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The article deals with the power analysis of semiconductor devices nowadays
commonly used in perspective traction inverter topologies suitable for
automotive industry applications. The power analysis is devoted to
topologies, which are the Voltage Source Inverter (VSI) topology and
perspective three-level alternatives, which are the Neutral Point Clamped
(NPC) and T-type Neutral Point Clamped (T-NPC) traction inverter
topologies. The main part of the power analysis of the proposed topologies is
done on multi-phase versions (specifically six-phase). Mentioned topologies
are modelled through the use of the simulation environment PLECS, while
the focus is given on the accurate determination of semiconductor devices'
power losses. Collected data of each analyzed topology are then processed
using the MATLAB environment. The analysis of power parameters aims
to find out which of the mentioned topologies achieves the highest efficiency
as an VSI system at various power levels using the same input parameters.
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1 Introduction

At this moment, the sales of electrified vehicles
are rising due to political support, battery technology
improvements, growing charging infrastructure, and
more and more new models from vehicle manufacturers.
Electrification of the automotive industry is also
spreading to new divisions of the road transport, which
sets the new possible changes across the automotive
industry. In the year 2022, electrified vehicles had
a 14 % share of sales in the passenger cars category. This
percentage number has risen every year since 2015, and
it is predicted that this trend will continue. The global
sales of electrified passenger cars in 2022 have grown
by around 40% compared to 2021. The largest share of
the increase in global sales of electrified vehicles was
recorded in China. Their global sales share doubled as
compared to 2021 [1-4].

Due to targets for reaching the carbon neutrality
in road transport by 2050, research on the new possible

improvements is needed across the entire traction drive
of electrified vehicles [5].

There are several traction inverters possibility to
enhance the power parameters. A traction inverter
is a part of the traction drive of electrified vehicles
and there are several possible ways to improve its
power parameters. Since the commonly used traction
drive now uses, mostly IGBT (Insulated gate bipolar
transistor) - based, two-level Voltage Source Inverter
topology (one leg contains the half-bridge connection of
the semiconductor switching devices) [2], which can be
seen in Figure 1, the first possible change that occurs,
which can improve the power parameters of the inverter,
is to replace the IGBT with wide-bandgap (WBG)
devices as SiC MOSFETs. These WBG devices have
several advantages compared to Si IGBT. Operation
at higher temperatures, higher breakdown voltages,
lower switching losses at higher frequencies, and lower
chip size are the reasons why Silicon Carbide (SiC) and
Gallium Nitride (GaN) MOSFETSs are suitable for IGBT
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Table 1 Common input parameters for all the analyzed traction inverter topologies

Electrical variable/unit value
DC-Link input voltage [V] 800
DC-Link capacitor [uF] 300
Switching frequency [kHz] 20
Continuous output power [kW] 10 - 100
Power factor [-] 0.75
Estimated efficiency [%] 98
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replacement [6-10].

Apart from that, there are other options for
achieving the higher efficiency of the traction inverter.
For example, a change in the number of phases of the
traction inverter from three-phase drives to multi-
phase ones. In the case of automotive traction drives,
the closest development step would be six-phase drives.
Multi-phase drives split the power into a higher number
of phases, which means that the power ratings per phase
are lower [4]. Improved current handling, enhanced fault
tolerance, reduced DC-Link capacitor requirements,
as well as modularity are the main strengths of the
multiphase inverters [11-14].

Another possible traction drive enhancement is to
change the two-level VSI topology with an alternative
topology. Three-level inverters were, based on advanced
studies, presented as the most viable alternative for the
nowadays used VSI architecture. There were studies,
that suggested that the two most competitive three-
level topologies that have been developed are T-type
Neutral Point Clamped (T-NPC) and Neutral Point
Clamped (NPC). The efficiency of the VSI topology
is higher than the mentioned two topologies only at
lower switching frequencies than 10 kHz. At a higher
switching frequency than 10, but lower than 30 kHz,
T-NPC topology is expected to be more efficient, while at
the higher switching frequencies than 30 kHz the NPC
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Figure 1 Thermal model of the NTBGO20N120SC1 - Turn on switching losses

topology provides higher efficiency than both mentioned
topologies. Apart from that the three-level topologies
offer lower harmonic distortion of the output voltage
and offer reduced requirements for the EMI filter.
However, the volume of DC-Link capacitors is twice that
big compared to the VSI topology. In addition, the costs
of producing three-level inverters are higher and the
control is more complex [15-18].

This study is devoted to analyzing the power losses
of the semiconductor devices of the three-phase VSI, its
six-phase version, and six-phase three-level topologies
NPC and T-NPC, at the same power levels. The power
analysis performed in the PLECS software deals with
the power losses of the semiconductor switching devices,
from which the all analyzed traction inverter topologies
are composed. Output power parameters obtained from
the analysis are compared to each other to investigate
the highest efficiency of the traction inverter system

topology.

2 Operational parameters of the simulation
models of investigated VSI alternatives

All the analyzed topologies are built based on
the same input parameters, semiconductor switching
devices (ones that are directly connected to a DC-Link),
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Figure 3 Thermal model of the NTBGO20N120SC1 - Conduction losses

simulation model of the cooling system, control
technique, and parameters of the AC load. The input
parameters are shown in Table 1.

These input parameters were selected based on the
literature that deals with future trends in automotive
traction drive systems described in [3-5]. The value of
the DC-Link capacitor was determined based on the
calculations using the method mentioned in [7]. In all
the proposed analyses of the topologies, discrete silicon
carbide semiconductor devices from onsemi were used.
To be able to reach the high-power levels, such as 100
kW, with the use of discrete packages of semiconductor
devices, their parallel connection is necessary to be
applied.

Based on the previous work with the PLECS
simulation software, the power loss calculations

using this software are considered accurate, which
enables fast-analyzing power losses of any circuit,
that contains semiconductor devices. Since the PLECS
works with thermal modelling of the semiconductor
devices, it is possible to analyze the power losses of
each semiconductor device of each proposed traction
inverter topology suitable for automotive applications.
The example of the thermal model of the switching
device used in majority of the analyzed topologies
NTBGO020N120SC1 SiC MOSFET by onsemi can be seen
in Figure 1 to Figure 3.

Any other semiconductor device, used in power
parameters analysis in PLECS, must have its thermal
model. This is what the thermal models of all used
semiconductor devices in the power parameters analysis
look like. These thermal models can be created based on
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Figure 4 Block scheme of the two-level three-phase SinePWM control technique
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Figure 5 Block scheme of the three-level six-phase SinePWM control technique with
the example of comparison for each switching device

the datasheet information, or some of the manufacturers
nowadays offer these thermal models already created
on their website or the PLECS website. Apart from the
loss’s waveforms, the PLECS thermal models contain
information about the change of switching losses based
on the change of the gate resistance or the thermal chain
table.

Apart from the common input parameters, the
used control technique, for all the analyzed topologies,
is a sinusoidal pulse width modulation (SinePWM).
It is because of its simplicity. The SinePWM control
method is the most often used across the industry
[19-21].

The block scheme of the two-level SinePWM, which
is used as a control technique for the three-phase VSI
topology analysis in PLECS can be seen in the block
scheme in Figure 4. The same control technique, but
modified to a three-level one, was used for the NPC

and T-NPC topologies of the traction inverter. The
block scheme of the modified SinePWM for three-level
topologies can be seen in Figure 5, where the division
algorithm for the A-Legs switching devices of the three-
level inverter topology is also shown.

3 Power loss analysis of the traction inverter
topologies simulation models

The analyzed topologies of the traction inverter
suitable for automotive applications are the three-phase
Voltage Source Inverter (nowadays commonly used
across the automotive industry), its six-phase version,
and the three-level six-phase topologies, which are NPC
and T-NPC. These topologies were analyzed in PLECS,
where based on the input parameters the power loss
calculation was performed.
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Figure 6 Calculation scheme for the efficiency evaluation of the investigated VSI alternatives

As it was mentioned in the previous section, SiC
MOSFET NTBGO020N120SC1 is used in the majority
of analyzed topologies. This MOSFET blocking voltage
is 1200 V. Since the selected input voltage is 800 V, the
closest suitable power SiC MOSFET value of the blocking
voltage category is 1200 V. MOSFETSs with a blocking
voltage of 900 V are also commercially available, but
in order not to damage the given switching device with
overvoltage, it is necessary to take into consideration
a 20% margin of the blocking voltage, which at the
value of the input voltage of 800 V is 160 V above its
limit value. It means that these 900 V blocking voltage
MOSFETSs are not suitable for this application. The
1200 V blocking voltage switching device is used in both
versions of the VSI topology and T-NPC as a switching
device connected to the DC-Link (TOP and BOT ones).

The required blocking voltage level of the
semiconductor devices used in the NPC topology is
the half value of the DC-Link input voltage plus
a 20% reserve. For this reason, 650 V blocking voltage
MOSFETs NTBGO015N065SC1 were selected. Their
value of continuous drain current varies based on the
temperature but even at 100 °C does not drop below 103
A. These MOSFETsS are also used as a bipolar switch in
the T-NPC topology.

The NPC topology also contains clamping Schottky
diodes, which should be zero recovery ones. The voltage

level of these diodes is the same as the MOSFETSs. So,
based on these key parameters of the clamping diodes,
the FFSH5065B-F085 from onsemi was selected.

For the estimation of efficiency of individual VSI
alternatives, the calculation scheme was used (Figure
6). As is seen from the figure, the circuit connection
contains Fourier transformation blocks, in order to
evaluate individual power components, i.e. the active
power, reactive power and apparent power. Instead of
evaluation of the total system efficiency, power factor
is evaluated, as well. The power losses of the inverters
are estimated for active and passive (filter components)
devices of the main circuit, while built-in block of
the simulation environment have been used (Switch
Loss Calculator for power semiconductors and periodic
averaging scheme for passive components).

3.1 The three-phase voltage source inverter
topology

Voltage Source Inverter topology is commonly used
topology in automotive traction inverters due to its
reliability, robustness, and relatively high efficiency at
lower costs [3].

A simulation model of the three-phase Voltage
Source Inverter topology, assembled by the discrete
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Figure 8 A-Leg of the analyzed circuit of the three-phase VSI topology

switching devices, is shown in Figure 7. The VSI
topology consists of a half-bridge connection of two
switching devices for each phase.

Figure 8 shows a closer look at the one phase of the
three-phase VSI topology. As can be seen, one switch
consists of four parallel connected NTBG020N120SC1
SiC MOSFETs to be able to reach the current
requirements for the maximum of 100 kW output power,
at an acceptable junction temperature of SiC MOSFETs
(lower than 175 °C). At 20 kHz switching frequency,
the RMS value of junction temperature of each parallel
connected SiC MOSFET was at 74.4 °C. A parallel
connection of the switching devices is needed because
the maximum value of NTBG020N120SC1 continuous
drain current is only 98 A, where the value is lowered by
circa 20 A when the 20 % reserve rule is applied.

Before the power parameters analysis (determination
of power loss values), it is important to verify the
system’s functionality. In Figure 9 and Figure 10. the

output waveforms of line voltages and phase currents
of the AC Load can be seen, which demonstrate the
correct functionality of the three-phase VSI topology
system. The RMS value of the AC load line-to-neutral
voltage, at all power levels, was on average 234.39 V.
The two-level character of the line-to-line voltages is
easily observable in Figure 8. The AC load current RMS
value at the highest power level (100 kW) was 190.18 A.
As can be seen in Figure 9, the total harmonic distortion
(THD) of the phase current is low. The value of the phase
current THD, at all power levels, for the three-phase VSI
topology is 0.19 %.

Power losses of the three-phase VSI topology at the
different power levels are shown in Figure 11. In this
figure, it can be noticed that at output power values
lower than 30 kW, the switching losses form most of
the total power losses. From the 30 kW conduction
losses form most of the power losses. When using
these semiconductor devices, the power losses reach
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Figure 16 Power losses of the six-phase VSI topology

a maximum value of 730 W at a maximum output power
of 100 kW.

These values of power losses are obtained when
the temperature of the thermal domain is stable.
The maximum temperature of the modelled heatsink
reached a value of 61.5 °C at 100 kW.

3.2 The six-phase voltage source inverter
topology

This topology (shown in Figure 12) is the same
as the previous one, from the point of view of the
configuration of the switching devices, but it is enhanced
by the number of phases, which is doubled. This change
was also made based on the future trends, which were
mentioned in the section dedicated to input parameters
of simulation models.

The multi-phase topologies have several advantages
over the three-phase ones. One of them is, for example,
half the phase current (which can be observed by
comparing Figure 10 and Figure 15) or lower DC-Link
current ripples, which lower the requirements for
selection of a DC-Link capacitor [4].

Since the current requirements of the switching
devices are lowered, the number of parallel connected
SiC MOSFETs is also reduced. As shown in Figure 13,
the one switching device contains two parallel connected
SiC MOSFETSs. The selection of switching semiconductor
devices for this six-phase application was based on the
same criteria as for the three-phase version, which
means that the same MOSFETSs with a blocking voltage
of 1200 V are used. The junction temperature of each
MOSFET is also almost the same as in the three-phase
version, which is around 74.3 °C. All the analyzed
topologies have almost the same values of the RMS line-
to-neutral voltage (Figure 14) as was mentioned in the
three-phase VSI topology subsection (on average 234.4

V). Since these first two topologies are the same apart
from the number of phases, the character of the line-to-
line voltage is the same, but the output phase current is
significantly lower, as it was predicted to be.

In numbers, compared to the three-phase VSI
topology the RMS value of the six-phase VSI topology’s
phase current at the highest power level (100 kW) is
94.94 A, which proves that the statement about half the
phase current in a doubled number of phases is correct.
The total harmonic distortion of the phase current of the
six-phase VSI topology is also the same as for the three-
phase version, around 0.19 %.

The power loss values at different power levels and
stabilized heatsink temperatures, which are shown in
Figure 16, are the almost same as the power losses of
the three-phase one. That is because the number of
semiconductor devices, their method of connection, and
their use in these two analyzed circuits are the same.
This fact means that the costs of both versions would be
the same.

There is no difference between the two VSI topologies
in the case of the stabilized temperature of the modeled
heatsink. Both three-phase and six-phase topologies
reached the maximal temperature of 61.5 °C.

3.3 The six-phase neutral point clamped topology

The first analyzed three-level topology is Neutral
Point Clamped (shown in Figure 17). This topology uses
the clamping diodes to connect the half-bridge outputs
and neutral point, which generates an additional voltage
level [8]. The three-level topologies were introduced as
a possible successor of the VSI topology in the automotive
industry, because of lower harmonic distortion, reduced
demands of EMI filters, and improved motor efficiency.
These are the superior features compared to the VSI
topology. The disadvantages are that the volume of
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Figure 18 A-Leg of the analyzed circuit of the six-phase NPC topology

the DC-Link capacitor is doubled, and the number of
semiconductor components is higher [3].

One phase of the NPC topology contains four
switching devices and two clamping diodes. The
voltage level compared to VSI topology is halved, which
means that the demands on the blocking voltage of
the switching devices, used in the NPC topology are
reduced. A detailed look at one phase of this topology is
displayed in Figure 18.

Two NTBG015N065SC1 MOSFETS, with a blocking
voltage level of 650 V, are connected in parallel
as one switching device, and two Schottky diodes
FFSH5065B-F085 are connected in parallel as one
clamping device. The junction temperature of each TOP
and BOT MOSFET was 71.5 °C, each MID1 and MID2
one had a higher temperature of 2 °C, and the junction
temperature of each Schottky diode was 77.4 °C.

As shown in Figure 19, compared to the two-level
VSI topology the characteristics of the line-to-line

voltage waveforms differ. As the category name of this
topology implies, the character of the line-to-line voltage
waveforms is enhanced to three levels.

The output line-to-line voltage and phase current
waveforms of NPC topology at 100 kW are shown in
Figure 19 and Figure 20. Despite the change in the
characteristics of the line-to-line voltage waveforms,
the output phase current remains unchanged and could
be considered identical compared to the previously
analyzed circuit (six-phase VSI). However, its total
harmonic distortion is slightly higher compared to the
mentioned VSI topology, at the level of 0.24 %.

Power losses of the NPC topology contain apart
from MOSFETSs conduction and switching losses, the
conduction losses of the diodes (Figure 21). These three
categories make the total power losses of the NPC
topology. Conduction losses of the clamping diodes
make up a large part of the total power losses of the
NPC topology, where at the maximum analyzed power
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Figure 19 Line-to-line voltage waveforms with closer look of VFA waveform
of the six-phase NPC at 100 kW output power
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level of 100 kW their share is up to 41%. Compared to  the switching losses of the MOSFETs are much lower
the previously analyzed topologies, the total power loss  than the switching losses of rhe VSI topology MOSFETs.
values of the NPC topology, due to the conduction losses It creates just 3% at the maximum of the total power

of the diodes, are higher. As it can be seen in Figure 21  losses of this topology.
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Figure 22 The six-phase T-type Neutral Point Clamped topology

The power losses were calculated at the stabilized
modeled heatsink, with its maximum temperature at an
output power of 100 kW of 68.2 °C, which is an increase
of almost 7 °C compared to the VSI topology.

3.4 The six-phase T-type neutral point clamped
topology

The last analyzed perspective automotive traction
inverter topology is a three-level T-type Neutral Point
Clamped topology. This topology’s circuit can be seen in
Figure 22.

The T-NPC topology is considered to be the most
competitive solution for an automotive traction inverter.
Compared to its three-level previously analyzed
alternative, the number of semiconductor devices is
lower, because of the clamping diodes absence. This
results in the prediction that the power losses are
expected to be lower than for the NPC topology. This
three-level topology uses a bipolar switch as a connection
between the output and neutral point. A close-up view of
one phase of the T-NPC traction inverter topology is
displayed in Figure 23.

The TOP and BOT in this topology are the switching
devices with a 1200 V blocking voltage level. The
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Figure 24 Line-to-line voltage waveforms with closer look of VFA waveform
of the six-phase T-NPC at 100 kW output power

NTBG020N120SC1 as TOP and BOT MOSFETSs are
used. The bipolar switch (MID1 and MID2 MOSFETSs)
are built with the NTBG015N065SC1 which has a 650
V blocking voltage. For the same reason, as in the
previously analyzed topologies, the switching device
consists of two parallel connected MOSFETs. The
junction temperature of each TOP and BOT MOSFET
was 63.1 °C and for the bipolar switch MOSFETs (MID1
and MID2) it was 61.2 °C. These values are the lowest

compared to all the other analyzed topologies at the
maximum power level (100 kW). The output line-to-line
voltage and phase current waveforms of NPC topology at
100 kW are shown in Figure 24 and Figure 25.

The output waveforms, with their parameters such
as RMS values of line-to-neutral voltage or phase
current of the T-NPC topology, are identical compared to
the previously analyzed three-level topology.

The total power losses of the T-NPC topology are

COMMUNICATIONS 3/2024

VOLUME 26



THE POWER ANALYSIS OF SEMICONDUCTOR DEVICES IN MULTI-PHASE TRACTION INVERTER...

(35

— IC

Current [A]
=

50\

-100 -

0.00 0.01

0.06
Time [s]

Figure 25 Phase current waveforms of the six-phase T-NPC at 100 kW output power

3

g

I Conduction Losses
- | N Switching losses

Power lossos [W]
g 8 8

§

:

0

RN

AR

S AR e P

Output power [K'W]
Figure 26 Power losses of the six-phase T-NPC topology

shown in Figure 26. These power losses are the lowest
compared to all the other analyzed topologies. The
three-level topologies are well known for their reduced
switching losses. At the maximum power level of the
analysis of T-NPC topology, the switching losses form
only 7% of the total 635 W power losses.

What makes this topology even superior to the other
analyzed topologies, apart from the lowest power losses,
is that the maximum value of the modeled heatsink

temperature at the maximum power level reached
56.7 °C.

4 Efficiency evaluation of proposed traction
inverter topologies

To be able to determine the best traction inverter
topology suitable for automotive applications based on
the power parameter analysis, it is necessary to express
the efficiency of each topology at each power level. Based

on the results of the total power losses of each analyzed
traction inverter topology, the efficiency evaluation was
performed.

The evaluation of the efficiency of each analyzed
traction inverter topology is shown in Figure 27. The
efficiency values at each power level of both analyzed
versions of the VSI topology are the same. After
analyzing these two versions of the VSI topology, it
can be concluded that increasing the number of phases
does not increase the efficiency of the traction inverter.
However, the current requirements per phase, which
are important when choosing the switching devices,
and their involvement, were reduced. More specifically,
the number of parallel connected switching devices
were reduced, but the number of switching devices
of the inverter stayed the same. The lowest reached
efficiency was achieved by the NPC topology due to high
power losses due to the high number of semiconductor
devices (double the number of MOSFETSs and additional
clamping diodes compared to VSI topology), even
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Figure 27 Efficiency evaluation of all analyzed traction inverter topologies

Table 2 The costs of the analyzed traction inverter topologies

Topology/Device 650 V MOSFET 1200V MOSFET 650V Diode Cost of topology
3-ph VSI 0 24 0 $481.92
6-ph VSI 0 24 0 $481.92
6-ph NPC 48 0 24 $821.04

6-ph T-NPC 24 24 0 $843.84

though the switching losses were significantly reduced
compared to both versions VSI topology. The most
perspective topology for automotive applications based
on the power parameters analysis is a three-level
T-NPC topology. The number of switching devices of
the six-phase T-NPC topology is doubled compared to
the six-phase VSI topology, but the power losses are
lower. This is mostly because of reduced switching
losses.

These data on efficiencies of individual topologies
at different power levels were built on the fact that the
individual topologies were assembled using discrete
WBG (SiC) devices. To achieve the maximum power of
100 kW, it was necessary to connect these devices in
parallel, which increased the number of these devices in
the circuit. Although the two-level topologies contained
the same switching devices and in the same number,
which was twice as low compared to the three-level
ones, their achieved efficiency was not the highest at
any power level. The three-level topologies contained
twice the number of switching devices compared to the
two-level VSI topology. However, only with the T-NPC
topologies was the efficiency higher compared to the
other analyzed topologies.

The device’s pricing information is obtained from
the official manufacturer’s website. The costs of the
whole topologies, which are determined in Table 2, were
calculated based on the manufacturer’s pricing stated
on their official website, and the calculations were made
only for the used semiconductor devices. The price per
unit of the 650 V MOSFETs NTBG015N065SC1 was
$15.08, the 1200 V MOSFETs NTBG020N120SC1 was
$20.08, and 650 V Schottky diodes was $4.05. The price
of these semiconductor devices is higher at retail stores.

The topology used nowadays in the automotive
traction drives Voltage Source Inverter’s cost is the
lowest compared to the perspective alternative three-
level topologies. The cost of the most efficient T-NPC
topology is almost double the cost of VSI. These cost data
are key to the practical implementation of traction drive’s
mass production of electrified vehicles. The higher the
traction drive’s efficiency, the longer the driving distance
range of the electrified vehicle, and to achieve this, it
would be necessary to enhance the traction inverter, for
example by the change of switching devices from IGBTs
to SiC MOSFETS, or the very topology of the connection
of these devices. However, this comes at the expense of
a higher price.
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5 Conclusions

A description of the input parameters that were
defined based on the automotive future trends for the
power loss analysis of the semiconductor devices of
traction inverter topologies suitable for automotive
applications was determined. All the necessary parts
of the thermal model of the semiconductor device,
which is necessary for the power loss calculations, were
created in PLECS, where the power loss analysis was
performed. A closer look at sinusoidal PWM control
algorithms was used for the two-level (VSI) and three-
level (NPC and T-NPC) inverter topologies expressed by
block diagrams. Before the actual analysis of the power
losses, the selection procedure of discrete semiconductor
devices that were used in the given topology was defined.
For each of the analyzed topologies (VSI, NPC, and
T-NPC) a simulation model was created in PLECS,
the key properties of which were described. A close-up
look at one phase of the inverter was displayed for
each topology. The power loss analysis of all proposed
topologies was performed at multiple power levels, but
its line-to-line voltage and phase current waveforms
were shown only at maximal power level. The results of
the analysis of power losses were graphically displayed
for each topology separately. The comparison of the
analyzed topologies was based on the highest reached
efficiency and on the costs of purchasing semiconductor
devices.

It is seen from the results, that NPC converter
exhibits the highest efficiency within the whole power
range that was evaluated. Approximately 0.1% up
to 0.3% efficiency value is higher compared to the
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