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Abstract: Increasing the efficiency of automotive
traction inverters while keeping initial costs low has
always been a key objective. This contribution stud-
ies the potential of Si/SiC-based inverters for peak
power ratings ranging from 80 to 150 kW, with the
aim of addressing a specific B to C vehicle segment
application within the Stellantis Group. Power mod-
ule configurations with different IGBT/SiC MOSFET
die area share rates, as well as different SiC MOS-
FET areas, will be compared using a bias-aware
delta-simulation approach for the inverter within the
vehicle simulation. The discussion is supported by
experimental testing of the inverters. Finally, the
benefits of drive cycle improvements will be trans-
lated into battery savings, and the resulting sweet
spot of Si/SiC Fusion switch power modules will
be evaluated under various vehicle and drive cycle
scenarios.

Keywords: Automotive; Traction Inverter; Si/SiC
Fusion switch; IGBT; SiC MOSFET; bias-aware
delta-simulation; Drive Cycle Efficiency

1 Introduction

Increasing the efficiency of automotive traction in-
verters while keeping initial costs low has always
been a key objective. The implementation of wide
bandgap silicon carbide MOSFETSs in recent years
has brought significant efficiency gains [1]-{4]. Ad-
ditionally, optimized manufacturing processes have
led to a substantial reduction in die cost. However,
according to recent benchmarking studies [5], [6],
the die cost per area for SiC MOSFETSs is still 8
to 12 times higher than for silicon IGBT/Diodes.
While a significant portion of this higher cost is
compensated by the increased power density of
SiC MOSFETSs, resulting in reduced power losses

and a lower needed battery capacity, which in turn
reduces system costs. It is due to the fact that
these car types have a high battery capacity to en-
sure a long electric vehicle driving range autonomy,
provide fast charging options through an 850 V
power net architecture, and the power modules for
the inverters are designed for high output power,
thus requiring low-ohmic MOSFETSs. The clear re-
sult is that the higher die cost of the SiC MOSFETs
is easily compensated by the battery cost savings.
However, for the high-volume B and C car seg-
ment in the entry class, it is not yet clear. On one
hand, the vehicle voltage class for this segment
still remain at 470 V, which is less favorable for SiC
MOSFETs. While [2] reports an EV range gain of
3.1% to 7.3% in highway to the EPA drive cycles
when transitioning from IGBT to SiC MOSFETs at a
1200 V blocking rating in an 800 V supply architec-
ture, a separate study [3] found a significant lower
gain of 0.66% to 3.1% in highway to WLTP drive cy-
cles at 450 V working voltage with 750 V blocking
rating IGBT and SiC MOSFET devices. Another
important consideration for the B and C vehicle
segments is the significantly smaller battery sizes
with lower maximum allowed charge rates and cost
per KWh, which makes cost compensation in these
systems more challenging. And last but not least,
while a high inverter output performance is desired
to achieve good acceleration power, it is a less
important feature for this kind of car segment.
With the introduction of the Si/SiC Fusion switch
configuration, which offers the advantage of sin-
gle gate drive capability without requiring changes
to software and gate driver architectures, an ad-
ditional option for inverter design is provided [7],
[8]. In[9], [10], Si/SiC Fusion switches for 200 kW
peak power-rated inverters have demonstrated an
electric drive range gain of 3 to 6% compared to
benchmark IGBT inverters, despite containing only
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30 to 40% of the SiC MOSFET chip content com-
pared to full SiC MOSFET-based inverters. In [11],
it was shown that the SiC die areas in Si/SiC Fusion
power modules can be easily scaled while main-
taining the single gate drive feature. Additionally,
lifetime degradation testing was performed, includ-
ing repetitive short-circuit testing up to 1 million
short-circuit pulses, and no visible electric device
degradation was observed, demonstrating the high
robustness of this Si/SiC approach.

The impact of different SiC die areas on the ve-
hicle drive range and inverter energy loss over
different vehicle types and mission profiles has not
yet been investigated and will be the subject of this
contribution.

The paper is structured as follows. Section 2
provides an overview of the different vehicle types,
mission profiles, motors, and power module config-
urations (DUTs) investigated within this paper. Sec-
tion 3 introduces a bias-aware simulation method
that uses measured inverter power loss and a delta-
simulation approach suited for accurate energy
loss prediction over drive cycle profiles. Section
4 compares the measured inverter power losses
of the DUTs. Section 5 discusses the energy effi-
ciency of the different power module configurations
within the vehicle system simulation, followed by a
conclusion.

2 Vehicle Types, Mission Profiles, Motor,
and Power Module Configuration

Within the studies, one of the targets was to an-
alyze how different vehicle types (i.e., different
masses and body styles) within the B and C car
segment, as well as the driving profile referred to
as the mission profile, will influence the selection
of IGBT, Si/SiC, and SiC modules with respect to
energy efficiency. An overview of the vehicles are
listed in Table 1. The vehicle was modeled using a
behavioral model with simplified linear longitudinal
dynamics, including the vehicle mass, aerodynamic
resistance, rolling resistance, wheel size, and gear
ratio.

The permanent magnet synchronous motor
(PMSM) was modeled via fine-grained lookup
tables filled from a finite element simulation.
The used motor phase current map versus
speed/torque is shown in Fig. 2 as an example.

An overview of the different power module con-
figurations within this comparison is provided in Ta-
ble 3. All chipsets are from an automotive-released
750 V technology. The IGBTs are micropattern

Tab. 1: Vehicle Types for Simulation Model

Vehicle Name MINI AVERAGE | MAXI
Mass [t] 1.6 1.8 2.1
Body Style Hatchback B-SUV Sedan
Battery Voltage 280..470 V
Inverter Current 450..650 Arms
Ampacity
200 Motor Phase Currents [Arms]
500
300 450
200 400

1350
100

1300
0
1250

-100

Torque [Nm]

1 200

-200

-300

1 150
0 2000 4000 6000 8000 10000 12000 14000 16000

100
50
Speed [rpm]

Tab. 2: PMSM 150 kW Motor lookup table used for all
vehicle types.

-400

Tab. 3: Power Module Configurations

Part Si Area | SiC Area | Ampacity | rel Die Cost

mm3] | [mm?] | [Armg]' [%]?
|IGBT [320180 | o | 800 | 100 |

FU3 160/60 60 750 200

FU2 160/60 40 680 150

FU1 160/60 20 590 100

SiC 8 0 160 700 400

SiC6 0 120 500 300

SiC 4 0 80 400 200

1 current ampacity acc. to [11].
2 rounded to 50% and cost input acc. to [5], [6].

trench EDT3, and the SiC devices are from auto-
motive 2" generation trench MOSFETSs. All parts
were tested in same power module package with
direct fluid cooling via PinFin structure.

In summary, from the vehicle simulation model,
a speed-torque command was created. The motor
lookup table provides the motor power losses and
the required inverter phase voltage and currents,
including the resulting power factor, which are the
inputs for the inverter power loss simulations dis-
cussed in detail in Section 3.

The simplifications in the vehicle and motor mod-
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els can be justified here, as the main motivation
was to understand the influence between different
vehicles rather than making absolute drive cycle en-
ergy consumption conclusions about a specific car
model. In contrast, the inverter simulation requires
high accuracy in order to make an assessment of
the suitable use of different power modules possi-
ble.

3 Bias-aware Delta-Simulation Method

In theory, the ideal solution for comparing differ-
ent power modules in vehicles and mission profiles
would be to measure them all on an inverter motor
test bench. However, with all the combinations, the
test time needs to be reduced while maintaining
high accuracy. A special challenge are the inverter
light load conditions, which occur frequently within
the drive cycles. In studies like [12], more detailed
inverter simulation models using 2" order poly-
nomial functions were proposed. However, even
under such simulation approaches, a high discrep-
ancy compared to real testing can occur due to
the neglect of several real effects, as summarized
below.

e Only the main part of the switching energy is
included (see Fig. 1).

e Capacitive related power losses are ignored
completely (see Fig. 4, zoom at |, = 0 Arms).

e Diode turn-on (forw. recovery) is ignored [4].

¢ Body diode conduction during PWM dead time
is ignored [4].

e Synchronous rectification turn-on and turn-off
are assumed to be ideal, with zero losses [4].

These power loss contributions can often be
ignored for designing the inverter application at
nominal load conditions, but can contribute signifi-
cantly in the drive cycle’s relevant light load area,
as discussed in [4], where just the PWM dead time-
related power losses alone accounted for about 10
to 15% of the total inverter power losses.

The influence of applying different integral limits
is often overlooked. While the IEC 60747-9:2019
standard for IGBT defines the integral limits from
10% Vgs to 2% Vg5 at turn-on to be applied, the
MOSFET-related standard IEC 60747-8:2010 de-
fines it different with 10% l4 to 10% V45 removing
by nomenclature already a certain amount of real
switching losses for the datasheet specifications.
To illustrate the influence of different integral limits,
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Fig. 1: Influence of the extracted switching losses of de-

vice double pulse characterization with different switch-

ing energy per pulse integral limits.

o

Figure 1 shows the extracted turn-on switching
energies per pulse, as well as the relative deviation
when changing the limits, from the widest practical
applicable limit (2% Vgs to 98% Vgs) to the MOS-
FET applied narrow limit (10% Ig to 10% Vgs). The
influence is often in the range of 10%, but impor-
tantly, the shape of the switching curve itself will
significantly impact the effect of different nomen-
clatures. As seen in the plot, this results in no
constant offset, highlighting the complexity of the
relationship between integral limits and switching
energy extraction. The discussed integral limits at
the turn-on energies (Eon) apply with the same
principles also to the turn-off (Eoff) and diode turn-
off (Erec). However, it is quite obvious that chang-
ing the methodology for switching energy extraction
will not change the actual resulting power losses in
an application.

To address this challenge, a bias-aware simula-
tion approach was selected. The method itself is
derived from global climate modeling, where local
temperature deviations were observed to be nearly
constant. Climate predictions of the past, together
with local measurements, can correct local predic-
tions in the climate model [13]. This basic principle
was then transferred to inverter power loss simula-
tion.

Each inverter was measured over a reduced op-
erating parameter set (OPeas) by characterizing
its input-to-output power [0sses (Pjoss meas) and stor-
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Fig. 2: lllustration of the bias-aware delta-simulation
method of the traction inverter for drive cycle simulation.
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Fig. 3: Example of the bias-aware delta-simulation. For
method explanation the this example show a reduced
dataset of the measurements.

ing the data in a lookup table. The measured data
set is shown in Fig. 4. Within the mission profile
simulation, this lookup table was combined with a
delta-simulation approach. The first inverter power
loss simulation is performed at the nearest operat-
ing point provided in the lookup table (OP¢.s), and
the second simulation is performed at the operat-
ing condition required for the actual mission profile
point (see also Equations 1 and 2).

Pinverter,loss = Ploss,meas (OPmeas> — AP (1)
AP = Ploss,sim (OPmeaS) - Ploss,sim (OPproﬁle) (2)

An illustration of the bias-aware delta-simulation
method is shown in Fig. 2. This approach includes
all power losses that occur in reality, while keeping
the measurement effort at a low level.

An example of the method is further illustrated
in Fig. 3, where the measured dataset has been
reduced to facilitate explanation. The nearest mea-
surement points exhibit large steps because not

all conditions have been measured. However, the
simulations of both the measured operating condi-
tion and the profile condition show an offset, which
does not impact the results since only the delta
values are required. Therefore, the primary focus
is on the relative accuracy of the simulation models.
Additionally, the amplitude of the AP values can
serve as an indicator for recommending additional
measurement points in the future. If the AP val-
ues are high, introducing an extra measurement
point may potentially enhance the accuracy of the
system simulation.

The method employed here for power loss simu-
lation can be easily adapted for other applications,
such as estimating power cycling lifetime, where
high precision in simulating junction temperature is
crucial to match real-world conditions.

4 Measured Inverter Power Losses

All power modules listed in Table 3 were tested on
an inverter test bench. A detailed documentation
of the lab equipment and measurement settings
used can be found in [4].

Implementing parallel SiC die content alongside
the IGBT can cut down power losses, especially
at low currents, by a factor of two, depending on
the amount of SiC area implemented. For a more
holistic comparison, the line colors were selected
to correlate with the implemented die cost within
the power module configurations. Below 25 Arms,
the best option among the Si/SiC Fusion configu-
rations was the one where only a single SiC die
of 20 mm? was implemented (i.e., a Si/SiC ratio of
11:1). At higher currents, the more SiC MOSFET
area implemented, the lower the inverter power
losses.

The same procedure was applied to power mod-
ules fully populated with SiC MOSFETs. At a
load current of 25 Arms, all three tested versions
exhibited nearly equal power losses. At around
300 Arms, it becomes clear that a larger SiC MOS-
FET die area reduces inverter power losses, but
also increases the die cost within the parts. An
interesting effect was observed at high currents
above 500 Arms, where a larger SiC MOSFET chip
area did not result in lower inverter power losses.
This was attributed to the fact that the paralleled
dies, with their reverse recovery behavior, reached
overvoltage limitations earlier and thus had to be
switched slightly slower. Nevertheless, with a larger
total die area, more power can be dissipated, re-
sulting in a higher current ampacity of the power
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Fig. 4: Measured inverter power losses at a constant
working voltage of 450 Vdc, a switching frequency of
10 kHz in space vector modulation, an electric output
frequency of 100 Hz, and a coolant inlet temperature of
65°C at a flow rate of 10 L/min. The line colors represent
the relative die cost within the power module DUTs.

module, even if the efficiency itself is no longer in-
creasing at the high currents. Nevertheless, these
results clearly demonstrate that measurements on
small die areas and heavy upscaling in simulations
to larger die areas lead to very non-linear behavior
and should be avoided where possible to prevent
wrong conclusions.

5 Drive Cycle Efficiency

With the simulation method described earlier, the
listed vehicles of Table 1 were equipped with in-
verter systems of all different power module con-
figurations of Table 3 and simulated under three
different mission profiles. The standardized WLTP
class 3b and CLTC-P profiles were used as repre-
sentatives for profiles with a high amount of light
load operation. The standardized Artemis-Highway
profile, with its 150 km/h top speed as represen-
tative for harsher mission profiles, where electric
driving range has a high customer value. Fig. 5
shows two examples of vehicle speed and result-
ing inverter phase currents over time, including a
histogram of the phase currents.

Figures 6a to 6i show the results for all variants,
where the inverter power losses of each simula-
tion set (,i.e., vehicle and profile) are normalized
to the IGBT module with its lowest part cost. The

Vehicle Speed
[km/h]

I I I I
0 200 400 600 800 1000 1200 1400
time [s]

I ]
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{ I I
0 200 400 600 800 1000 1200 1400 1600 1800
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Occurence
[Normalized]
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Inverter Phase Current Iph [Arms]

Fig. 5: Mission Profile WLTP and Artemis_Highway, with
the resulting inverter phase currents at a 450 V working
voltage, in direct comparison.

Tab. 4: Results Vehicle: MINI; Profile: WLTP

Part Ampacity | Drive Cycle Cons. Req. Battery
Arms | kWh/100km (rg' %) |  >kwh?
| IGBT | 800 1452 (+0.0%) |  na
FU3 750 14.07 (+3.2%) 30
FU2 680 14.11 (+2.9%) 15
FU1 590 14.17 (+2.5%) 5
sIC 8 700 13.89 (+4.5%) 60
SIC 6 500 13.89 (+4.5%) 40
SIC 4 400 13.93 (+4.2%) 25
Tab. 5: Results Vehicle: MAXI; Profile: Arth. Highway
Part Ampacity | Drive Cycle Cons. Req. Battery
Arms | kWh/100km (rg' %) | >kWh 2
| IGBT | 800 24.89 (+0.0%) | n.a.
FU3 750 24.49 (+1.6%) 55
FU2 680 24.57 (+1.3%) 35
FU1 590 24.72 (+0.7%) 5
sIC 8 700 24.29 (+2.5%) 105
SIC 6 500 24.32 (+2.3%) 75
SIC 4 400 24.43 (+1.9%) 45

1 rg: relative range gain to IGBT.

2 Req. Battery: To compensate additional power module part cost
related to IGBT a battery capacity of greater than x kWh will be re-
quired. Cost assumption according to [5], [6], [14]. Battery capacity
rounded up to 5 kWh segments.

3D bar diagram was selected due to the multidi-
mensional aspect of the data. Changing the die
technology and area not only changes the part
cost, but also the maximum current ampacity of the
power module, making a direct comparison more
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Fig. 6: Inverter drive cycle losses relative to IGBT power module (z-axis) are shown, including relative die cost
(x-axis) and power module maximum current ampacity (y-axis), for different vehicles (left to right) and profiles (top to
bottom) at 450 V working voltage. The highest die-cost SiC power module configurations result in the lowest losses
in all profiles. The Si/SiC Fusion configurations, with a cost close to that of the IGBT configuration, reduce power
losses by approximately 50% in WLTP and CLTC, and by 20-45% in highway drive cycles.

complex. However, from these plots, a key find-
ing is that the different vehicle types within the B
and C segments can be seen as a minor influence
factor for the optimal power module configuration
from a drive cycle efficiency perspective (compare
the plots from left to right for the different vehicles
within the same profile). In contrast, the drive cy-
cle has a much higher impact (compare the plots
from top to bottom for the different profiles within
the same vehicle). In line with previous studies [2],
[3], [9], the SiC MOSFETSs as well as the Si/SiC
Fusion modules reduce the inverter power losses
the most in relaxed drive cycles, but still provide
substantial power loss savings in the highway pro-
files, which will be quantified in more detail in the
following discussion.

6 Results Discussion and Switch
Technology selection

Already a low amount of SiC MOSFET area within
a Si/SiC Fusion configuration, such as the 11:1
share ratio of "FU1”, provides a significant loss
saving compared to an IGBT module and can be
compensated by battery capacity of already 5 kWh,
which could make it interesting for entry-class ve-
hicles at first glance. However, the combination
of Si and SiC within the power module can hardly
be downscaled to a current ampacity of less than
400 A in practice. Therefore, low-cost and simple
silicon IGBT/Diode or RC-IGBT power module con-
figurations with low die areas will still lead in this
segment.

Within the typical 40 to 75 kW battery sizes of
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the B and C vehicle segments, the Si/SiC Fusion
with die area share rates of "FU2” or "FU3” will pay
off due to the resulting higher drive cycle efficiency.
When longer EV ranges on highway drive cycles
are needed in combination with battery capacities
greater than 55 kWh, the FUS3 configuration pro-
vides the optimal die share ratio.

The full SiC MOSFET solution with the lowest
die area (SiC 4) would already compensate for its
cost starting from 25 to 45 kWh battery capacity,
depending on the drive cycle. However, it does not
provide enough current ampacity and thus torque
to meet the vehicle design goals. The larger SiC
die areas that achieve the required current am-
pacity start to pay off at battery capacities ranging
from 40 to 75 kWh, depending on the drive cycle.
The low-ohmic and large-area SiC 8 variant, which
can address the entire B and C segment, requires
a minimum battery capacity of 60 to 105 kWh for
cost compensation. This finding validates again the
results from previous studies, conducted several
years ago, which showed that SiC MOSFET invert-
ers in the premium segment, with long EV drive
ranges and high battery capacities, can easily pay
off due to their increased efficiency.

In the segment of B and C vehicles with 40 to
75 kW, the Si/SiC Fusion (FU2 and FU3) provides
the best balance between system cost and current
ampacity. For inverter systems where the current
ampacity is slightly overdimensioned, a reduction
of about 20% in current can be achieved by using
lower-cost packages, such as low-cost Al203 ce-
ramics instead of high-performance Si3N4 ceram-
ics, which can further balance system cost. The
smooth switching behavior of Si/SiC Fusion, with
its potential to reduce EMI filter efforts [8], [9], its
low sensitivity to part-to-part tolerances in terms of
current ampacity [11] and [15] gate threshold varia-
tions, and its high robustness against short-circuit
events [8], [11], [16] can provide additional benefits
for further optimization of system cost by imple-
menting Si/SiC Fusion switches in power modules.

Fig. 7 summarizes the resulting choice of switch
technologies over a wide area of different vehicle
segments, with installed battery capacity on the
x-axis and specific battery cost per kWh on the
y-axis, resulting from the different required battery
charge/discharge rates as well as the needed in-
verter current ampacity values.

The IGBT remains the choice of solution for the
entry class due to its lowest cost and simplicity in

Costper
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SiC MOSFET
NMC 1200..1400V
high Crate
Fast charging eﬁ SiC MOSFET
- ol 750V
2 >650 Arms
LFP or NMC v
std C rate Si/SiC
Fusion 750V
450.:650 Arms
Low Cost Isg.;v
LFP <450 Arms

>
Vehicle implemented

% 50 battery capacity [kWh]

Fig. 7: Resulting switch technology selection.

power module and inverter design. Vehicles with
battery capacities beyond 75 kWh are expected
to stay with full SiC MOSFET solutions, especially
at 850 V working voltage and with fast charging
features. In the middle B to C segment, there
is room to implement cost/performance-balanced
Si/SiC Fusion switch approaches.

The results are expected to be relatively stable
over the next 5 to 8 years. Newer SiC MOSFET
technologies can certainly increase power density
further, but implementation in Si/SiC Fusion can
benefit in the same way. Additionally, the further
reduction of SiC MOSFET prices on one hand will
be offset by further battery cost reductions on the
other hand.

7 Conclusion

Several key findings resulted from the studies pre-
sented in this paper. 1) Several non-linear effects
in power module characteristics are often ignored
in simulation models, but can lead to major errors in
drive cycle simulations. The introduced bias-aware
delta-simulation approach can avoid such errors
while keeping measurement efforts low. 2) Dif-
ferent vehicle types within the B and C segments
have only a minor influence on the optimal power
module configuration from a drive cycle efficiency
perspective. 3) For vehicles with battery capaci-
ties higher than 75 kWh, inverter systems with full
SiC MOSFETs will remain the optimal choice. 4)
In the B and C segment, with battery capacities
ranging from 40 to 75 kWh, there is room to im-
plement cost/performance-balanced Si/SiC Fusion
switch approaches.
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