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Abstract: Nowadays, the internal combustion engine in vehicles is being replaced by electric motors,
giving way to the electric vehicle, which results in reduced environmental impact, higher efficiency
and lower emission of greenhouse gases. The powertrain of an electric vehicle is its most prominent
subsystem, with the batteries and traction inverter being key components. Thus, due to their
relevance, advances in the design of both components are of paramount importance. In this paper,
the potential benefits achieved through a powertrain design approach based on combining a modular
battery bank with multilevel NPC traction inverter topologies were analyzed, in comparison to a
conventional two-level powertrain design. Several aspects were analyzed: modularity, complexity,
battery-pack state-of-charge balancing, inverter loss, motor ac voltage harmonic distortion, motor
common-mode voltage and reliability. Particularly, from the comparison study developed under
the selected design scenario, the proposed design approach, based on modular battery packs and
multilevel technology, shows a potential reduction of up to 55% in inverter losses, up to 65% in motor
ac-voltage total harmonic distortion, and up to 75% in rms common-mode voltage.

Keywords: electric vehicle; traction motor drives; neutral-point-clamped multilevel converter

1. Introduction

In the context of greater social concern about pollution and the environment, the
current and expected future trend is to replace internal combustion engine vehicles with
electric vehicles (EV) [1], which have proliferated significantly in recent years [2].

The heart of an EV is its powertrain [3,4], composed of a battery, a traction inverter and
an electric motor. In almost all cases, a conventional two-level three-phase voltage source
inverter is used to implement the powertrain [3]. However, since different vehicles have
different power and energy needs, this has led to a custom design of the battery, inverter
and motor for each vehicle [4-6], without fully exploiting the possibilities of a modular
design approach to cover a wide range of specifications.

The neutral-point-clamped (NPC) multilevel converter [7] is at present a standard
topology for many applications, with advantages and drawbacks well documented in the
literature [8-10]. Since NPC converters need only one common DC voltage source for
all converter legs and these legs can be implemented with a full semiconductor layout
(no need for internal passive components), they are well-suited to build compact EV
powertrains. Moreover, the NPC converter neutral points enable the individual control
of the discharging/charging of each battery module, which results in extended system
operation, in comparison to a conventional two-level system [11].

In this work, developed under the European Union’s Horizon 2020 Helios project [12]
with a consortium of 18 partners, the potential benefits achieved through a powertrain
design approach of multiple EVs based on combining a modular battery bank with multi-
level NPC traction inverter topologies were analyzed, in comparison to the conventional
powertrain design approach.
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To do so, a design scenario was defined, which considered three different repre-
sentative vehicle specifications, the conventional and the proposed powertrain design
approaches, and typical SiC MOSFET specifications. Both powertrain designs were simu-
lated for the three electric vehicles, and their performance was compared with regard to
several aspects: modularity, complexity, battery-pack state-of-charge balancing, inverter
loss, motor ac voltage harmonic distortion, motor common-mode voltage and reliability.

The manuscript is organized as follows. Section 2 presents the design scenario, where
the design specifications of a set of vehicles are detailed, the two powertrain design ap-
proaches under comparison (baseline design approach and proposed design approach) are
introduced, and the assumptions made to carry out the design comparison are indicated.
Section 3 presents and discusses the results of the comparison between the two powertrain
design approaches. Finally, Section 4 presents the conclusions.

2. Design Scenario

This section details the design scenario. It includes the design specifications for three
different electric vehicles, the description of the two design approaches under comparison
and the assumptions made for the MOSFETs’ operation.

2.1. Vehicle Design Specifications

In this work, the main goal was to show the potential benefits given by using a power-
train design approach based on combining a modular battery bank with multilevel NPC
traction inverter topologies, in comparison to a conventional two-level powertrain design.
To better illustrate the benefits of the proposed design approach, given its modularity
and scalability, among other features, the design scenario was defined to include several
vehicles with different power ratings. To keep things simple, the design of the powertrains
for three vehicle types was considered: a small-power EV (EV1), a medium-power EV (EV;),
and a high-power EV (EV3). Table 1 indicates the considered specifications for these three
vehicles, where Ppom is the rated or nominal power, V3 is the total battery voltage, #inom is
the nominal modulation index indicating the nominal motor voltage as a per unit value of
the maximum motor voltage, ¢nom is the nominal inductive displacement angle between
the motor phase current and voltage, Iphnom is the resulting nominal phase current, and
fo is the nominal fundamental frequency of the motor voltage and current. The values in
Table 1 were set to approximate the specifications of three representative electric vehicles in
the current electric vehicle market.

Table 1. Vehicle design specifications.

Parameters Vehicle 1 (EVy) Vehicle 2 (EV5) Vehicle 3 (EV3)
Prom [kKW] 50 100 150
Vg [V] 300 600 900
Mnom 0.75 0.75 0.75
@Pnom [degrees] 30 30 30
Iohnom [Arms] 200 200 200
fo [Hz] 500 500 500

It is worth highlighting that the scaling of the power was performed through the
scaling of the battery voltage rather than through the scaling of the phase current, as the
latter would substantially increase the resistive losses since they are proportional to the
square of the current; i.e., the total battery voltage was scaled to guarantee the same phase
current magnitude in the three designs.

2.2. Powertrain Design Approaches

The traction inverter is implemented with active NPC topologies featuring SiC MOS-
FETs [13] operating at a switching frequency of 50 kHz, well beyond the fundamental
frequency and the audible range.
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In the baseline design approach, used as a reference for comparison and designated
here as design A, a single battery pack and a conventional two-level three-phase inverter are
combined to form the powertrain of each vehicle, as shown in Figure 1. In this design A, the
voltage of the battery pack is different for each vehicle, and, therefore, the voltage rating of
the MOSFET devices must also be different for each vehicle. Table 2 shows the parameters
of different suitable SiC MOSFETs, where M; is suitable for Figure 1a (EV;—design A), M,
for Figure 1b (EV,—design A) and M3 for Figure 1c (EV3—design A), respectively.

J c J Ic J c
1 Mil:' --E—< Motor e Mﬂ: 115 Motor | Mﬂ:| b/ Motor
300V== ] 3 600 V= 3 900V== ] 3
My - Mﬂ: b Mﬂ -
L :l | il ! L :‘ |

(a) (b) ()

Figure 1. Design A. (a) EV;. (b) EV,. (c) EV; (for the sake of simplicity, the diodes in antiparallel
with the MOSFETs have been intentionally omitted).

It is assumed that the two-level traction inverter is operated with a conventional
space-vector-modulation strategy [14], where the two converter switching states that can
produce the zero vector are used in each switching cycle.

Table 2. SiC MOSFET parameters, set from the parameters given by SiC MOSFET manufacturers [15,16].

Parameters MOSFET 1 (M) MOSFET 2 (M;) MOSFET 3 (M3)
Breakdown voltage [V] 600 1200 1700
On-resistance [mQ}] 10 20 30
Switching transition
drain-to-source voltage slope 10 10 10
sy [V/ns]

Switching transition drain

current slope s; [A/ns] 5 > >
Increase in turn-on loss due to
current spike (% with reference 20 40 60
to turn-on loss in Figure 3)
Failure rate [p.u.] 1 2 3

In the second design approach, designated here as design B and illustrated in Figure 2,
the battery bank is configured by a series connection of several instances of a standard 300 V
battery pack, and a proper multilevel three-phase active NPC [7] traction inverter connects
the battery bank to the motor. This proposed powertrain design approach (design approach
B) is selected with the aim of being able to design a range of powertrains from a single basic
standard battery module and a single standard power switch, just by combining several
units of each. As shown in Figure 2, since each dc-link voltage level of the converter is
set by a 300 V battery pack, the multilevel active NPC legs can always be built by using
only 600 V SiC MOSFETs (M). The total dc-link voltage of the leg is adjusted by simply
adjusting the number of levels (two levels in Figure 2a, three levels in Figure 2b, and four
levels in Figure 2c).
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Figure 2. Design B. (a) EVy. (b) EV,. (c) EV3 (for the sake of simplicity, the diodes in antiparallel with
the MOSFETs have been intentionally omitted).

It is assumed that the multilevel three-phase NPC traction inverter is operated using a
virtual-vector pulse width modulation (VV-PWM) strategy [17]. This VV-PWM strategy
can operate with elementary dc-link voltages different in value without introducing low-
frequency distortion in the ac line-to-line voltages [18], and it can also guarantee a balanced
power extracted from each battery pack forming the dc-link. This modulation can also be
complemented with a closed-loop control of the battery currents to be able to regulate the
state of charge (S0C) of the battery packs connected in series [11].

2.3. Assumptions for the MOSFET Models, Parameters and Operation

A detailed model of the MOSFET operation is complex, as it depends on multiple
variables and parameters. Some assumptions were made to reduce this complexity and
simplify calculations, but at the same time to produce a fair comparison.

As shown in Table 2, for all MOSFETSs, a constant on-resistance per blocking voltage is
assumed, to account in a simple way for the fact that an increase in the device breakdown
voltage for the same die area usually comes at the expense of an increase in on-resistance.
The assumed on-resistance values are 10 mQ) for 600 V (M7), 20 mQ) for 1200 V (M,)
and 30 mQ) for 1700 V (M3). The dependence of on-resistance on the temperature was
not considered.

It is also assumed that the MOSFET switching transitions producing switching losses
follow the simplified pattern of Figure 3, and that all MOSFETs are driven to feature
the same voltage and current slopes during switching transitions. This can be achieved
through the tuning of the MOSFET driving circuits and guarantees a similar electromagnetic
interference performance at high frequencies. However, as indicated in Table 2, a percentage
increase in the turn-on losses due to the turn-on switch current spike is introduced. This
percentage value increases as the MOSFET breakdown voltage increases.

Finally, the MOSFET failure rate in per unit value is assumed to be proportional to
the rated voltage, to account for the expected higher failure rate of a less-common, less-
optimized and more complex higher-voltage-rated switch. For the sake of simplicity, the
failure rate is assumed to be constant and independent of the current, temperature, and
switching frequency of the device. It is also assumed that the MOSFETs always fail in
open-circuit, which can be achieved by using a specific MOSFET design and/or auxiliary
circuitry to guarantee so [19].
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Figure 3. Assumed MOSFET voltage vs (blue) and current is (red) waveforms in the switching
transitions of power devices concentrating the switching losses.

3. Comparison of Design Approaches

In the following, design approaches A and B are compared regarding several aspects:
system complexity, battery pack SoC balancing, inverter total semiconductor loss, motor
ac voltage harmonic distortion, motor common-mode voltage, and inverter mean time to
failure (MTTF).

To perform the comparison, the design approaches A and B shown in Figures 1 and 2,
considering their respective modulation strategies, were simulated in Matlab-Simulink,
under the specifications detailed in Table 1.

3.1. Modularity and Complexity

Table 3 gathers the numbers of each type of component needed in designs A and B to
produce one unit of EVy, plus one unit of EV3, plus one unit of EV3. Design B only requires
one type of battery pack and one type of MOSFET, while design A requires three types of
battery packs and three types of MOSFETs. Therefore, from the point of view of modularity,
design B is superior to design A. However, the total number of components required in
design B to configure the three vehicles is higher than in design A.

Table 3. Modularity evaluation. Component count to produce a set of three units (one unit of EV;
plus one unit of EV; plus one unit of EV3).

Number of Components

Component Category Component Type Design A Design B
300V 1 6
Battery pack 600 V 1 0
900 V 1 0
M; 6 60
MOSFETs M, 6 0
M3 6 0

Table 4 summarizes the results of the two designs from the complexity point of view,
where the number of battery pack types (Bf), the number of battery packs (Bn), the number
of MOSFET types (Mt), and the number of MOSFETs (Mn) are indicated. Moreover, two
figures of merit have been included in Table 4: a quantification of the overall battery bank
complexity (BBC = Bt-Bn) and a quantification of the inverter complexity (IC = Mt-Mn). In
general, design A requires a smaller number of elements, but higher diversity than design B.
From the point of view of overall complexity, it seems reasonable to infer that both designs
present similar complexity values.
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Table 4. Complexity evaluation.

Parameters Design A Design B
Number of battery pack types (Bt) 3 1
Number of battery packs (Bn) 3 6
Number of MOSFET types (Mt) 3 1
Number of MOSFEts (Mn) 18 60
Battery bank complexity (BBC = Bt-Bn) 9 6
Inverter complexity (IC = Mt-Mn) 54 60

3.2. Battery Pack SoC Balancing

Maintaining a good balance of the SoC of the battery elements connected in series
is essential to take advantage of the full battery bank capacity and extend the life of the
battery [20-23].

In design B, the selected PWM together with the closed-loop control of the battery
currents enables a lossless SoC balancing control of the battery packs connected in series in
EV; and EVj3 [11], while in design A this balancing has to be handled by a more complex
internal battery pack battery management system (BMS) [23-25] producing extra energy
loss. Therefore, from this point of view, design B is clearly superior to the conventional
design A.

3.3. Inverter Loss

The inverter power loss is an important parameter to consider, as it determines the
efficiency of the power conversion and the amount of heat to be evacuated through a
suitable thermal system.

Figures 4 and 5 present the average (over the fundamental period) conduction (Pcong),
switching (Psw), and total (Piot = Peond + Psw) inverter power losses as a function of the
modulation index m for several motor phase current-voltage displacement angles ¢.

Figure 4 shows the results under the nominal phase current (I, nom in Table 1), and
Figure 5 shows the results under 0.25-Ip nom- It can be observed that the conduction and
switching losses (blue and green waveforms) have the same order of magnitude, so that
the total loss is similarly influenced by both types of losses. In the case of EVy, designs A
and B are the same and, therefore, present the same losses. Regarding EV; and EV3, design
B features lower total loss (red waveform) than design A. Therefore, design B is clearly
superior from the inverter loss point of view.

It is worth highlighting that in design B, cases EV, and EV3, the conduction loss
diminishes as the modulation index m reduces. This occurs because as the modulation
index decreases, in the multilevel converter legs, the duty ratio of connection to the inner
dc-link points increases while the duty ratio of connection to the outer dc-link points
decreases. Since the connection to the inner dc-link points presents redundant paths while
the connection to the outer dc-link points presents just one path, this contributes to reducing
the overall conduction losses.

3.4. Motor Ac-Voltage Harmonic Distortion

The harmonic distortion of the motor voltages is another important parameter to be
evaluated. A lower line-to-line harmonic distortion implies lower harmonic losses in the
motor and lower electromagnetic interference [26-29].

Figure 6 presents the time-domain and frequency-domain plots of the motor line-to-
line voltage under four different modulation index values in the EV; case. In this case,
design approaches A and B are the same, as they both use a conventional two-level inverter.
It can be observed that, at low modulation index values, the most prominent harmonics
appear around twice the switching frequency, while the harmonics around the switching
frequency gain in significance as the modulation index increases.
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Figure 4. Average conduction P4 (blue), switching Py (green), and total Py (red) inverter power
loss at the nominal phase current (I nom) and several motor phase current-voltage displacement
angles ¢, as a function of the modulation index. Dotted lines correspond to design A, dashed lines
correspond to design B, and solid lines correspond to both design A and design B. (a) EV;. (b) EV5.
(c) EV3.
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Figure 5. Average conduction P,,q (blue), switching Py (green), and total Pyt (red) inverter power

loss at one fourth of the nominal phase current and several motor phase current-voltage displacement

angles ¢, as a function of the modulation index. Dotted lines correspond to design A, dashed lines
correspond to design B, and solid lines correspond to both designs A and B. (a) EV;. (b) EVj. (¢) EV3.
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Figure 6. Time-domain and frequency-domain plots of the motor line-to-line voltage in EV; under
four different modulation index values. Designs A and B.

Figures 7 and 8 show the same plots in the EV; and EV3 cases, respectively. Here,
design approach B allows a significant reduction of the harmonic distortion compared to
design approach A, thanks to the increase in the number of available levels to synthesize
the line-to-line voltage. The advantage is especially noticeable at low modulation index
values and decreases as the modulation index increases.

Figure 9 plots the resulting total harmonic distortion (THD) values as a function of the
modulation index for all three vehicles. The advantage in harmonic distortion of design
approach B is clear.

3.5. Motor Common-Mode Voltage

In this subsection, the motor common-mode voltage is analyzed in both design ap-
proaches. The inverter operation generates a common-mode voltage at the inverter ac
terminals, which represents an average voltage between the motor stator windings and
ground. Due to non-negligible parasitic capacitances, the impedance between the stator
windings and ground is finite, and then, the common-mode voltage causes the circulation of
a common-mode current through this impedance that typically leads to undesirable effects.
For instance, this common-mode current flows through the motor bearings, which causes
bearing degradation and lifetime reduction, or it may cause electromagnetic interferences
in other systems [30,31]. Consequently, a reduced common-mode voltage improves the
system operation and extends the lifetime of the motor drive.

Figure 10 presents the time-domain and frequency-domain plots of the motor common-
mode voltage under four different modulation index values in the EV; case. In this case,
design approaches A and B are the same, as they both use a conventional two-level inverter.
It is interesting to note that the amplitude of the most significant component of the common-
mode voltage, at the switching frequency, decreases as the modulation index increases.

Figures 11 and 12 show the same plots in the EV; and EVj cases, respectively. Here,
design approach B allows a significant reduction of the common-mode voltage compared
to design approach A, thanks to the increase in the number of available levels to synthesize
the motor voltage. The advantage is especially noticeable at low modulation index values
and decreases as the modulation index increases.
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Figure 13 plots the resulting rms value of the common-mode voltage as a function of
the modulation index for all three vehicles. The advantage in common-mode voltage of
design approach B is clear.

3.6. Inverter Mean Time to Failure

Another important traction inverter feature is its reliability [3]. In this subsection, the
inverter leg reliability in both design approaches is compared considering only the failure
of the MOSFET power devices.

Table 2 indicates the normalized failure rates of the three MOSFETs, which are assumed
to be proportional to the rated voltage to account for the higher complexity and lower design
and manufacturing optimization of a less frequently used higher-voltage-rated device. For
the sake of simplicity, the failure rate is assumed to be constant and independent of the
current, temperature, and switching frequency of the device.
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Figure 7. Time-domain and frequency-domain plots of the motor line-to-line voltage in EV, under
four different modulation index values. (a) Design A. (b) Design B.
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Figure 8. Time-domain and frequency-domain plots of the motor line-to-line voltage in EV3 under
four different modulation index values. (a) Design A. (b) Design B.
300 300 al 300
250 250 250
\
_ 200 20 \\ . _ 200
S S N IS
A 150 a 10 N\ Q 150N
I T " I .
= = N - = 5
100 100 \\\ 100 AN
50 50 B 50 B e
) 0 0
01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09
m m m

@ (b) (©)

Figure 9. Total harmonic distortion of the line-to-line voltage as a function of the modulation index.
Dotted lines correspond to design A, dashed lines correspond to design B, and solid lines correspond
to both design A and design B. (a) EV;. (b) EV,. (¢) EV3.
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Figure 10. Time-domain and frequency-domain plots of the common-mode voltage in EV; under
different modulation index values. Designs A and B.

It is also assumed that the MOSFETs always fail in open-circuit. In case of short-circuit
failure, it is assumed that a specific MOSFET design and/or an auxiliary circuitry [19]
guarantees the conversion of the short-circuit failure into an open-circuit failure.

The inverter leg MTTF values shown in Table 5 were calculated with the method
detailed in [32], employing Markov models of two-level, three-level and four-level ANPC
legs. These Markov models consider all possible partial failure states involving one or more
failed power switches in the inverter leg. It is worth highlighting that ANPC legs, thanks to
their intrinsic redundancies, can maintain operation in case of failure of one or more power
switches. That is, a switch failure does not necessarily lead to a full converter shutdown.

The leg is assumed to reach the failure state when the leg ac terminal can only be
connected to one or none dc-link points. Multilevel legs have a larger number of devices
than a conventional two-level leg, and thus may experience MOSFET failures earlier than
in a two-level leg for the same MOSFET failure rate. However, multilevel legs also feature
more than two dc-link points and eventually more than one path of connection to these
dc-link points. Therefore, the number of MOSFET failures necessary to reach the leg failure
state increases compared to the two-level case, where a single MOSFET failure leads to a
full leg shutdown.

Table 5 presents the normalized value of the MTTF of an inverter leg for each vehicle
case and design approach. In design A, the MTTF decreases as the dc-bus voltage increases,
while in design B, the MTTF remains approximately constant. Thus, according to this
simplified analysis, design B features potentially higher reliability compared to design A.

3.7. Summary of the Simulation Results

This subsection summarizes the most relevant results of the simulations. Design B
presents significantly better figures than design A, being clearly superior.

3.7.1. Modularity and Complexity

Modularity: Design B is superior to design A since it requires only one type of battery
pack and MOSFET.

Complexity: Both designs show similar complexity, since design A requires a smaller
number of components but higher diversity than design B.
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3.7.2. Battery Pack SoC Balancing

In design B, the SoC balancing control can be integrated with the inverter. No external
circuits or devices are required, and this control is achieved without additional losses.
Instead, in design A, SoC balancing control relies on a BMS that causes additional losses.
Thus, design B is clearly superior.
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Figure 11. Time-domain and frequency-domain plots of the common-mode voltage in EV;, under
different modulation index values. (a) Design A. (b) Design B.
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Figure 12. Time-domain and frequency-domain plots of the common-mode voltage in EV3 under
different modulation index values. (a) Design A. (b) Design B.

3.7.3. Inverter Loss

The inverter loss is smaller in design B than in design A, for any value of both the
inverter current and the displacement angle. The inverter loss reduction of design B with
reference to design A increases as the modulation index decreases, reaching values up to
55% reduction at the nominal current in the EV3 case.

3.7.4. Motor Ac-Voltage Harmonic Distortion

Design B provides lower motor ac-voltage total harmonic distortion than design A,
particularly at low modulation index values, reaching up to 65% reduction in the EV35 case.
For m =1, both designs provide the same ac-voltage distortion.
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3.7.5. Motor Common-Mode Voltage

Design B generates lower common-mode voltage than design A. Both designs show
similar common-mode voltage at m = 1. As the modulation index decreases, the common-
mode voltage of design B presents a higher percentage reduction relative to design A,
reaching values of up to 75% reduction in EV,.

3.7.6. Inverter Mean Time to Failure

As the dc-bus voltage increases, the MTTF of design B remains approximately constant
and significantly higher than that of design A. Therefore, design B features higher reliability
than design A.
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Figure 13. Root-mean-square value of the common-mode voltage as a function of the modulation
index. Dotted lines correspond to design A, dashed lines correspond to design B, and solid lines
correspond to both design A and design B. (a) EVy. (b) EV,. (c) EV3.

Table 5. Inverter leg MTTF evaluation.

MTTE [p.u.]
C
ase Design A Design B
EV, 0.50 0.50
EV, 0.25 0.55
EV3 0.17 0.56

4. Conclusions

In this work, two different approaches were considered for the design of the traction
inverter of three vehicles with different power and voltage ratings: design approach A,
using a conventional two-level converter, and design approach B, using a multilevel NPC
converter and a modular battery bank.

The two design approaches were compared according to several aspects. While design
A features a slight advantage regarding inverter complexity, design B is clearly superior
regarding modularity and battery pack SoC balancing. Under the selected design scenario,
the comparison study shows that the proposed design approach provides a reduction of
up to 55% in inverter losses, a reduction of up to 65% in motor ac-voltage total harmonic
distortion, and a reduction of up to 75% in rms common-mode voltage.

However, design B has the drawback of requiring multiple units of the basic battery
module and power switch to be efficiently and reliably assembled together. An efficient
and reliable assembly method should be conceived in order to achieve a robust assembly
consuming the lowest cost, time and space.

In addition, compared to a two-level inverter design approach where only two wires
are needed to connect the battery to the inverter, in a multilevel NPC inverter, more than
two wires are needed. Although the current rating of these additional wires is much smaller
than the rating of the two basic outer wires, the distance between the battery system and
the inverter should be reduced as much as possible to reduce the total wire length needed.
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Finally, it is worth highlighting that the proposed design approach introduces addi-
tional complexity since multiple units of a basic battery module and multiple units of a
power switch are required. However, this opens an opportunity for standardization of
these two basic elements and offers novel degrees of freedom to improve the performance
of the battery and the inverter. In the battery, part of the battery management system func-
tions can be integrated with the inverter, e.g., providing a lossless battery SoC balancing
of the battery modules. In the inverter, the use of multiple power switches presents the
possibility of increasing the efficiency, improving the distribution of losses and increasing
the power density, as well as improving the fault tolerance and reliability. Exploiting these
opportunities is an interesting future research line.
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