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Abstract—Loss reduction of up to 11 % in an AFPM
machines is achieved using a Modular Multilevel Con-
verter, enhancing efficiency and extending the range of
electric vehicles. Simulations highlight significant advan-
tages in reducing THD by up to 16 %, contributing to
increased sustainability and resource conservation in all
sectors of electric vehicles.

I. INTRODUCTION

Electromobility is becoming a key technology in ad-
dressing climate change, significantly contributing to the
reduction of greenhouse gas emissions [1]. Battery Elec-
tric Vehicles (BEVs) play a central role in this effort. In
order to increase the attractiveness and competitiveness
of BEVs, intensive efforts are being made to increase
their range and efficiency. A promising technology in this
area is the Multilevel Inverter (MLI), which has, among
other benefits, the potential to significantly improve the
efficiency of the electric machine in the drivetrain of
BEVs. The MLI is based on the technology of the
Modular Multilevel Converter (MMC) [2] from the field
of grid-connected high-voltage converters, whereby the
energy storage is not represented by a battery cell but
rather by capacitors.

The MLI is characterised by its ability to generate al-
most perfect sinusoidal voltage waveforms, which leads
to a reduction in losses in the electric machine. This

also classifies it as an inverter, as it converts the battery
DC voltage to AC voltage to drive the electric machine.
This increased efficiency can either be utilised directly
to extend the range or, alternatively, to contribute to
the conservation of resources by reducing the installed
battery capacity. In this context, it is of great importance
to investigate the influence of MLIs on the efficiency of
electric machines [3]–[5].

The increased motor efficiency, achieved by the
better modulated voltage sine wave generated by MLIs,
is the focus of this investigation. To validate the the-
oretical assumptions, a Finite-Element-Method (FEM)
simulation of an axial-flux permanent-magnet (AFPM)
[6], [7] is carried out using Ansys Electronics Desktop.
The results of these simulations are promising and show
that losses can be reduced by up to 30%. However, this
reduction is highly dependent on the type of machine, the
size of the machine, the materials used, and its rotational
speed and torque [3], [8]–[10]. As the research group
is currently working on the planning, construction, and
testing of a research vehicle for testing an optimised
multilevel inverter drivetrain, it is necessary to examine
the selected machine (EMRAX 268 MV).

In this paper, the remaining system components,
such as battery cells, power electronics and connecting
cables, are deliberately excluded in order to focus on
the behaviour of the electric machine. However, these
powertrain subcomponents should also be taken into
account if a holistic representation of a multilevel system
is intended, as they react differently to the generated
voltage and current curves. The architecture of modules



and submodules also has a major influence on the
efficiency of the overall system, leading to pros and cons
for certain topologies [11]–[14].

The knowledge gained could further increase the
efficiency and range of BEVs, making an important
contribution to sustainability and resource conservation
in the transport sector.

II. STATE OF THE ART

This section gives a brief introduction into the current
state of modular multilevel inverter technology, Space
Vector Pulse Width Modulation (SVPWM), electric ma-
chines and their loss types, as well as its Total Harmonic
Distortion (THD).

A. Modular Multilevel Inverter

MLIs have gained significant attention in the auto-
motive sector, particularly in electric and hybrid power-
trains, due to their scalability, high efficiency [4], and
superior performance in producing high-quality voltage
waveforms [15]. MLIs, as depicted in Fig.1, are dis-
tinguished by their ability to generate multiple voltage
levels using a series of modular Submodules (SMs),
allowing for fine control of the output waveform and
reduction of harmonic distortion [16]. This technology
has become increasingly relevant as the automotive in-
dustry pushes toward electrification, demanding power
electronic systems that offer high efficiency, reliability,
and flexibility [17].

MLIs consist of several identical SMs. Typically,
half-bridges, full-bridges or customised circuits with
a local energy storage element, usually realised by a
capacitor or a battery. These SMs are connected in series
to form each phase leg of the inverter. Each submodule
can be individually controlled to contribute either its full
voltage, zero voltage, or in the case of more advanced
topologies, intermediate voltages to the output. In auto-
motive applications, the modular nature of MLIs allows
for highly efficient and reliable operation under varying
load conditions typical of vehicle operation. The invert-
ers generate output voltages that closely approximate
sinusoidal waveforms with minimal filtering, reducing
costs and losses associated with harmonic distortion [18]
as can be seen from the exemplary comparison in Fig.
2.

The modular design allows MLIs to be scaled easily
for different voltage and power levels, making them
suitable for a wide range of automotive applications,
from small passenger vehicles to heavy-duty trucks
[2], and even electric aircraft applications [19]. This
flexibility also enables the use of MLIs-technology in
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Figure 1. Exemplary hierarchical structure of a three phase BM3
incl. the macrotopology (top left) with multiple modules (M), its
mesotopology (top right) with multiple SM and a three-switch
(BM3) microtopology.

various other applications, such as onboard chargers and
auxiliary power systems. MLIs can efficiently manage
bidirectional power flow, a critical feature in regenerative
braking systems in BEVs and Hybrid Electric Vehicles
(HEVs). This capability helps maximise energy recovery
during braking, improving the overall energy efficiency
of the vehicle [18], [20], [21].

In this paper, a battery-based MLI, utilising the BM3
topology [18], [22], [23], is used, as depicted in Fig. 1.
This variant has two further hierarchical layers in addi-
tion to the macrolevel. These specify how the SMs are
connected (mesolevel), and the microlevel (submodule
level), defining which features the inverter has. This
enables the inverter to add features to the submodule
level without adding too much complexity to the overall
topology. For example, the inverter shown in Fig. 1 can
change the output polarity of a module using switches
Q1 to Q4. A BM3 SM alone is not capable of doing this
natively. It is fair to say that the structure or architecture
of a comparable MLI mesolevel has no influence on the
efficiency of the electrical machine as long as the re-
sulting pulse or sinusoidal patterns (machine input side)
correspond to each other. A comparable system means
having the same number of stages or, for example, the
ability to generate positive and negative output signals.



The topology is able to switch its batteries in series,
parallel, and bypass to generate an arbitrary voltage
output. If the MLI uses Li-ion batteries as a voltage
source. The lowest possible voltage steps are dependent
on the State of Charge (SoC) of the SM’s batteries, which
lead to a typical range of 2.7V to 4.3V, depending on
the cell chemistry. The easiest way to control the MLI is
the Nearest Level Control (NLC) approach without any
Pulse Width Modulation (PWM) to generate intermediate
voltage steps.

The full potential has not yet been exploited here,
as the individual cells can still output any intermediate
values of the cell voltage via a PWM control method,
especially in the low speed or low-frequency range. This
is done by adjusting the duty cycle, which brings the
output voltage even closer to a sine wave. The disad-
vantages and dangers with regard to Electromagnetic
Compatibility (EMC) are also acceptable here due to the
very low voltage level.

With the BM3 topology, a THD below 5% at low
currents and below 1% can be achieved at high currents
[16], [24], [25]. This paper shows the impact of lower
THD by using MLIs on electric motor efficiency.
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Figure 2. Exemplary phase voltage of a a) MLI for comparison
with the phase voltage of a b) SVPWM based inverter.

B. Space Vector Pulse Width Modulation

SVPWM [26] is a technique widely used in power
electronics to control the output voltage and frequency
of conventional 2-Level Inverters (2LIs) as depicted
in Fig. 2 b). It is currently one of the most efficient
control methods, which is why it is compared with

MLIs in this paper, as exemplarily depicted in Fig. 2 a).
Applied to motor drive applications, SVPWM is known
for its efficiency and ability to achieve higher voltage
amplitudes compared to conventional PWM methods like
sinusoidal PWM, making it a preferred choice for three-
phase voltage source inverters.

The SVPWM is based on the concept of space
vectors, which represent the instantaneous values of the
three-phase voltage system as a single rotating vector in
a two-dimensional plane. This method uses the switching
states of the inverter to approximate the desired output
voltage vector, thereby generating sinusoidal output cur-
rents. The continuous modulation pattern of SVPWM
reduces the THD of the output current, resulting in
improved performance of the motor drive system. Other
advantages of SVPWM over sinusoidal PWM methods
are maximised utilisation of the Direct Current (DC)
link voltage, which enables a higher output voltage
in comparison. Among other things, this improves the
efficiency of the 2LI and the connected motor due to
lower switching losses.

Although SVPWM offers considerable advantages, it
also poses challenges such as a comparatively increased
complexity due to the mathematically precise calculation
and real-time processing of the dwell times. In addition,
there is an increased computational effort, which means
that fast microcontrollers or Digital Signal Processors
(DSPs) are required for the intensive calculations, espe-
cially at high switching frequencies. Despite its complex-
ity and superior control characteristics, SVPWM is still
a preferred choice for high power applications. There-
fore, this paper compares the MLI control method for
operating electrical machines with the SVPWM method.

With SVPWM, voltage jumps occur due to the fast
switching processes of the power semiconductors in the
inverter as depicted in the comparison in Fig. 2. These
jumps occur when the inverter passes through the various
switching states, particularly during the transition be-
tween the active and zero vectors. The maximum voltage
steps for SVPWM are as large as the full DC bus voltage
i.e. if a DC bus voltage of 600V is applied, the voltage
jumps can be up to 600V for each switching operation.
Factors influencing this are the switching frequency and
the modulation index.

The switching frequency is typically in the range
of 2 kHz to 20 kHz, depending on the application and
design of the inverter. This high switching frequency
helps to minimise the THD in the output current, but
increases the number of voltage transients per second.
A higher modulation index leads to larger active time
components of the switching vectors and therefore po-



tentially higher voltage jumps on the motor terminals.
However, the voltage step remains limited by the DC
bus voltage.

The current slope, also referred to as the rate of
current change (δi/δt), is a critical parameter as it
influences the EMC and the load on the motor windings.

The rate of current change depends directly on the
magnitude of the voltage jumps and the impedance of the
motor. Typical values for the current steepness are in the
range of several 100A/µs to 1000A/µs, depending on
the power of the motor and the switching frequency of
the inverter. To control the current slope and minimise
EMC problems, output filters (LC filters) are used to
smooth the voltage jumps, and thus reduce the current
slope. A higher switching frequency also helps to reduce
the current ripple, but leads to higher switching losses in
the power electronics as well as in the electrical machine.

High current gradients put a strain on the insulation
of the machine windings and lead to increased heat
generation due to losses in the laminations and windings
as well as to a degradation of the insulating material due
to partial discharges. This can have a negative impact
on the service life of the machine, which is why it
is important to optimise switching strategies and filter
designs.

C. Electric Machine

Electric machines are fundamental components in
numerous industrial and commercial applications, par-
ticularly where high efficiency, precise control, and dy-
namic performance are crucial.

The EMRAX 268 MV is an AFPM machine with
a 18T20P configuration, characterized by its compact
structure and high power density. This special machine
was used in this work because it is also used in the
research project being carried out by the research group.
The machine was chosen because of its high power
density and the associated small installation space. The
specific arrangement of the stator and rotor disks allows
for efficient magnetic flux utilisation, minimising losses
and enhancing overall performance.

Composed of laminated iron cores and windings, the
stator efficiently captures the magnetic flux and min-
imises current losses. Its design focuses on maximising
the magnetic coupling with the rotor. The rotor includes
evenly distributed permanent magnets arranged along the
machine’s axis, providing a uniform flux distribution and
high torque density. The axial flux configuration provides
superior magnetic coupling between the rotor and stator
due to the axial alignment of the magnetic path, resulting
in higher power density and reduced core losses.

AFPM offer higher power density [27] compared to
conventional radial flux machines due to better utilisation
of magnetic materials and shorter magnetic paths. The
flat, disk-like structure allows for use in applications
where space is limited, and weight is a critical factor,
such as in electric vehicles and aviation.

D. Loss Types

The loss analysis evaluates the core [3] and cop-
per losses under various load conditions for MLI and
SVPWM driven machines. Copper losses are a com-
mon occurrence in all types of electric machines, in-
cluding AFPMs. They occur due to the resistance in
the stator and/or rotor windings, which causes heat
generation when current flows through them. Armature
copper losses are inevitable in any machine with current-
carrying windings, including the stator of AFPM. It is a
significant contributor to overall losses, especially during
high current or high load conditions.

Iron or core losses, comprising hysteresis and eddy
current losses, are present in all machines that have mag-
netic cores. These losses occur as a result of alternating
magnetic fields within the core material. AFPM experi-
ence hysteresis losses due to the repeated magnetisation
and demagnetisation of their iron core, just like in radial
flux machines. The amount of hysteresis loss depends
on the magnetic properties of the core material, such
as silicon steel or other soft magnetic materials. Eddy
current losses occur within the core material as a result
of induced currents from changing magnetic fields. To
reduce eddy current losses, the cores of AFPM are often
made from thin laminated sheets or powder composites,
which minimise the path for these currents and thus
reduce the associated heat generation.

Excess losses result from a combination of non-linear
electromagnetic interactions, material-dependent effects
and operating conditions that deviate from idealised loss
models. Depending on the accuracy of the model, the
following non-linear but classic loss components are
included. The stray magnetic flux and additional eddy
current losses occur due to imperfect magnetic circuit
designs and non-ideal core geometries, inducing addi-
tional eddy currents in machine components. Non-linear
hysteresis losses tend to increase disproportionately in
certain areas of the machine. They are caused by satu-
ration effects that change the magnetic permeability and
lead to increased losses that are not accurately captured
in standard core loss models. Harmonic losses, caused
by high-frequency voltage harmonics, lead to additional
losses in the core and winding. Non-ideal current dis-
tribution in the windings, caused by the skin effect at



high frequencies, increases the effective resistance and
copper losses beyond what is predicted by DC models.
The proximity effect adds to that and leads to an uneven
current distribution due to mutual inductance between
adjacent conductors. Permanent magnets, especially in
high-speed machines, are exposed to time-varying mag-
netic fields that induce eddy currents in the magnet
material, which leads to additional losses in the magnets.
There is also a more modern approach, disagreeing with
the classic and simplified theory, which assumes that the
material is not homogeneously magnetised [28], [29].
The induced electric currents are also inhomogeneously
distributed and deviate from Maxwell’s equations. Due to
the magnetic structure of the domains in electrical steels,
these induced electrical currents are not homogeneously
distributed in space, but are located around moving
magnetic domain walls, leading to additional losses. The
movement, and the associated Joule loss of these domain
walls, is said to be the origin of these losses [30].

Mechanical losses, also present in AFPM, are similar
to those found in other types of electric machines.
However, these are not covered in this paper.

E. Total Harmonic Distortion

The THD is a measure of the distortion present in
a signal due to the presence of harmonics, which are
integer multiples of the fundamental frequency. THD
quantifies the degree to which these harmonics alter the
original waveform, providing an indicator of the signal’s
fidelity and quality. It is commonly used in the analysis
of electrical systems, audio devices, and power systems
to assess performance and efficiency. Mathematically,
THD is defined as the ratio of the Root Mean Square
(RMS) value of all harmonic components of the signal to
the RMS value of the fundamental component. This ratio
is often expressed as a percentage, with higher values
indicating greater distortion. It is calculated using the
following equation:

THD =

√
V 2
2 + V 2

3 + V 2
4 + . . .+ V 2

n

V1
× 100%

In this case, Vn being the n-th harmonic of the fun-
damental frequency V1. The presence of harmonics can
cause unwanted effects such as increased losses, over-
heating, signal degradation, and reduced system effi-
ciency, making minimising THD a critical aspect in the
design of many electronic and power electronic systems.

In the context of power electronic systems, THD
is particularly significant as it affects both the quality
of power delivered and the performance of electrical
equipment. Harmonics can be introduced by non-linear

loads such as variable speed drives, inverters, and other
power electronic devices, which cause deviations from
the ideal sinusoidal waveform.

In the field of electrical machines, this is caused by
the additional harmonics of the current, additional copper
losses proportional to the square of the current, iron
losses (hysteresis and eddy current losses) caused by the
additional high-frequency components and excess losses
in the form of the coupling of electromagnetic fields
that induce eddy currents in conductive parts (e.g. rotor,
housing). An additional, mechanical and more indirect
loss is caused by the uneven forces in the air gap, which
causes vibrations and acoustic losses. The relationship
between the losses and the THD is not linear, but the
losses increase disproportionately with increasing THD.

Managing THD involves the use of filters, proper
circuit design, and active harmonic compensation tech-
niques to ensure that signal integrity is maintained within
acceptable limits. A high THD causes additional losses
in electrical machines in contrast to ideal sinusoidal
signals. Minimising THD is, therefore, essential to max-
imise the efficiency of electrical machines.

III. METHODS

For the simulation of the electric machine, a detailed
3D model of the EMRAX 268 MV is created in ANSYS,
representing the arrangement of the stator, rotor, wind-
ings, and magnets. It is depicted in Fig. 3. To simplify
the simulation, only one symmetric half of both, the rotor
and the stator, were created, which are displaced against
each other with an offset around the Z-axis to show the
turn axis. The stator windings are coloured in orange,
the stator and rotor core (electric steel) are coloured in
grey and the magnets are coloured in red and green to
show the alternating orientation of the magnetic poles.
The most important data sheet values [31], as well as
the model parameters, are given in Tab. I.

A fine mesh, as depicted in Fig. 4, is generated to
ensure accurate calculation of electromagnetic fields and
thermal distributions. Special attention is given to areas
with high flux density or thermal gradients such as the
spaces between the windings, the permanent magnets,
the core, and the surrounding boundary regions.

Operating conditions such as rotational speed and
load torque are defined to simulate realistic operational
scenarios in transient load conditions. The lowest speed
of 500 rpm represents walking speed and parking ma-
noeuvres with low speed and high torque requirements.
This results in high currents to build up the torque,
which should lead to a high ratio of copper losses
and, because of the low field frequency, to a lower



Table I
DATA AND DIMENSIONS OF THE MACHINE MODEL

Data EMRAX 268 MV
Machine type AFPM
Peak Power at max RPM 200 kW
Voltage at max RPM 650 V
Max. Current 400 A
Continuous motor current 190 A
Max. rotational speed 4500 rpm
Max. torque 500 Nm
Continuous torque 213 Nm
Electrical steel M270-35A
Magnet material N46SH
Copper and Magnet Temp. 60 °C
Number of pole pairs 10
Number of slots 18
Number of windings 20
Stator outer diameter 259 mm
Magnets outer diameter 250 mm
Inner diameter 130 mm
Air gap 1.5 mm
Phase Resistance 10.5 mΩ

Efficiency 92-98 %

Figure 3. Section through the X/Y-plane of the EMRAX 268 MV
model.

ratio of hysteresis and eddy current losses. The average
speed of 2500 rpm corresponds to inner-city driving and
represents an intermediate range. The high speed of
4500 rpm corresponds to driving on a country road or
highway at high speed with low torque requirements.
Here, a high share of hysteresis and eddy current losses
is expected due to the high field frequency, and a lower
share of copper losses due to low current requirements.
In order to analyse the machine, the model was current
fed with a pre-processed current profile for all three
operating points.

Figure 4. Mesh display as used to simulate the EMRAX 268 MV
model.

IV. RESULTS AND DISCUSSION

The THD of the phase current at different rotational
speeds is summarised in Tab. II. While the THD is almost
similar at about 1.19% deviation when comparing the
two inverters at 500 rpm, the THD increases for the 2LI
at higher speeds. The MLI with the small steps of a
single cell voltage can maintain almost the same THD
across all of the simulated operating points. It can be
noted that the MLI causes a smaller THD in all three
operating points compared to the 2LI. At 2500 rpm, the
THD is 10.84% lower and at 4500 rpm, a 15.97% lower
THD is achieved with an MLI compared to the SVPWM-
controlled 2LI. The results can be explained by the fact
that the MLI is controlled with a NLC approach and thus
has the same voltage steps independent of the motor’s
rotational speed. The only thing that is changing is the
switching frequency, which is directly proportional to the
motor speed. For the SVPWM, the switching frequency
stays the same throughout all operating points. For the
simulation, a switching frequency of 20 kHz is chosen.
This leads to fewer switching operations per wavelength,
i.e. a coarser representation of the desired sine wave,
at higher speeds for 2LI and thus a higher THD is
generated.

Fig. 5 shows the losses divided into the most relevant
fractions. The copper losses have the largest share,
but are almost proportionally equal, with slightly lower
losses for MLI. The other shares can be summarised
as iron or core losses. They comprise eddy current



Table II
COMPARISON OF THE PHASE CURRENT THD

THD of the Phase Current
n in rpm 500 2500 4500

2LI with SVPWM 6.09 6.73 7.17
MLI 4V steps 6.01 6.00 6.03

∆ 0.07 0.73 1.15
∆ in % 1.19 10.76 15.79

losses, occurring due to circulating currents induced
within the core material by changing magnetic fields in
the armature, hysteresis losses, caused by the repeated
magnetisation and demagnetisation of the magnetic core
material, and the excess losses, which are included and
summarised in Tab. III.
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Figure 5. Loss components of an AFPM machine at different
speeds, operated with MLI vs. SVPWM-controlled 2LI.

The biggest differences between the two control
methods can be seen in the core losses. It can be
observed that the MLI is particularly advantageous in
the lower speed range, which corresponds to operation
in urban areas. This difference decreases with increasing
speed, whereby the MLI is more efficient throughout
the whole tested speed range. Expressed in figures, this
means for a machine with an assumed efficiency of 95%,
when controlled with SVPWM, an improved efficiency
of 95.51% at 500 rpm and 95.57% at 2500 rpm. At
4500 rpm, the advantage seems almost marginal, but
with a loss reduction of 8.0% it is not negligible,
resulting in a machine efficiency of 95.4%.

Figures 6 and 7 illustrate the core losses of the
two systems, including a mean value line at the three
simulated operating points. The values clearly show

Table III
LOSS COMPONENTS DATA

n [rpm] PL,mli [W] PL,SVPWM [W]

Copper
500 1479.3 1568.4
2500 1542.2 1537.0
4500 1540.7 1550.8

Hysteresis
500 16.0 17.8
2500 81.3 79.1
4500 146.4 142.9

Eddy Current
500 5.5 58.3
2500 138.4 309.2
4500 447.6 586.4

Excess
500 9.4 38.7
2500 106.5 183.6
4500 256.9 318.6

∑ 500 1510.2 1683.1
2500 1868.4 2108.8
4500 2391.6 2598.6

%
500 10.3 %
2500 11.4 %
4500 8.0 %

lower losses when operating with MLI. However, much
more striking is the strong fluctuation or noise of the
signals when operating with SVPWM as depicted in
Fig. 7.
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Figure 6. Core losses of an AFPM machine at different speeds,
operated with MLI.

Of course, this can be traced back to the level of the
voltage stages that are switched by the respective system
to drive the motor. Possible consequences of this are the
increased losses shown, increased stress on the materials
used and the electrical insulation of the cables, as well
as increased conducted and radiated noise signals.
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V. CONCLUSION

This paper investigated the losses occurring in an
AFPM machine while being controlled by a MLI com-
pared to a conventional 2LI. The motor under consider-
ation is an EMRAX 268 MV. A simulation model for
the electric motor was built using ANSYS. The THD as
well as the core and copper losses were simulated under
varying conditions.

The results show that the generated harmonic distor-
tion is lower for the MLI compared to the conventional
2LI across all operating points. Furthermore, the gap
in THD increases as the speed of the electric motor
increases. This is most likely due to the high flexibility
in switching frequency of the MLI compared to the con-
ventional SVPWM-controlled 2LI. The overall AFPM
machine losses behave inversely. Although the MLI
generates less motor losses, leading to a higher efficiency
across all operation points, the difference compared to
the losses generated by the 2LI decreases at higher
motor speeds. This can be explained by the fact that,
at higher speeds, the core losses cannot be mitigated
as effectively through the higher quality Alternating
Current (AC) input generated by MLI. Therefore, the
losses tend to converge at higher rotational speeds. The
findings underline the potential of modular multilevel
converters in optimising electric motor performance,
contributing to the sustainability and competitiveness
of electromobility in the automotive industry. Further
research could explore the impact of these converters

on different motor configurations, specially customised
machine designs and materials and operating conditions
to fully harness their benefits.
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