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Abstract. Harsh environment applications are characterized by
exceptional constraints regarding temperature, volume, fault-
tolerance, efficiency, etc. As the introduction of power electronics
in such systems is constantly growing, research activities are
essential to get more knowledge on the capabilities of available
technologies for such applications: aerospace and renewable
energies. This paper evaluates the performance of a Silicon
Carbide (SiC) MOSFET transistor for a multiphase power
converter for fault-tolerant applications. Two methods are carried
out in this study: first, the model provided by the manufacturer is
used in simulation for a fault-tolerant electric drive application,
then in the same operating conditions, the power module is
characterized and its performance evaluated. Both methods lead to
high system efficiency around 97-98% for a 1200V-400A SiC
MOSFET transistor module integrated in a 120kW-100A 6-phase
modular inverter.

Key words
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1. Introduction

In some critical applications, lightness, compactness, fault-
tolerance [1] and high efficiency are all expected from the
same high frequency power electronic system. Thus,
Silicon Carbide (SiC) power MOSFET modules are serious
candidates. For switching frequencies higher than 12 kHz,
they provide lower power losses than Si devices [2]-[5],
increasing the efficiency of SiC MOSFETs based
converters as a result. Low power losses to dissipate favor
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the reduction of volume and weight of the heat sink. But to
achieve the lightest and most efficient system, some
parameters can become obstacles for designers: load
current, temperature, incomplete datasheet for new devices,
etc. Characterization of power modules helps to get specific
data from measurements, which are used for electrical
performance analysis.

Many studies have successfully carried out the
characterization of MOSFET devices [3], [4], [6], [7],
although some were limited in current [3], [6], [7]. The
studies based the performance analysis on the electrical
behavior and the functioning under high temperature. In this
paper, conditions or requirements that can be severe for
power electronics applications are explained. Then model-
based performance analysis is presented, preceding the
characterization of a Dual-SiC power MOSFET module for
temperatures varying from 25°C to 150°C and the
measurements-based performance study of an H-bridge
inverter. The module tested is the CREE® HT-3201 [8].
The paper evaluates the dynamic performance and the
efficiency of a high power multiphase converter (120 kW-
100A-25kHz) based on Silicon Carbide (SiC) technology
for fault-tolerant applications.

A. Harsh Intrinsic conditions

These are probably the first constraints that designers
consider as they are directly dependent on the components
of the power system.
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High operating voltage and/or current (100A or more) lead
to important challenges from the design stage to the
prototype manufacturing. As an example, high current
MOSFETs are introduced progressively in applications for
more electrical aircrafts because their use implies other
precautions on power sources, measurement devices, bus
bars or power cables, etc.

Efficiency of the system is also a major goal to achieve for
some applications. High efficiency (95% or more)
requirements lead to the need of choosing the best
technologies which will help to keep high performance
despite other constraints.

For applications in need of weight savings such as
aerospace, the lighter the system is, the closer the designer
can achieve weight objectives. In power electronics
applications, the main weight drivers are certainly passive
parts such as filters or cooling systems. But when the
number of active devices increase, which is the case with
fault-tolerant power electronics systems, the individual
weight of components becomes a parameter possible help in
system weight savings.

B. Environmental conditions

Ambient temperature, altitude and vibrations are conditions
that need to be also considered when designing a power
electronics system as they can affect the overall
performance of the system. Most electronic devices are
manufactured for specific temperature range. For high
temperatures, specific devices are chosen, such as the
CREE® HT-3201 [8] which is able to maintain their
performance. Also, elevated ambient temperatures reduce
the chances to achieve an efficient air cooling system.
Knowing that maximum junction temperatures of power
electronics transistors is around 150°C, the higher the
ambient temperature, the faster the devices will reach
absolute maximum temperature values.

When air cooled systems are used based on fans, altitude
modifies the fan curves and as a result, the cooling
performance. Vibrations are also critical mainly from the
mechanical point of view: the sensitivity of the system to
vibrations needs to be acceptable. Besides, other climatic
conditions can affect the system performance and reliability
as described in [9], [10].

2. System description

The schematic diagram of the system under consideration is
depicted in Fig. 1. This configuration is introduced in this
paper for aerospace application. The HVDC bus (540V) is
interfaced to a hexaphase machine by using multiphase
converter and filter. The multiphase power converter is
used for power flow control to fulfil power requirements of
the machine (120kW). In this application, the power
converter is composed of six H-bridge inverters based on
SiC MOSFETs. These semiconductors devices can achieve
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high performance and reliable power conversion as they
offer ultra-low losses, and the ability to function at high
operating temperatures. The modular topology of the
converter allows evaluating its efficiency focusing on the
behavior of one phase, assuming the power is equally
shared among the phases.

3. Model-based Performance Evaluation of a
120kW-100A 6-phase modular inverter in
an H-bridge topology

The availability of the SiC MOSFET HT-3201 model on
LTSpice®, there is the possibility to assess its performance
in a specified application. The model represents a half-
bridge module composed of detailed models of SiC
switches, schottky diodes and parasitic inductances of the
package included by the manufacturer: from the inner drain,
source and gate of each switch to the outer connections.
Parasitic inductances between two switches are also
included. These parasitic elements also depend on the
implementation and may impact the measurements later.
Hence, a full-bridge inverter is modeled on LTSpice®
environment, as shown in Fig. 2. Considering that all the
switches have the same gate resistance, simulations show
that the higher the gate resistance, the lower the efficiency.
The gate resistance value chosen is 2.2Q. The module was
simulated beforehand with the double pulse test scheme [5]
shown in Fig. 5. Results of this first simulation show some
good performance in the switching behavior (Fig. 3). In fact,
the overvoltage in the turn-off operation is very low (about
5%) and the total switching losses computed is around SmJ]
(turn-on and turn-off). But the current overshoot at turn-on
is quite high (more than the double of the 100A objective),
but is still below the 400 A rating of the device.

In order to compute the efficiency of the inverter of Fig. 2,
some spice directives have been added allowing the
following calculations in steady-state regime: average input
power, average output power, resulting losses and resulting
efficiency. The latter is expressed as:

Average output power

Converterggfici = 1

Efficiency Average input power (1
HVDC I\:‘_I:ulti-phase Output filter Hexa-phase
Source onverter machine

-
A

n= number !
of phases |

-_———— = -,

Fig. 1. System description showing only two phases of the power
converter
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In Fig. 4 are shown the results of the simulation, knowing
that the following inputs have been imposed, extracted from
a Simulink® control model: Gate drive voltages (d1 high,
d1l low, d2 high and d2 low), BEMF voltage source and
load or phase current. Table I contains the post-processing
results which are to be confirmed by following tests and
measurements.

4. SiC MOSFET Switching Characterization

This paragraph describes the activities undertaken in order
to measure the turn-on and turn-off switching energies of
one MOSFET of the HT-3201 power module, which scheme
is given in Fig. 5 [8].Each transistor corresponds to a 4-
leaded component, the kelvin source connection
contributing to better system performance, absent in 3-
leaded components [11]. The module is tested along with its
gate driver ITGD2-3001 from CREE®.

C. Gate driver ITGD2-3001 functionality test

The half-bridge gate driver is configured to supply the lower
MOSFET of the module. It includes a gate resistance of 5Q
for each switch driver. The goal of the test is to keep the
upper transistor off (dl_high = -5V) and to provide
appropriate command signals to the lower transistor
(d1_low = -5/420V). Here, the gate driver inputs need a pair
of signals from a differential source. But because of the
unavailability of such source, the positive line input is
connected to the logic rail and the negative line input to the
midpoint of the logic rail. The test is made at room
temperature using a DC current source, a scope and a
frequency generator, to provide the command signal (logic
rail). Fig. 6 shows the gate driver output signals Vgsl (-5V)
and Vgs2 (-5/420V), resulting from a command signal
Vemd, set to 045V with 20 kHz frequency. This signal is
connected to the positive line of the differential inputs and
the negative line is connected to 2.5V. The minimum high
level value of the PWM signal needed to achieve -5/+20V at
Vgs?2 is obtained experimentally: +2.7V.

B. Test of the half-bridge HT-3201 power MOSFET
module

1) Test setup and conditions

The power module is assembled with the gate driver and
placed on a hotplate. The latter is used for testing the device
for temperatures varying from 25 to 150°C. The well-known
double-pulse test method [5], which setup scheme is given
in Fig. 5, is used to measure the switching characteristics of
the lower MOSFET, knowing that the upper MOSFET will
behave the same under similar conditions. The method
consists in supplying the gate driver with a voltage of two
pulses of different lengths: the first pulse is the shortest and
is used to measure the turn-off losses at the falling stage of
the pulse and the second one which is generally five to ten
times longer, is used to measure the turn-on losses at the
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rising stage. The actual length depends on the current that is
to be achieved at the end of the first pulse. It is found
through testing.

The layout of the setup is given in Fig. 7. It is composed by:
- an aluminum hot plate which is used to heat the power
module thanks to the hot oil flowing inside; - a DC bus
capacitor (black part on the left side of the image) of 120uF
placed on the top of the hot plate via a wooden plate to
create an air gap between the hot plate and the capacitor,
avoiding to overheat the capacitor; - the SiC power module
placed on the hot plate via thermal grease and fixation
screws, and close to the capacitor with copper bus bars for
connections; -the gate driver fixed on top of the module and
characterized by a 5 gate resistor per switch; and a custom
input/output board for the gate driver. As it can be seen, the
assembly achieved is very compact to limit additional
parasitic inductances.
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Fig. 3. Double-pulse simulation — Turn-Off (Top), Turn-On
(Bottom): Voltage (blue) and Current (red)
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Table II summarizes the different switching tests carried out
for different case temperatures at a specific operating
condition: 540VDC — 100 A. The maximum admissible
current of the module is 400A for 25°C case temperature
and 170A for 175°C. Therefore, a current of 100A was
chosen to ensure a safety margin at a temperature of 150°C.

2)  Double pulse test results and comparison with
simulation

Switching waveforms consist of turn-on and turn-off
characteristics: drain current and drain-source voltage.
Using some features of the Tektronix® oscilloscope, it is
possible to obtain switching power waveforms and to
compute the switching energies. Fig. 8 shows an example of
switching tests results. The tests give similar results
compared to the simulation performed above (Fig. 3). The
different energy losses obtained for the different tests are
reported in Table I11.

Fig. 4. Full-bridge simulation results on LTSpice — From top to
bottom: Output power, input power, load current(blue) output
voltage (green)

Table I. - Post-processing results using Spice directives in steady-
state regime

Switching | Average | Average | Average | Efficiency
frequency Input Output Power [%]
[kHz] power power losses
[kW] [kW] W]
25kHz 17.63 17.28 355 97.9
12.5kHz 16.1 15.92 184 98.9
Table II. — Conditions of the switching tests of the half-bridge SiC
module
Number Details of the test conditions
of tests
Test 1: 25°C — 540VDC — 100A
4 Test 2: 100°C — 540VDC — 100A
Test 3: 125°C — 540VDC - 100A
Test 4: 150°C — 540VDC — 100A
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Fig. 7. Test setup for the characterization of the CREE® HT-3201
module

Table III. - Energy losses for different tests at 540VDC and 100A
maximum current

Details of the test Turn On Turn Off Total energy
conditions Energy Energy losses losses (mJ)
losses (mJ) (mJ)
Test 1: 25°C 43 1.9 6.2
Test 2: 100°C 5.3 2.6 7.9
Test 3: 125°C 5.6 3.7 9.3
Test 4: 150°C 5.8 3.1 8.9
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Fig. 8. Test 3- Turn On (left) - Turn Off (right): Drain-Source voltage (blue); Drain current (purple); Power (red)

pwm3> losses are taken to be 10mlJ, corresponding to the
: : measurement results of test 3, which is supposed to be the
Mosfet1 Mosfet3 worst case with a current of 100A. Simulation assumes a
" - 7 T unipolar sinusoidal PWM scheme and following equations
I DC-supply + =& e 4 are used in MATLAB® to compute the power losses:
(I e
one phase
pums. pamz. Pu = Py + P @
Mosfetd.- Mosfetz. PM = RDSon Il%rms + (EonM + EoffM)fsw (3)
: Pp = Pcp + Psyp 4)
Fig. 9. Independent phase powered in H-bridge configuration
simulated in MATLAB/Simulink® Pp = upo Iray + Rp s + Eonp fiw ®)
Results show that the higher the case temperature is, the Where Py and P,y are MOSFET conducting and
hlgher the energy losses will be. For exarnple, an increase of Switching losses respectively’ PCD and PSWD are body diode
the temperature from 25°C to 100°C (tests 1 and 2) at the conduction and switching losses, and PM and PD are
same voltage and current conditions lead to an increase in the MOSFET and Diode total losses. Parameters Rpso, and Rp,
total switching 1.05535 of abqut 27%. At temperatures very are MOSFET On-state resistance and diode forward
close to the maximum admissible for the module (tests 3 and resistance. Parameter up, is the forward voltage of the diode
fl), the behavior is slightly different. Wha‘F can.be un.derhned during conduction, Ip,ms is the MOSFET root-mean-square
is that a change in temperature of 25°C in this region does value of the drain current, Ig.p is the forward current of the
not severely affect the total switching losses. diode and Ig,, is the average forward current of the diode.
(Eonm + Eofm) 1s equivalent to the total energy losses
5. Measurements-based Performance measured and considered to be 10mJ. Ey,p corresponds to
evaluation of a 120kW-100A-25kHz 6- body diodes losses which are negligible, compared to
phase modular inverter in an H-bridge MOSFETs losses. 'To compute the efficiency of the
converter, the following equations are used:
topology
. ) Pinconverter = V¢ Isupplyrms Q)
To evaluate the performance of the SiC module, a full-bridge P = p. —-p (7
inverter is modeled in Simulink® environment, as shown in Jeonverter converter osses
Flg 9. ’ Efflaency = Pocomzerter/ Pinconverter (8)
With B, oover @and Py o representing the converter’s

Because the machine which model is used in paragraph II is
under construction and thus unavailable for tests at system
level, double pulse tests results are used to compute
efficiency of the converter with a one-phase model of the supply current.
machine on MATLAB/Simulink platform.

input and output power respectively, Vpe the DC supply
voltage and Isupplyrms’ the root-mean-square value of the

Fig. 10 shows the efficiency curve in function of the

The losses calculations consider only conduction and switching .frequency. The efﬁciqncy achieved for the
switching losses of the modules (MOSFETs and diodes), converter is around 97%, at a switching frequency of 25
neglecting other losses such as driver losses: the total energy kHz, and 98% at a switching frequency of 12.5 kHz.
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Fig. 10. Efficiency in function of switching frequency

Table IV. - Comparison between model-based and measurements-
based efficiency computations

Switching Model-based | Measurements-
frequency Efficiency based
[kHz] [%] Efficiency [%]
25kHz 97.9 97.1
12.5kHz 98.9 98.2

Using (6), (7) and (8), efficiencies are computed and results
are given in Table IV. It can be remarked that the efficiencies
from the two methods are close to each other. The achieved
results show that SiC MOSFETs can be used in applications
where high efficiency is required. Evaluations of the
efficiency levels as reported in this paper help to determine
the maximum switching frequency needed for the minimum
system efficiency.

6. Conclusion

This paper reports the performance evaluation of a high
performance Silicon Carbide (SiC) MOSFET transistor for a
multiphase converter for fault-tolerant applications such as
in aerospace. System efficiency has been computed using
LTSpice model provided by the vendor and measurements
with the actual power module to validate the model behavior
and its results. The power module and its gate driver were
used for the tests activities. Based on the double-pulse test
method, the characterization of the switches was carried out
for an operating condition of a multiphase inverter with
different temperatures for the switches.

The system considered is a 120kW-100A-25kHz 6-phase
modular inverter in an H-bridge topology. The converter
efficiency achieved is around 97-98% for a switching
frequency around 12.5-25 kHz, for a current of 100A peak
value. The higher the switching frequency gets, the higher
switching losses will be. In other words, the module is a
valuable candidate for fault-tolerant applications aiming for
high efficiency at similar power and switching frequency
levels.
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