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ABSTRACT

The paper deals with the design issue of the computer simulation models of the traction inverter
reflecting request on the rapid investigation of the efficiency performance under various oper-
ational conditions. According to this, a piece-wised linearized simulation tool PLECS is selected
for model development, which considers the relevant loss behaviour of the main power circuit
semiconductor components. The topologies, for which the simulation models are created, are
topologies, one of which is commonly used across the automotive industry as the heart of the
traction drive (VSI - Voltage Source Inverter), and its perspective alternative three-level traction
inverter topology T-NPC — T-type Neutral Point Clamped. The simulation models created in the
given simulation tool are thus subjected to the analysis of power parameters, which also include
the calculated power losses of the entire system of semiconductor devices for both topologies
of the traction inverter. Based on the obtained power parameters, the efficiency performance
under various operational conditions of both topologies is evaluated. The presented methodol-
ogy enables rapid investigation of operational performance enabling fast optimization methods.
Any design of linearized simulation models in the PLECS simulation tool, whose core consists of
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semiconductor elements, can be analyzed by the proposed methodology.

1. Introduction

Nowadays, it is well acknowledged that electrified vehi-
cles (EVs) are growing in popularity and that their mar-
ket share is rising globally every year. In 2021, EV sales
on a global scale doubled compared to the previous
year [1]. The IGBT serves as the semiconductor switch
in traction powertrains for electric vehicles (EVs) that
use a three-phase Voltage Source Inverter (one leg con-
tains two switching devices in a half-bridge connection
[8,12]) design. This type of inverter is also used in with
the additional DC/DC converter connected on input
side between battery module and DC-Link capacitors
[10]. Future developments presumptively call for addi-
tional inverter subcomponent integration. Due to this
reason, advanced packaging will be required, which can
offer both electrical and thermal isolation as well as
substantially higher switching frequencies and power
densities. For these integrated components, advanced
thermal management technologies and materials will
be required. These trends also cover issues like compo-
nent packaging, gate driver design, system integration,
and production methods.

Component packaging, gate driver design, system
integration, and production techniques are among the
other topics covered by these developments. By moving
from silicon power semiconductors (Si IGBT) to wide-
bandgap (WBG) devices, like SiC MOSFETs, the design

problems of the next generation of vehicle traction
inverters can be greatly reduced. Three-level inverters
were presented as a viable substitute for the com-
mon VSI traction inverter architecture, which is exten-
sively used in the automotive industry, as an alternative
topological solution. Among the three-level topologies
developed for automotive applications, Neutral Point
Clamped (NPC) and T-type NPC topologies are the
most competitive.

A few advanced studies have emphasized the benefits
of three-level inverters. The efficiency of the VSI, NPC,
and T-NPC inverters has been examined side by side
over a broad range of switching frequencies. Accord-
ing to the research, VSIs efficiency is only higher at
lower switching frequencies and begins to substan-
tially drop at frequencies exceeding 10 kHz. While NPC
design becomes marginally more efficient at frequen-
cies higher than 30 kHz, T-NPC topology is more effec-
tive in the intermediate range of frequencies between 10
and 30 kHz. Because three-level inverters’ output volt-
age has less harmonic distortion than VSI architecture
and requires fewer EMI filters, which increases motor
efficiency, these three-level inverters achieve the neces-
sary improvements in automobile traction drives [2].

Upcoming developments in the automobile indus-
try apart from altering the topology and utilizing WBG
devices, the application of multi-phase traction drives
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is also under consideration. In [4] and [7], the benefits
of multi-phase drives are discussed. Studies have also
focused on the type of battery module, with LiFePo bat-
tery packs being thought of as an appropriate automo-
tive battery pack solution when it comes to the power
supply for the traction inverter via the DC-Link [3].
This essay, however, will focus on the PLECS program’s
system of basic circuit analysis of the primary circuits of
the traction inverter’s alternate topology and generally
used topology.

All the mentioned possibilities to enhance the power
parameters of the automotive traction inverter are con-
sidered crucial for automotive challenges. The main
research challenges of automotive traction inverters are
routed to reach the highest efficiency possible, which
can improve performance or increase uptime, but for
the automotive industry, these enhancements need to
be at a reasonable price. This is the part of the research
to be able to meet the goals defined by the DoE in [16]
by 2025.

The design of the piece-wise linearized simulation
models for the multi-phase VSI and T-NPC converters
is emphasized in this study. They are mostly used for
operational performance verification about the corre-
lations between the output power, operating frequency,
and efficiency of the power converter. For this pur-
pose, an example of developing a power transistor ther-
mal/power loss model is also provided. The study’s con-
clusion includes a report on the efficiency performance
findings with respect to the system power.

2. Description of the simulation models of
selected inverter topologies

The analyzed topologies are the two-level VSI topol-
ogy and its three-level alternative T-NPC. The selected
topologies are both suitable for automotive traction
inverters. Since the VSI is nowadays commonly used
and T-NPC has the potential to replace this robust
topology, these topologies are implemented into the
simulation program PLECS, whereby by adding ther-
mal models of semiconductor components and thermal
domains together with calculations of electrical param-
eters using mathematical blocks, it is possible to obtain
information about the power losses of both systems and
other output parameters of the electric drives.

The simulation program PLECS in the Standalone
version by Plexim was used only based on faster simu-
lation speed compared to MathWorks’s Simulink. This
is the main reason to be able to analyze these traction
inverter topologies rapidly [15].

2.1. Main circuit topologies

Simulation analysis of the power circuits of both
converters in the PLECS was demonstrated on an

alternative multi-phase two-level and three-level topolo-
gies, which both could be used in electrified drive appli-

cations in passenger and heavy-duty vehicles. The main

circuits of analyzed power converters can be seen in

Figures 1 and 2.

Both topologies are assembled from discrete semi-
conductor devices and due to the high current handling
requirements, their parallel connection was necessary.
One switching device is designed from two transis-
tors with voltage blocking capability of 1200 Vdc. Volt-
age Source Inverter topology contains two switching
devices per phase in a half-bridge connection. The
T-NPC topology of the inverter is composed of four
switching devices per phase, which are also paral-
lelly connected. The two directly connected switching
devices to the DC-Link must have the same power
parameters as the half-bridge devices in the VSI topol-
ogy. One bipolar switch has the blocking voltage capa-
bility reduced to half of the DC-Link voltage, what
means that MOSFETs with 650 V blocking voltage will
be enough. That’s because the switching devices con-
nected directly to the DC-Link (TOP and BOT MOS-
FETs in both topologies) should be capable of withstand
the blocking voltage level at the level of the DC-Link
voltage, in this case 800 Vdc, while the switching devices
connecting the output and neutral point of the DC-
Link (MID MOSFETs in T-NPC), operating as a bidi-
rectional switch, should be capable to withstand half
the DC-Link voltage. Considering simulation analyses,
symmetrical R-L load is being used.

2.2. Control system and working principle

Space vector pulse width modulation (SVPWM) is cur-
rently the primary control technique used in automo-
tive traction drives. The derivation of this modulation
can be found in [5], and its usage in [6]. For the two-
level VSI topology, which is used today across the auto-
motive industry, the SVPWM is easy to use since it
contains 8 (2N, where N is the number of phases, in
that case, 3) vectors. For three-level topologies (NPC
and T-NPC) the number of vectors is 27 (3N, where N
is the number of phases). However, with multi-phase
multi-level topologies, the number of these vectors is
high, what means that the difficulty of application of
this modulation technique is increased compared to the
standard three-phase two-level version. For a six-phase
T-NPC topology, this would be 729 vectors that must
be processed. Based on these facts it was decided that
Sinusoidal pulse width modulation will be used instead
of space vector PWM.

A control system block diagram for two-level VSI
topology is shown in Figure 3. The symmetrical six-
phase sine waves with an amplitude of 0.83 and 60 °
phase shift (in both control systems) is compared with
the triangular carrier, which creates a six-phase two-
level sinusoidal PWM.
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Figure 1. Six-phase VS| traction inverter topology.
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Figure 2. Six-phase T-NPC traction inverter topology.
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Figure 3. Sinusoidal PWM control system for six-phase VSI
inverter.

The triangular carrier in the two-level control system
for VSI topology has an amplitude of 1. A block diagram
of the whole control system for three-level inverter

topology can be seen in Figure 4. The symmetrical
six-phase sine waves in the three-level control system
are compared with both positive (1-0) and negative (0
to —1) triangular carriers which make the six-phase
three-level sinusoidal PWM. The six-phase output of
the comparison of sinus waves and triangular carrier
is subsequently divided through a demultiplexer into
PWM for the individual phases of the inverter. For the
three-level topology, the PWM signals for the individ-
ual phases must then be filtered by comparison with
constant 0. An algorithm of this filtering is shown in the
lower right part of Figure 4. The two-level PWM con-
trol signals for the individual switching devices of the
A-leg of the VSI traction inverter topology are shown
in Figure 5, and three-level control signals that drive
A-leg of the T-NPC topology can be seen in Figure 6.
These signals are the input signals for the gate drivers.
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Figure 5. Sinusoidal PWM driving signals for A-leg of VSI trac-
tion inverter.

To be able to see the switching pattern of the VSI topol-
ogy driving signals, the time base of the Figure 5 is 100
times lower than the time base of the driving signals of
T-NPC thus providing detailed view on the gate driving
pulses. This switching technique ensures the sinusoidal
waveforms of the voltage and current variables within
the load of the inverter. The closer look at switching
process of the MOSFETs is shown in [9], and [14] with
detailed MOSFETSs parameters in [13].

2.3. Thermal modelling of power semiconductor
devices

To be able to perform simulation analysis of the power
inverter losses in the simulation tool PLECS, it is nec-
essary to create a thermal pad that covers the analyzed
circuits’ semiconductor switching devices. This thermal
pad is shown in Figure 1, or Figure 2 and it is the blue
platform, which is connected to the thermal compo-
nents such as thermal resistor, thermometer, and source
of constant temperature. These thermal parameters
such as thermal resistance or constant ambient temper-
ature were selected based on the real parameters of the
heatsink commercially available and laboratory condi-
tions. It is also very important for each semiconductor

A_BOT MOSFETs

i i
0.00 0.01 0.02 0.03 0.04
Time [s]

Figure 6. Sinusoidal PWM driving signals for A-leg of T-NPC
traction inverter.

device to have a created or assigned thermal model with
the value of the Rpson). The thermal model should
contain information about the switching (turn-on and
turn-off) and conduction losses of the semiconductor
device. This information can be obtained from the com-
ponent’s datasheet or additionally requested from the
technical support of the given manufacturers. Some of
the manufacturers have started offering these thermal
models of their semiconductor portfolio freely avail-
able either from their website or from the website of the
creator of PLECS.

The graphical interpretation of the switching loss
energy and conduction loss energy represented in Fig-
ures 7-9 form the main part of the thermal model of
Onsemi’s NTBGO15N065SC1 semiconductor switch-
ing devices that operate in the analyzed circuit as bidi-
rectional switches (MID1 and MID2) in T-NPC topol-
ogy. In the same way, a thermal model for the used
semiconductor switching device NTBG020N120SC1
also from Onsemi was designed. The second men-
tioned device is used in both power inverter topologies,



Figure 7. Turn-on loss energy of NTBGO15N0655C1 in PLECS
thermal domain.

Figure 8. Turn-off loss energy of NTBGO15N0655C1 in PLECS
thermal domain.

145

0
 [A]

Figure 9. Forward characteristic of NTBGO15N0655C1 in PLECS
thermal domain.

directly connected to the DC-Link. Individual charac-
teristics have been designed according to the datasheet
information provided by the transistor manufacturer.
The thermal models are not only important for
power loss calculations, but also can help with the
design of the thermal management for the inverter

AUTOMATIKA (&) 1131

since the thermal management is very important in
automotive. Both simulation models were designed
thanks the thermal domain, more specific the junction
temperature of MOSFETs and temperature of the simu-
lated heatsink. Based on these temperature values both
inverters were designed to be able to reliably work using
the cooling system imported to the simulation models.

2.4. Efficiency evaluation settings

Since version 4.7, PLECS has provided a single block,
called Switch Loss Calculator, which can calculate
power losses of semiconductor devices. Depending on
the user’s preference, the block can produce the out-
put of conduction losses, switching losses (which can
be further categorized into turn-on and turn-offlosses),
or total losses. A previous method for power loss anal-
ysis of the circuit in PLECS, used before version 4.7, is
described in [11]. Given that the results of both meth-
ods were identical, it is assumed that a system as men-
tioned in [11] was used when creating a separate block
for calculating the power losses of semiconductor com-
ponents. The method used in the given literature com-
pared the simulation results with the results expressed
by manual calculation of switching and conduction
losses, while the accuracy was reached at the level of
99%, which can be considered an accurate calculation
by PLECS.

Figure 9 shows the Switch Loss Calculator block,
including its settings and display. The block only
requires one parameter to be set, which is the average
sampling period for the losses. Multiple semiconductor
devices can be inserted into this block, and the output
will be the sum of their selected power losses, which
makes the calculation of the total power losses of the
inverter easier (Figure 10).

Adding components for calculating power losses in
PLECS is the same as adding components to probes.
Simply dragging a given semiconductor component to
the probed components list will add the given compo-
nent to the power loss calculation block. In this way,
all used semiconductor switching devices were added
to this block, from the output of which the total power
losses of both proposed topologies were obtained.

3. Verification of the operational principle of
the inverter topologies

The input parameters that were chosen for the power
performance analysis of both circuits are shown in
Table 1. These parameters are based on the future
trends in the automotive traction inverter for a per-
sonal vehicle. The output power changes were carried
out by changing the ACload while the power factor was
conserved.

To demonstrate the designed simulation models of
the inverter systems functionality, output parameters
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Figure 10. Power losses calculation block with its settings.

Table 1. Input parameters.

Number of phases 6
Input DC-Link voltage (Vpc) [V] 800
Switching frequency [kHz] 30
Continuous output power [kW] 10-100
Power factor 0.75

on the AC resistive-inductive load have been observed.
Voltages and phase currents on the AC load were
obtained at 50 kW continuous output power for both
topologies. Figure 11 shows the line to neutral volt-
ages of the VSI inverter. Each of the phase voltage is
recorded. Figure 12 shows the line - to - line voltage.
In order to identify differences between VSI and T-NPC
inverter, similar interpretation of the time waveforms of
the voltages are shown on Figures 14 and 15 for T-NPC
inverter.

Since the output current waveforms of both topolo-
gies are identical because of the symmetrical AC load
(Figures 13 and 16), the main difference between the
two analyzed topologies output parameters is only vis-
ible at the line-to-neutral voltages. VSI topology line-
to-neutral voltages (Figure 11) consists of six levels (0,
1/6VDC, 1/3VDC, 1/2VDC, 2/3VDC, and 5/6VDC),

— VA — VB — VC

VD — VE — VF

Voltage [V]

Time [s]

Figure 11. VSI traction inverter line-to-neutral voltages at 50
kW output power.

— VAB — VBC — VCD — VDE — VEF — VFA

Voltage [V]

% .
0.00 0.02 0.04 0.06
Time [s]

Figure 12. VSI traction inverter line-to-line voltages at 50 kW
output power.

which is due to number of phases, while the T-NPC
(Figure 14) line-to-neutral voltages is two-level (0 and
1/2VDC). The line-to-line voltage of VSI topology is
characterized by two levels, i.e. nominal VDC and 0
VDC (Figure 12). On the other side, Figure 15 shows
that the line-to-line voltage of T-NPC converter has 3
levels waveform, i.e. 0, 1/2VDC, and VDC.

Simulation results of the time-waveforms of the line-
to-line voltages for both topologies are corresponding
to the [17], where the three-phase laboratory proto-
types of two-level and three-level inverter topologies
were experimentally verified and compared.

Based on the simulation results, the selection of
components for the eventual physical implementation
of the circuit is simplified. In addition to the waveforms
of electrical quantities, it is possible to directly calcu-
late their RMS values, providing another key parameter
necessary for the proper selection of components for
use in the given circuit. Apart from these output param-
eters, the calculation of the other important parameters
can be performed. The calculation of the power factor,



(o}
(=]

D
(=]
|

IS
(=)
|

NS
S
|

Current [A]
<

)
S
.

-60

0.00 0.02 0.04 0.06
Time [s]

Figure 13. VSl traction inverter phase currents at 50 kW output
power.
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Figure 14. T-NPC traction inverter line-to-neutral voltages at
50 kW output power.
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Figure 15. T-NPC traction inverter line-to-line voltages at 50
kW output power.

phase shift, or apparent or idle power is valuable for
the system verification under various operational con-
ditions. Part of the performance analysis of the circuit is
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— B —IC — ID

— IE

Current [A]
<

)
S
.

0.00 0.02 0.04 0.06
Time [s]

Figure 16. T-NPC traction inverter output currents at 50 kW
output power.

also the analysis of the electrical parameters of the indi-
vidual components within the main circuit. The voltage
waveforms of each A-leg MOSFET of both topologies
can be seen in Figures 17 and 18. Because the drain to
source voltage of the power transistor for VSI inverter
has two levels, the shorter operational interval (100
times lower than T-NPC A-leg MOSFETs voltages) is
provided here, while drain to source voltage waveform
for T-NPC has longer time interval in order to iden-
tify individual voltage levels. According to these wave-
forms and the subsequently calculated effective values
of these electrical parameters of the circuit semiconduc-
tor switching devices, it is possible to easily choose the
necessary circuit components for practical implemen-
tation. The selection should be based on the maximum
mentioned effective values (at maximal output power
of the systems) to prevent any damage, that could hap-
pen with a bad choice of components. The determined
range of the effective values at the continuous out-
put power range for both topologies are indicated in
Table 2. Voltage-blocking sustainability of the individ-
ual transistors is the key selection parameter. Achieved
results reflect the operational principle of the convert-
ers. As shown in Table 2 with VSI topologies, the RMS
voltage is higher on the switching devices connected
directly to the DC-Link. In T-NPC topology, the RMS
values of the voltages of solid-state switching devices
connected directly to the DC-Link are slightly lower
when using the same devices compared to VSI. Bipolar
switch semiconductor devices have these values more
than twice as low.

The RMS values of the voltages decrease slightly with
increasing power, but due to this small decrease, these
values could be considered constant for wide range of
analyzed power levels. This also applies to the charac-
ter and the values of the displayed voltage waveforms
on individual transistors. These parameters of A-Legs
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Figure 17. Voltages on the VSI inverter A-leg MOSFETs at all
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Figure 18. Voltages on the T-NPC inverter A-leg MOSFETs at all
power levels.

Table 2. Range of the effective values of A-leg MOSFETSs volt-
ages in both traction inverter topologies.

Voltage range (power

Topology Switching device range 10 kW — 100 kW)
Vsl Vams_A_TOP 565.66 [V] - 565.39 [V]
Vevs_A_BOT 565.66 [V] - 565.39 [V]
T-NPC Vrms_A_TOP 494.48 [V] - 494.19 [V]
Vavs_A_MID1 205.56 [V] -205.21 [V]
Vrms_A_MID2 205.56 [V]-205.21 [V]
Vevs_A_BOT 494.48 [V] - 494.19 [V]

are valid also for all other legs of the six-phase analyzed
topologies.

The effective values of the transistor currents for
both topologies are listed in Table 3. The effective cur-
rent values of individual MOSFETs for the entire power

A_TOP MOSFETs

Current [A]

A_BOT MOSFETs

Current [A]
S
|

-100 i
0.00 0.02 0.04

Time [s]

Figure 19. Currents of the VS| inverter A-leg MOSFETs at 100
kW output power.
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Figure 20. Currents of the T-NPCinverter A-leg MOSFETs at 100
kW output power.

range are higher with VSI topologies, which means that
the criterion for selectinga MOSFET based on the value
of the maximum current flowing through it will be
higher. Comparable current load with MOSFETS of VSI
topology is found on bipolar switch semiconductors.
Here it can be observed that although their blocking
voltage compared to MOSFETs directly connected to
the DC-Link is lower, the current requirements have
increased. The current waveforms, of which the RMS
values were calculated, of both analyzed topologies A-
Leg MOSFETs are displayed in Figures 19 and 20. These
waveforms are obtained at the 100 kW output power of
both topologies. The current waveforms are obtained
from only one of two parallel connected MOSFETs as
one switch since the waveforms of both parallel con-
nected MOSFETs are the same, but Table 3 contains the
total effective current in that one switch modelled with
two MOSFETs.



Table 3. Range of the effective values of A-leg MOSFETs cur-
rents in both traction inverter topologies.

Topology  Switching device  Current range (power range 10 kW - 100 kW)
VS| Irms_A_TOP 6.7-67.12 [A]
Irms_A_BOT 6.7-67.12[A]
T-NPC Iams_A_TOP 4.96-49.86 [A]
Irms_A_ MID1 6.34-63.6 [A]
Irms_A_MID2 6.34-63.6 [A]
Irms_A_BOT 4.96-49.86 [A]
1000 Total power losses of the VSI traction inverter
[ Conduction Losses
[ Switching losses 812

s & B

Total power losses [W]
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Output power [kW]

Figure 21. Total power losses analysis of the VSI traction
inverter.

4. Evaluation of the efficiency performance

The main part of the power performance analysis of the
VSI and T-NPC topologies of the traction inverter is
devoted to the power losses. These losses can be cal-
culated after the assignment of thermal models and
Rps(on) values to each semiconductor switching device
and placing them on the thermal pad in PLECS. Subse-
quently, thanks to the Switch Loss Calculator block, the
power losses of the probed semiconductor devices are
calculated. The circuits were analyzed at several power
levels, while emphasis was placed on conduction, turn-
on, and turn-off switching losses, the sum of which
forms the total power losses. The total power losses of
the whole VSI traction inverter can be seen in Figure
21. The same parameters of the T-NPC traction inverter
are shown in Figure 22. All the necessary output data
about power losses calculated in PLECS were extracted
through the scope block to the comma separated val-
ues files and processed by a simple script in MATLAB
environment.

The total power losses of the Voltage Source Inverter
topology below 40 kW output power mostly consist of
switching losses. Above this value of the output power,
the conduction losses are the majority. The maximal
total power loss value is reached at the maximal out-
put power, where the proportional part of the switching
losses is the lowest. This is due to the larger step growth
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Total power losses of the T-NPC traction inverter
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Figure 22. Total power losses analysis of the T-NPC traction
inverter.
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Figure 23. Switching power losses analysis of the VSI traction
inverter.

of conduction losses, which are dependent on the used
material of the semiconductor devices.

As can be seen by the comparison of the total
power loss figures, the T-NPC topology’s proportion of
switching losses is lower compared to the VSI topology.
While the switching losses in the VSI topology at out-
put power above 40 kW begin to form a minority of the
total power losses, in the T-NPC topology the switching
losses form a minority already at values above 20 kW.
Apart from the proportional side of the total power
losses of both topologies, the comparison of their val-
ues makes the difference. The T-NPC topology reaches
lower total power losses than the VSI.

The switching losses close-up detailed look of both
main circuit’s topologies at divided losses to turn-on
and turn-off for VSI topology is shown in Figure 23 and
for the T-NPC one in Figure 24, where the percentage
ratio of their representation is expressed.
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80

[ Tum-on switching losses 69
) Tum-ofF switching losses >

~J
=

g

o
=]

)
=]

o
=]

Switching power losses [W]
4
=

=

ISR O I RN R S

Output power [kW]

Figure 24. Switching power losses analysis of the T-NPC trac-
tion inverter.
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Figure 25. VSlinverters A-leg total power losses.

The proportion of turn-on and turn-off switching
losses in both scenarios is close to the same, but as it
was mentioned the total value of the switching losses in
VSI topology at the same switching frequency is almost
three times higher at all power levels.

Since power losses are calculated for each semicon-
ductor device separately, it is also possible to graphically
express, for example, the total losses of semiconductor
devices of one leg of the main circuit of the inverter (can
be seen in Figures 25 and 26).

Total power losses of the one phase (A phase) for
the VSI inverter show (Figure 25) that the propor-
tional division of the total power losses in these legs is
equally divided between both switches. As this part of
the analysis of A-Leg total power losses for the T-NPC
inverter shows, even at lower power levels, the rise of
the power losses at different power levels of each semi-
conductor device in one leg of the T-NPC topology is
the same, which means that the proportional division
stays the same at all output power values. The bigger

A-leg total power losses of the T-NPC traction inverter
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=100 MOS 'r'\.\lll)l
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Figure 26. T-NPC inverters A-leg total power losses.
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Figure 27. Efficiency evaluation of both analyzed traction
inverter topologies.

part of the power losses in the analyzed leg are made
by the semiconductor devices connected directly to the
DC-Link.

The main reason why these simulation models were
designed and analyzed in the simulation tool PLECS is
the efficiency evaluation. So, at the end of the power
performance analysis, the efficiency of both traction
inverter systems at increasing output power levels was
shown graphically. This graphical representation of the
efficiency changes depending on the output power is
shown in Figure 27. As it can be seen, the efficiency val-
ues of the system are relatively high (more than 99%),
considering the distributed amount of power. Both ana-
lyzed topologies are reaching high-efficiency values,
but the T-NPC topology reached the maximal value at
20 kW output power. From the output of the analysis
of power parameters of both traction inverter topolo-
gies, it is clear, that the three-level T-NPC topology
achieves with the same input parameters as the VSI
topology higher efficiency values at all output power



levels. This parameter makes this topology an attrac-
tive alternative for automotive applications. But, com-
pared with VSI topology it contains double the number
of switching devices, which raises the total cost of its
practical implementation. For the efficiency evaluation,
the values for the 5 kW output power were added to
a cleaner and clearer demonstration of the efficiency
change behaviour of both inverters for output power
change.

5. Conclusion

In this paper, the commonly used across automotive
traction drives traction inverter topology called Volt-
age Source Inverter, but enhanced to multi-phase, and
multi-level converter in T-NPC topology were the main
research issue. The main focus was given on the evalu-
ation of the efficiency performance. As was mentioned,
the target application is concentrated to e-mobility
application. Design and development of power semi-
conductor systems is time and cost consuming within
this area. In this paper a possible way how to evalu-
ate the power semiconductor system performance is
given. Discussed approach is based on the simulation
modelling in time domain, while specific simulation
tool was used. The selection of simulation software was
undertaken according to requirements on the possibil-
ities of fast and reliable computation. Because the main
aim is determination of the efficiency performance of
two analyzed power semiconductor converter topolo-
gies, a precise power loss model of power semiconduc-
tor devices is a must. The simulation tool has the ther-
mal model library, which enables to define power losses
of semiconductor devices within wide dependency on
various circuit parameters (voltage, current, temper-
ature etc...). Once the simulation models of power
circuit is done, the evaluation of individual part of
power transistors losses are evaluated for both topolo-
gies. The final result of this study is related to evaluation
of the efficiency of VSI and T-NPC inverter. It is seen
from the results, that T-NPC converter exhibits higher
efficiency within the whole power range that was eval-
uated. It is seen that approximately 0.2% up to 0.5%
efficiency value is higher even the higher amount of
switching devices is presented within the main circuit
of the T-NPC converter. Another advantage of multi-
level inverter is better quality of electrical variables, thus
lowering the negative impact on the electrical machine
operation.

The presented design approach enables to analyse
the performance of various operational experiments,
while it presents a fast and reliable solution for multi-
phase, multi-level power converter topologies investi-
gation. The laboratory prototype of the 6-phase T-NPC
inverter (100 kW) is currently under development.
Within the future works, it is planned to provide more
detailed and comprehensive analysis of the efficiency

AUTOMATIKA (&) 1137

estimation utilizing different approaches (mathemat-
ical calculations, simulations and laboratory experi-
ments).
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