in parallel.

TABLE V
POWER LOSS COMPARISON: SIC-MOSFET VERSUS SI-IGBT

Fsw Total Power Losses in a dual Losses reduction (%)
(kHz) module 1200 V-100 A (W) [equation: (PS iC / PS i – 1).100]

Si-IGBT SiC-MOSFET

1 128 95 –25.8
5 180 100 –44.4
10 250 113 –54.8
15 330 132 –60.0

TABLE VI
VSI PARAMETERS

VSI control PWM
Modulation ratio 0.9
Junction Temperature 150 °C
DC Bus Voltage 600 V
Output Current Sinusoidal waveform

100 A peak/20 Hz
Phase angle ϕ = 20 ° (cos(ϕ) � 0,94)

Switching frequency [1–5–10–15–20] kHz

TABLE VII
POWER LOSS COMPARISON: SIC-MOSFET VERSUS SI-IGBT

Fsw Total Power Losses in a dual Losses reduction (%)
(kHz) module 1200 V-100 A (W) [equation : (PS i C /PS i –1).100]

Si-IGBT SiC-MOSFET

1 149 158 +6.5
5 221 169 −23.5
10 311 182 −41.4
15 400 195 −51.3
20 490 208 −57.6

VI. CONCLUSION

In railway traction, where low mass and volume is a necessity,
the lower converter losses will minimize the size of the cooling
system or even change its technology, especially since SiC com-
ponents allow far greater junction temperature limits. It is also
possible to increase switching frequency to reduce the size of
the passive filtering components. However, many challenges re-
main in order to use these components, including understanding
the effects on EMC of oscillations during switching, learning
to drastically reduce inductance loops (power and control side)
[37–40] and studying the effects of high dv/dt on the insulation
of traction motor windings [41–44].

Another hurdle to overcome in the use of these components
in railway traction is the availability of higher current-caliber
modules making it necessary to develop new module technology
that allows the parallel connection of a large number of chips
[49]. The study of the gate-signal distribution from driver to the
different gate chips is also important.

In this paper, we have seen the advantages of comprehen-
sive modeling and optimization of the switching cell including
capacitors, bus-bar, and power module as opposed to consider-
ing the different elements of the switching cell independently
[50], [51]; only in this way will high switching speeds and high
currents be achieved.

Two test-benches were used: The first one operating on the
principle of single or double pulse was used to study the switch-
ing behavior of the devices and the second one, operating as
a VSI, was based on an opposition method. It demonstrated
the feasibility of an inverter leg operating at high current and
high switching frequency. This test-bench was developed to
evaluate the performances of SiC-MOSFET modules for fu-
ture use in railway converters. Experimental results validated
the electrical and thermal measurement methods. In addition,
hundreds of hours in inverter mode with SiC-MOSFET devices
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were cumulated. The experimental results show a significant
reduction of semiconductor losses and confirm the possibil-
ity of increased switching frequency; the combination of these
two advantages will have an impact at system level. Loss re-
duction in static converters will lead to reductions in the cool-
ing system size or even change its technology altogether, es-
pecially since SiC components allow higher junction temper-
atures [16–18]. Moreover, higher frequency will reduce the
size of passive filters or allow different motor-control strate-
gies [52]. Generally speaking, the introduction of SiC com-
ponents requires a review of the entire design of the traction
chain to obtain significant reduction in mass and volume and
to facilitate integration. For the moment, the target applica-
tions are auxiliary converters but the upcoming 1700-V SiC de-
vices will allow the design of traction inverters for subways and
streetcars.
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