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INCREASED SYSTEM
EFFICIENCY BY AN 800 VOLT
AXLE DRIVE CONCEPT

ABSTRACT

The worldwide electri cation of the transport sector requires the development of
highly ef cient and cost-effective electri ed powertrain solutions. A voltage level of
800 V in the traction system enables the advantages of fast charging and makes it
possible to reduce the cross sections of the conductors. Since the battery still causes
most of the costs of an electric drive, it is important for range considerations to use
the energy supplied by the battery in the most ef cient way for powering the drive-
train. The ef ciency of the transformation from electrical to mechanical energy is
therefore relevant for the development. To increase the ef ciency the power losses
must be reduced. The power losses of the inverter have to be kept on a low level,
while the harmonic losses of the electric motor have to be reduced. The 800 V system
voltage level offers the possibility to achieve both goals, if the silicon carbide (SiC)
technology is used in the inverter. Due to better electrical properties of the semicon-
ductor material, a SiC inverter is basically more effective than a silicon (Si) inverter
due to lower conduction losses. The SiC technology enables furthermore higher
switching frequencies which increase the ef ciency of the electric motor by reducing
the harmonic losses. The combination of the silicon carbide semiconductor material
properties, a module design which is optimized on ef ciency and the improved op-
eration point control with additional free parameters leads to a highly ef cient traction
system consisting of inverter and electric motor. For an optimized design the system
ef ciency of the drivetrain can be increased up to 4 8% in the WLTP cycle. In order
to optimize and predict the lifetime of the drivetrain accurately, the increasing elec-
trical loads of the motor must be analyzed. Vitesco Technologies will contribute to
the ef ciency increase of electrical powertrains by developing an extended modular
concept for an 800 V axle drive.
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1 EFFICIENCY OF THE ELECTRICAL DRIVE AS A DRIVER OF INNOVATION

The success of battery electric vehicles (BEV) depends on
two main aspects. The acquisition costs and the customer
usability of the cars. The battery range of BEVs remains one
of the most important features for the customer usability.

The battery range de nes the maximum distance per battery
charge and the recharging time for a long-distance trip. Both
criteria can be in uenced by the voltage level of the traction
system.

A higher system voltage of 800 V instead of the common
voltage level of 400 V allows faster recharging of the battery
(High-Power Charging, Super-Fast Charging) at constant
cable cross sections.

State of the art silicon insulated-gate bipolar transistors
(Si-IGBT with diode) used as switching components in the
inverter, show ef ciency disadvantages for a voltage level of
800 V because the switching losses in the inverter increase
too much. To use the higher voltage level properly, a more
ef cient switching technology is required, see Figure 1.

In combination with silicon carbide metal-oxide-semicon-
ductor eld-effect transistors (SiC-MOSFETS) the higher
voltage level can be applied in an ef cient way with high
switching frequencies and high voltage slew rates (dU/dt).

More frequent switching reduces the harmonic losses of the
electric motor. SiC therefore is a key technology on the way
to higher system voltages.

Energy loss
[kwh]:

. Vehicle

Motor

. Inverter

400V Si, Reference 400V SiC

Figure 1: More ef cient switching of a SiC compared to Si inverter
at a voltage level of 400 V with same switching frequency (10 kHz) and
voltage slew rate (5 kV/us).

If the optimal balance between the two opposite-running
loss curves of the electric motor and inverter can be found,
an ef ciency increase of 4% to 8 % is possible in the WLTP
on system level (800 V Si system compared to an 800 V SiC
system). The ef ciency describes the ratio of energy stored
in the battery and the energy used to generate traction.

A better ef ciency results therefore in a greater range with
the same battery capacity, or constant range with reduced
battery capacity. The ef ciency increase is therefore the
biggest measure to optimize the costs of BEVs. The signi -
cant additional costs of the SiC technology are economically
attractive on system level, as they can lead to even greater
battery savings depending on the drive concept.

Vitesco Technologies is developing a modular inverter con-
cept for the transition of 400 V to 800 V. The technical plat-
form for this development is the 4th generation of the highly
integrated electri ed axle drive EMR4 (Electronics Motor
Reducer Generation 4). The EMR4 axle drive is a further
development of the EMR3 which is now produced in large
scale series production in China. The EMR3 is integrated
into several vehicles of European and Asian OEMs.

The power electronics (inverter) of the EMR4 is based on
the fourth generation of power electronics (EPF 4.0). Vitesco
Technologies can use its broad and long-term experience
in the development of inverter technologies to realize an
inverter concept with low stray inductances and optimized
duU/dt. The current development of the highly ef cient power
electronics for an 800 V traction system with SiC MOSFETs
will be realized by an extension of the EPF 4.0 concept.
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2 IMPACT OF SWITCHING FREQUENCY AND VOLTAGE SLEW RATE

ON SYSTEM LEVEL

During motor operation the inverter transforms DC voltage
supplied by the battery into a fast-pulsed voltage. This
pulsed voltage causes a harmonic alternating (AC) current.
AC phase currents create a rotating electromagnetic eld
which the rotor follows.

In this way, the pulsed electrical signal increasingly ap-
proaches the optimum of a uniform sinusoidal waveform
(at 40 kHz and more) and the power losses of higher fre-
quencies decrease. The spectrum of the current becomes
cleaner , which reduces the harmonic losses in form of
heat generation.

Figure 2 shows the relation between the switching frequen-
cy and the overall losses of the electric motor P gwm total

respectively of the inverter P pgota at a certain opera-
tion point of the traction system. The motor losses are plot-
ted in green and the power electronic losses in red.

The characteristic curves describe the theoretical depen-
dence of the switching frequency for each parameter: With
increasing switching frequency, the harmonic losses of the
motor Pp 1ota decrease progressively, so the total motor
losses P gm total CONVerge towards the value of iron losses
with a purely sinusoidal feed P 114 (dashed horizontal line).
The shown graphs are results of high-resolution FEM simu-
lations of the electric motor. The accuracy of the frequency
dependent power losses at the grey marked frequency area

is lower than of the relevant frequency areas smaller than
20 kHz because of the small simulation step size of 5 micro-
seconds.

The inverter losses P pg total CONSist of conduction Py conds
and switching losses P|_sw. The switching losses increase
linearly to the switching frequency. At the same time, the
conduction behavior of the semiconductor remains unaf-
fected by the switching frequency. As a result, the overall
losses of power electronics are expected to increase linearly
with increasing switching frequency in the same way as the
switching losses increase, see Figure 2.

The basis is an 800 V system with SiC MOSFETS used in
the inverter. The characteristic curves in Figure 2 show the
key role of the SiC technology in the power module of the
inverter as an enabling factor of highest system ef ciency.
Figure 2 shows furthermore that the optimal switching fre-
quency at system level must be de ned as in uence factor
of an increasing ef ciency (equilibrium point).
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Figure 2: Overall motor and inverter losses as function of the switching frequency at a certain operation point.
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The full potential of the SiC inverter technology is based on
the possibility of 10 times higher switching frequencies and
voltage slew rates compared to a Si inverter. Figure 3 dem-
onstrates the in uence of the voltage slew rate (du/dt) on
the inverter losses. The current development of the highly
ef cient 800V traction system with SiC MOSFETSs investi-
gates how the potential of the SiC technology can be used
without unwanted interreferences (see chapter 3 and 4).

To use the full potential of the SiC technology, the electro-
magnetic compatibility (EMC) as well as the noise vibration
harshness (NVH) behavior of the system at high switching
frequencies and voltage slew rates must be considered. As
shown in Figure 2 especially lower switching frequencies
have a critical in uence on the NVH behavior. In contrary to
the EMC where higher switching frequencies cause more
interferences and as a result the shielding concept must be
eventually redesigned.
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Figure 3: SiC inverter power losses at 10 kHz and 20 kHz, with 5 kV/ s and 10 kV/ s in comparison to the overall losses of Si for 10 kHz and 5 kV/ s.

3 IMPACT ON THE INVERTER

Today s state of the art 400 V Si-IGBT inverters operate at
switching frequencies of 8 to 10 kHz. The voltage slew rates
are typically up to 5 kV/ s.

Figure 4 shows the differences of single inverter systems
(Si/SiC) and the resulting losses at different output powers.
The cumulated overall power losses are split up into switch-
ing and conduction losses.

The differences between the total power loss at 800 V of
conventional Si technology and SiC technology are signi -
cant. The graph con rms that an increased voltage of 800 V
can only be used in an energetic way with SiC semiconduc-
tors.

The decisive factor for assessing an inverter is the ef ciency
that the drive shows in the WLTP cycle (Worldwide harmo-
nized light vehicles test procedure). Figure 5 illustrates the
in uence of the inverters on the ef ciency of the drivetrain
in the WLTP. The yellow segment of the bars shows the ad-
vantage of 800 V SiC over an 800 V Si solution although
only a switching frequency of 10 kHz and a voltage slew rate
of 5 kV/ s are applied in both cases. An inverter equipped
with SiC semiconductors could possibly operate at higher
frequencies and slew rates (typical values: switching fre-
quency: 10 ... 40 kHz, du/dt: 5... 50 kV/us). The second bar
on the left side of Figure 5 shows how the losses would
develop if a Si inverter would be used for the 800 V system.
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Figure 4: Power losses for different inverter concepts as function of the output power.
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Figure 5: Impact of inverter concepts on power losses in the WLTP cycle.

The higher ef ciency of the SiC technology shown for dif- assembly space and the reduction of cooling capacity de-
ferent aspects in Figure 1to 5 is based on the high charge mand in the power module. SiC semiconductors therefore
carrier mobility in the material matrix of the carbon atoms require a smaller active area than Si semiconductors.

embedded in the silicon. Due to the low electrical resistance
the generation of heat losses in the SiC semiconductors is
low. This allows higher switching frequencies, a compact
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3.1 ADVANTAGES OF HIGHER CONDUCTIVITY

In today-s automotive traction inverters (400 V system volt-
age level and up to 10 kHz switching frequencies) low-loss
Si IGBTs with an additional diode are used (free-run respec-
tively back ow into the battery at recuperation mode). The
bipolar transistors with reverse voltages between 650...750 V
require a complex control but work as perfect switches
because of the high ef ciency at nominal voltages.

MOSFETs (Metal-Oxide Semiconductor Field Effect Transis-
tor: simply put: voltage controlled resistances) are easier to
control. Equipped with silicon semiconductors they show a
higher electrical resistance (R) during the switching process
(R at Drain/Soure On = Ryson) than Si IGBTS.

At 400V, the higher Si MOSFET power losses already have
an important in uence, at 800 V they become the exclusion
criterion (see Figure 5). The higher the blocking resistance
of the Si MOSFET, the higher its Rgson. Above a voltage level
of 600V, this electrical behavior has a relevant effect on the
overall ef ciency. Additionally, the increased cooling effort
at higher voltages has to be considered.

MOSFETs with SiC technology in 4H substrates (Tetraeder-
matrix with extreme high charge carrier mobility) show espe-
cially during the switching process a higher ef ciency than
those with Si technology. The advantage of the lower Rygon
is the main reason for SiC MOSFET semiconductors in 800 V
inverter concepts.

The wider band gap and the higher break down voltage on a
low surface resistance of SiC, allows to switch high voltages
with high voltage slew rates. Because of the much lower
Rgson the switching losses remain at a low level for higher
switching frequencies, see Figure 6. Especially at partial
load the low conduction losses have a positive impact.

Considering all constraints e.g. connection interfaces of the
power module the SiC technology will probably lead to an
assembly space reduction of 25... 50 % of the volume of the
power module.

The higher thermal conductivity of SiC compared to Si
provides the possibility of a better transfer of heat losses.
At the same time SiC semiconductors can operate at higher
temperatures. This results in high power densities which are
demanded of the inverter design.

An overall analysis shows, that SiC enables higher inverter
ef ciencies, reduced switching losses, less assembly space,
less cooling capacity, higher operation temperatures and
less weight of the power module.

Compared to a 400 V Si inverter a 400 V SiC inverter can be
designed more compact. An 800 V SiC inverter instead will
require more volume, because of the bigger creepage path
and especially because of the bigger intermediate circuit
capacitor.
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Figure 6: Inverter conduction losses for Si IGBT 400V, Si IGBT 800V and SiC MOSFET 800 V.

In principle, the advantages of the SiC technology can also
be used in combination with a 400 V system, but then only

the ef ciency advantage in the inverter can be realized. Ad-
ditional advantages like the super-fast charging require a

3.2 DYNAMIC ADVANTAGES OF SIC
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higher voltage level. To investigate the potentials under op-
erating conditions, a 400 V SiC inverter prototype is tested
in a vehicle. The 800 V inverter with SiC technology is now
in the testing phase.
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Figure 7: In uence of stray inductance on inverter losses at a certain operation point during switching.

As shown in Figure 7 the switching losses can be reduced
in SiC semiconductors by increasing the voltage slew rate
du/dt. The technology provides big potentials compared to
Si because higher slew rates with adjusted stray inductanc-
es in the commutation circuit reduce the power losses. This
requires the optimization of the stray inductance in the gate
source circuit.

Since a very low stray inductance in the commutation circuit
is only relatively cost-intensive to implement, it is part of
the optimization at system level to de ne a balanced dU/dt.
The stray inductance will be simulated at a certain dU/dt.

In combination with the increase of the switching frequency,
the overall power losses can be simulated for a WLTP cycle.
In arange of 5...20 kV/ s there should exist a local mini-
mum at which the stray inductance is on a low level and the
savings for the WLTP cycle are evident.
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