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Abstract
The target of the BMBF-funded project “SiCnifikant“ is to develop and investigate the advantages of SiC-based semiconductor power modules within inverter configurations, suitable for electrical drive trains up to 250 kW at DC-link
voltages up to 800 V. A broad range of investigations and simulations is performed. Starting from component level via
module- and inverter-prototyping, up to the analysis of the system behaviour, especially with respect to the impact of
steep switching slopes of up to 50 kV/μs, the project represents a holistic approach towards novel electrical drive trains.

1

Introduction

The project SiCnifikant researches and demonstrates the
benefits of SiC-based semiconductor devices (SiCMOSFETs) in drive inverters of up to 250 kW, taking care
of the special requirements in automotive. In particular, the
construction of a novel power module and the integration
of the electric machine aims to demonstrate the optimal use
of SiC in terms of the achievable high switching speed, the
increase in power density and efficiency. In order to reach
a power density up to 75 kW / liter, reduce the power loss
in the inverter by 50% at maximum current and increase
the reliability of the overall system, the project undertakes
research at all levels from the semiconductor chip, through
simulation until component prototyping for final evaluation. The project follows a holistic approach to meet the
objectives set by the system. Starting from an upper-class
vehicle, the most important requirements of an electric
powertrain have been defined as shown in Table 1.
Mech. traction Power
250 kW
Peak phase
AC current
[30 sec]
440 Arms
Max. pressure
drop @ 10
l/min
<220 mbar
Voltage gradient on/off
switch
50 kV/μs

DC-Link
voltage
400 – 840 V
Continue
phase AC current
190 Arms
Min. rate of
flow @ 65°C

Fundamental
frequency
800 Hz
Max. current
[1 ms]

Switching
frequency
10 kHz
Max. DC current continue

1500 A
Max. temp.
cooling

435 A
Min. temp.
Cooling

10 l/min
Reduction in
power-loss,
Inv @ max.
current
-50%

70° C
Package
power Density

-40° C
Range extending

75 kW/l

+5%

It has been shown before, that the voltage level of 800V
allows for cost advantages in the power class of 250 kW
[1]. The efficiency of an electric drive train plays a more

decisive factor than the power density to be achieved. The
challenge is to meet the power density and loss reduction
targets without compromising EMC and reliability requirements. In order to determine the EMC effects of the SiC
MOSFET switching characteristics, identical drive inverters with identical voltage slope were compared with existing Si IGBT reference inverter regarding the interference
emission voltage on HV connections. In order to further
reduce losses, compared to conventional systems, the
switching losses are to be reduced by higher voltage gradients and the effects on EMC and reliability of the stator
winding are investigated in the next steps.
Due to the higher voltage, the necessary current and the intermediate circuit capacity to meet the permitted ripple
voltage can be reduced in an 800V system. However, the
higher voltage leads to a volume increase in the case of a
wound capacitor compared to a 400V capacitor. In order to
meet the space targets, a more efficient filter design has to
be developed.

2

Improvements on SiC-MOSFETs

In this paper, Infineon’s optimized 1200V Cool-SiC™
MOSFET is presented. The optimization of Infineon's
1200V CoolSiC™ MOSFET for auto-motive applications
aims particularly at an increased short circuit withstand
time of tSC ≥ 3μs, for typical drain-source blocking voltages of VDS = 800V. Additionally, the cosmic ray failure in
time (FIT) is reduced to FITCR < 0.1 at VDS = 800 V per
single MOSFET. With the cell optimization a very stable
and robust short circuit behaviour could be achieved. The
typical short circuit switching behaviour of the optimized
1200V CoolSiC™ MOSFET in a TO247 package is shown
in Fig. 1.
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Figure 1 Short circuit waveform of Infineon’ s optimized
1200V CoolSiC™ MOSFET in a TO247 package at
Tj = 25°C; Rg on/off = 5Ω/5Ω;
Fig. 2 shows the on-state characteristics of the 1200 V automotive CoolSiCTM Trench MOSFET a) in 1st and b) in
3rd quadrant, respectively. The device has an RDSon of
20 mΩ (at IDS = 50 A, VGS = 15 V, Tj = 25°C). The body
diode is fully usable for freewheeling operation in order to
save expensive SiC area in the module compared to today’s
often promoted setups with external SiC SBD’s.

Figure 2b Output characteristics of a single
20 mΩ / 1200 V SiC trench MOSFET in
3rd quadrant at 25°C.

3

Power module for fast switching
SiC-Devices

For this evaluation study the HybridPACKTM Drive power
is used with 1200V CoolSiCTM MOSFET devices for automotive main inverter applications. The power module has
a direct fluid cooling, uses Si3N4- ceramics for improved
heat conductivity and SiC- devices to achieve a nominal
current of 450A. For this current rating the implementation
of a very symmetric chip layout including 6 chips in parallel arrangement was necessary. The power module has a
six pack configuration and is characterized by a low inductive design (8nH).
The HybridPACKTM drive package family is based on a
modular and scalable concept and can serve different voltage and current classes. Press fit connectors are used for
control or sense contacts and the X -pin pre-alignment option is a helpful feature for driver board mounting.

Figure 2a Output characteristics of a single
20 mΩ / 1200 V SiC trench MOSFET in
1st quadrant at 25°C.

Figure 3 HybridPACKTM Drive power module with Si3N4ceramik, direct fluid cooling, and multi copper clips for
screwing, welding or long taps for current sensor option.
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4

Gate-driver unit

In this section, two gate drivers are discussed. On the one
hand a gate driver that enables the balancing of switching
losses of individual MOSFETs, on the other hand a gate
driver that focuses on an optimal layout as well as security features.

4.1

Gate signal delay

By connecting several bare dies in parallel in a half-bridge
module, geometric asymmetries arise. These in turn result
in different parasitic inductances and resistances for the respective bare dies in the power path. In addition, the individual MOSFETs may also contribute to the asymmetric
behaviour, with respect to threshold voltage ܷ୲୦ and turnon resistance ܴୈୗǡ୭୬ . All these asymmetries lead to an uneven loss distribution between the power semiconductor
devices, which requires a de-rating of the output power.
While the conduction losses are balanced out inherently
due to the positive temperature coefficient of the on-state
resistance ܴୈୗǡ୭୬ , this is not the case for the switching
losses. In order to distribute the switching losses evenly
among the MOSFETs, special gate drivers are required [2–
5].
One way to evenly distribute the switching losses between
parallel-connected MOSFETs is to adjust the gate signals
of the power semiconductors individually. In order to investigate the concept of such a gate driver, a simulation
model was developed in SIMetrix. The model consists of
two half bridges connected in parallel using different leakage inductances in the respective power path.
Figure 4 shows simulation results for individual adjusted
driver signals of two parallel half bridges (half bridge A
and half Bridge B). The left-hand y-axis shows the ratio
ܧୱ୵ / ሺܧୱ୵  ܧୱ୵ ሻ of the low-side switching losses and
the right-hand y-axis depicts the absolute value of the
low-side switching losses. The turn on and turn-off energies are plotted separately. The x-axis shows the time difference between the two driver signals. The leakage inductances in the power path of the two half bridges are ܮ ൌ
ʹͲ and ܮ ൌ ͵Ͳ , respectively.

Figure 4: Simulation results for different gate signal delays

It can be seen that the switching losses are shared equally
between both switches if the driver signal ଶ is delayed by
1.2 ns. Furthermore, the sum of the switching losses is minimal at this point.
To verify the simulations, a driver was developed that is
capable of adjusting the gate signals of two half bridges up
to 100 ns at a resolution of 10 ps. Figure 5 shows the control board and the driver board. The control board contains
a Xilinx Spartan 6 XC6LX9 FPGA, which generates the
gate signals for two low-side gate drivers. The FPGA is interfaced with a MATLAB GUI via UART. The driver
boards of the two parallel half bridges are connected with
RJ-45 cables to the control board. The FPGA uses a clock
with a frequency of 100 MHz, resulting in a temporal resolution of 10 ns of the gate signal delays. To achieve a
higher resolution, programmable delay ICs SY100EP195V
by Micrel are used, which are driven by the FPGA. The
delay ICs allow to delay the gate signal from 2.2 ns to
12.2 ns in steps of 10 ps. If a delay greater than 12.2 ns is
required, the signal is additionally delayed by the FPGA.

Figure 5: Control PCB

4.2

Gate-driver implementation

Focused on the design in and control of the gate driver, a
first design has been drawn and produced. Not only the circuit diagram is important to ensure best conduction, but
also the layout is critical to avoid noise or even secure
switching due to high and low voltage. In the following the
implementation is described, references are shown in Figure 6. Taking care of clearance to withstand transient voltages and creeping distances to avoid failure due to tracking,
makes the layout of the gate driver board even more complex (1). The gate connection is built up using parallel resistors of 5.6 Ω for each path, including a diode in the turnon path (2). This diode is placed to ensure a safe turn off.
In the design we ensured that the gate loop is as short as
possible, to ensure a fast switch on (3). Because this pin
switches the gate either to VCC or VEE2, dependent on the
PWM input two diodes are implemented to feed the gate
(4). Monitoring the DC-link voltage is a fundamental requirement to avoid overvoltage and prevent the chips from
damage. The DC-link measurement is implemented as a rather elementary voltage divider in order to shrink the possibility of any malfunction. Hence following set-up is used,
connecting the positive voltage through a resistor chain of
700 kΩ to the ADC and adding a RC filtering to the negative voltage port. This filtering is necessary because the
ADC can return jumpy values without it. The network is
built out of a 100 pF capacitor in serial connected to two
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resistors of 1 kΩ and a 100 Ω resistor in parallel. The ADC
is also used for temperature measurements, therefore the
high side gate driver is utilized. The signal of the temperature sensor placed in the module is brought out by two pins
and feed through a voltage divider of 1 kΩ resistance into
the ADC. Decoupling capacitors to smooth out low frequency changes of the supply voltages are a necessity to
cover insurance (5). Parallel capacitors of 4.7 uF have been
placed in close proximity to the IC resolving in clean DC
signals. The so called desaturation protection current monitors the drain source voltage of the SiC MOSFET and issues a safe turn off in case of short circuit detection (6). For
this an interposing series Schottky diode is placed between
ground and 15 V, followed by 2.2 kΩ resistor in serial with
a rectifier diode (7). This circuit is to guarantee that it is
rather fully conducting or fully non-conducting. The desaturation signal of the gate driver is filtered by using a shunt
capacitor to ground, to improve voltage stability and reduction of network losses. Attention needs to be paid for the
over current protection, because the signal is differential
and therefore it should be close to the corresponding signal.
Here must be another filter applied as common mode (8).

capacitors (between one high voltage line and ground) and
a common mode choke.
In Figure 7, the voltage levels for foreseeable values of gate
resistance  ୋୟ୲ୣ by applying the initial filter design are
compared to the standard MBN 10284-3. The time domain
models in LTspice are converted into the frequency domain
by using Fast Fourier Transform.
Contrary to the improved EMI filter in Figure 9, the curves
with initial EMI filter in Figure 7 are generated by modelling the initial filter design. It can be noted that the two
voltage level are significantly smaller after filtering, but
not comply with the limit line in several areas.

Figure 7 Disturbance voltage level on single path vehicle
LISN NNBM 8125 caused by one phase leg of SiC inverter
without and with EMI filtering by initial design compared
to standard MBN 10284-3

5.2

Figure 6: Gate Driver implementation

Improved Design of EMI Filter

To achieve a satisfying filter behaviour, the EMI filter is
redesigned by replacing the common mode choke by 6
round ferrites [7], which enclose the two high voltage lines
(HV+ and HV-).

Primary and secondary signal integration of the gate driver
is from major importance and needs to be handled with
great accuracy to secure best function and safety.

5

Treatment of the Inverter Common Mode Noise Spectrum

For investigation of electromagnetic interference (EMI)
generation, we consider first the common mode disturbance voltage level (DVL) of one phase leg of the SiC inverter with supply voltage of 400 V and load current of
50 A. The voltage level on the line impedance stabilisation
network (LISN) [6] NNBM 8125 from Schwarzbeck MessElektronik is simulated in LTspice without and with EMI
filtering.

5.1

Initial Design of EMI Filter

The initial design of the single-stage AC line filter consists
of X capacitors (between the two high voltage lines) and Y

Figure 8 Circuit diagram and item list of the improved filter design
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The X and Y capacitors are unchanged. The circuit diagram
and item list of the improved EMI filter design is depicted
in Figure 8. All components are mounted as close as possible to each other, to keep the parasitic inductances small.
In Figure 9, the voltage levels for foreseeable values of
 ୋୟ୲ୣ by applying the improved filter design are compared
to the standard. The curves with improved EMI filter are
generated by subtracting the measured values (filter characteristic measured by Vector Network Analyzer ZVR
from Rohde & Schwarz) from the simulated DVL without
EMI filter.

(ESi ≈ 130…185 GPa), the die-attach material is exposed to
increased mechanical stresses and strains, compared to
IGBT modules, as e.g. reported in [11],[12].

Figure 9 Disturbance voltage level on single path vehicle
LISN NNBM 8125 caused by one phase leg of SiC inverter
with EMI filtering by improved design compared to standard MBN 10284-3
With the improved filter design, the limit line is satisfied in
the whole frequency range except the small peaks at about
2.5 MHz. These peaks are caused by the measurement
setup, which is an object of ongoing investigations.
The volume of the improved filter design will be reduced
regarding certain constraints after confirming the assumed
impact on the real DVL of the whole inverter when a prototype is available.
So far, the influence of the DC Link Capacitor [8] (which
acts as an additional X capacitor) on the DCL is not considered in Figure 9. First investigations show a further reduced DCL, especially in the frequency range between
1 MHz and 10 MHz. Under consideration of this effect, the
limit line would be met in the whole frequency range by
applying the improved filter design.
Future activities are planned, to take into account the saturation behaviour [9], [10] of the ferrites as well as differential mode disturbances.

6

Reliability analysis

A further important aspect of the inverter development is
the assurance of the thermo-mechanical reliability of the
SiC-MOSFET based power module. Due to the higher
stiffness of SiC (ESiC ≈ 450…500 GPa) compared to Si

Figure 10 Accumulated plastic strain in a Ag-sinter layer
during thermal cycling for a) Si and b) SiC device
For this reason, reliability analyses by means of thermomechanical FE simulations are part of these studies. Goal
is the identification of potential reliability risks already
during the design phase as well as the development of damage models for SiC-based power devices. For this purpose,
virtual prototyping methods are currently employed with
the following workflow: 1) analysis of the failure mechanisms as input for the simulation investigations, 2) modelling and calibration (e.g. temperature de-pendent warpage,
Zth and IR analysis) as well as determination of the required material data, 3) simulation of different load cases
(stress analysis), comparison and evaluation of different
design variants (DoE), 4) comparison of simulation results
on component level with experimental results and improvement of simulation model and 5) deriving of damage
models for estimating service life as well as for providing
design optimization guidelines.
Fig. 10 shows exemplary the calculated cyclic plastic strain
distribution patterns accumulated during thermal cycling in
the die-attach layer of a Si (a) and a SiC (b) based assembly, with higher values for the latter one.
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In addition to the FE analysis, power cycling tests are in
the scope of this study. They serves as validation baseline
for the simulation and will in addition allow a direct comparison the SoA IGBT modules.

[9]

7

[10]

Conclusion

This paper presents the previous work of the BMBFfunded SiCnifikant project. First, the challenges of a SiCbased drive inverter are identified and described. Subsequently, the SiC-MOSFET optimized for the project as
well as the corresponding power module are presented. For
the control of the power semiconductors two different gate
drivers are described. Since the high switching edges of the
SiC-MOSFET increase the requirements on the EMI filters, an optimized filter design is presented. Finally, first
simulation results comparing the thermo-mechanical strain
distributions in a Si and SiC based power module are presented.
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ed., Newnes, 2016
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C. Herold, J. Sun, P. Seidel, L. Tinschert and J. Lutz,
"Power cycling methods for SiC MOSFETs," 2017
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