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Abstract

The revolutionary changes in automotive industry which are based on the following trends in environmental
protection, lead to the new requirements that must be met in modern vehicles. Thus, for the automotive industry,
electric powered vehicles are becoming an increasingly relevant factor in the competition against climate change.
The expert community is united in the opinion that e-mobility is becoming the dominant factor in improving the
operating efficiency of vehicles. At the same time, the key aspects of changes in the context of the development
of vehicles represent directions that bring serious changes to the traditional automotive industry, especially in its
design and technological basis. One special example of a possible way of change represents an in-wheel motor
which provides a powerful and compact drive solution for electric vehicles.

The in-wheel motor as a modular element of an electric drive has long been known. In-wheel motors for a vehicle
have remarkable advantages as compactness and present a wide field of research for possible integration in vehicle
structures. Currently, the development of motor-in-wheeled electric transport drives is continuously increasing.
However, such a constructive solution for the vehicles could not be implemented until recently for a variety of
reasons. First of all, due to the impossibility of development of a compact, highly efficient drive that meets its
power and torque requirements. Therefore, the main disadvantage of the in-wheel motor is an unsprung weight.
This is why a usage of modern lightweight technologies in in-wheel motors is significant.

The purpose of this thesis is to present for the first time the findings and conclusions about the potential of the
novel in-wheel motor design with significant specific power and torque density for a vehicle with regard to
manufacturability and functionality. For this purpose, the design methodology of the in-wheel motor was
presented, which has an ambivalent manner. On the one hand the ascertainment of increased potentials for modern
lightweight technologies and materials according to their application on the in-wheel motor is applied to minimize
the total weight of the motor. On the other hand, an increase of the power and torque characteristics is realized by
the usage of new concept of the motor active parts — novel winding technique and arrangement of the magnets. In
addition, features such as functionality, stiffness and robustness have been considered due to the innovative
approach of specific load compensation in the in-wheel motor. Relevant research has demonstrated that integration
of the in-wheel motor in common vehicles together with a unique coupling element is soluble. The potentials of
the developed methodology were demonstrated by component and system testing of the completed prototypes.
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Kurzfassung

Die revolutioniren Anderungen in der Automobilbranche, die auf den Tendenzen des Umweltschutzes beruhen,
filhren zu den neuen Anforderungen, die in modernen Fahrzeugen erfiillt werden miissen. Fiir die
Automobilindustrie werden somit die elektrisch angetriebenen Fahrzeuge zu einem immer wichtigeren Faktor im
Wettbewerb gegen den Klimawandel. Die Experten sind sich in der Meinung einig, dass die Elektromobilitdt zu
einem dominierenden Faktor wird, da die Steigerung der Fahrzeugeffizienz somit gewahrleistet ist. Gleichzeitig
stellen die Schwerpunkte der Verdnderungen im Zusammenhang mit der Entwicklung von Fahrzeugen die neuen
Entwicklungsrichtungen dar, die gravierende Verdnderungen fiir die traditionelle Automobilindustrie mit sich
bringen, insbesondere in Bezug auf Design und technologische Basis. Ein spezielles Beispiel der moglichen Art
und Weise von Verdnderungen stellt ein Radnabenmotor dar, der eine leistungsstarke und kompakte
Antriebslosung fiir Elektrofahrzeuge bietet.

Der Radnabenmotor als modulares Element des Elektroantriebs ist schon lange bekannt. Radnabenmotoren fiir die
Fahrzeuge haben erhebliche Vorteile wie die Kompaktheit und stellen ein weites Forschungsfeld fiir eine mogliche
Integration in die Fahrzeugstruktur dar. Zurzeit nimmt die Entwicklung von elektrischen Radnabenantrieben
kontinuierlich zu. Allerdings war es bis vor kurzem aus einer Vielzahl von Griinden nicht mdglich, eine solche
konstruktive Losung fiir die Fahrzeuge einzusetzen. Zunidchst einmal aufgrund der Unmoglichkeit, einen
kompakten, hocheffizienten Antrieb zu entwickeln, der den Leistungs- und Drehmomentanforderungen geniigt.
Folglich ist der Hauptnachteil des Radnabenmotors eine ungefederte Masse. Aus diesem Grund ist der Einsatz
moderner Leichtbautechnologien im Radnabenmotor von Bedeutung.

Ziel dieser Arbeit ist es, erstmals die Erkenntnisse und Schlussfolgerungen iiber das Potential der neuartigen
Radmotorkonstruktion mit signifikanter spezifischer Leistungs- und Drehmomentdichte fiir ein Fahrzeug im
Hinblick auf Herstellbarkeit und Funktionalitit darzustellen. Zu diesem Zweck wurde die Entwurfsmethodik des
Radnabenmotors in zwiespaltiger Weise vorgestellt. Zum einen wird die Ermittlung erhéhter Potentiale fiir
moderne Leichtbautechnologien und -werkstoffe entsprechend ihrer Anwendung auf den Radnabenmotor
angewendet, um das Gesamtgewicht des Motors zu minimieren. Zum anderen wird eine Erhéhung der Leistungs-
und Drehmomentcharakteristika durch den Einsatz eines neuen Konzeptes der motoraktiven Teile - neuartige
Wicklungstechnik und Anordnung der Magnete, realisiert. Zusétzlich wurden solche Eigenschaften wie
Funktionalitit, Steifigkeit und Robustheit durch die Verwendung eines innovativen Ansatzes der spezifischen
Lastkompensation im Radnabenmotor beriicksichtigt. Aktuelle Untersuchungen haben gezeigt, dass die
Integration des Radnabenmotors in ein konventionelles Fahrzeug in Verbindung mit einem speziellen
Kupplungselement 16sbar ist. Die Potentiale der entwickelten Methodik wurden durch Komponenten- und
Systemtests an den fertigen Prototypen demonstriert.
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A deal of poverty grows out of the carriage of excess weight.
Henry Ford
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Introduction

1. Introduction

One of the biggest problems of the modern world is the urgency of an immediate solution to improve the
Earth’s atmosphere, which is polluted by huge masses of harmful products — waste from various industrial
enterprises and vehicles. Efforts to mitigate ongoing climate change led, with the Kyoto Protocol, for the first
time to statutory emission development targets for members of the United Nations. By ratifying the Protocol
of 191 countries, this third UN climate conference in 1997 is regarded as a milestone in international climate
policy. The 191 countries committed to the achievement of individual targets in terms of their greenhouse gas
emissions. In the first commitment period, greenhouse gas emissions should be reduced by five percent
compared to 1990 levels. With the second commitment period, which begins in 2013 and ends in 2020, the
target must be raised to an overall reduction of 20% compared to 1990 emissions. The next target for the
following years is confirmed in the Paris Agreement and estimates the reduction of greenhouse gas emissions
for the period 2021 to 2030. The commitment declares a level of reduction of greenhouse gas emissions at the
rate of 40% compared to 1990. The Paris Agreement in 2015 contributed to a change in public sentiment. It
was acknowledged that it is impossible to solve the problem of climate change and slow down the global
warming of the planet only by the individual efforts of several countries. Society recognized and accepted the
idea that everyone should make a contribution to mitigate the climate change.

The European Union has more ambitious plans in climate politic. The climate protection plan of the EU sets a
target in 2050 as a reference year. Until then, the transport sector should be free of greenhouse gas emissions.
As it is shown in Figure 1.1, (a) and (b), this is due to the fact that the transport sector and especially road
transport plays a major role in the European energy consumption.

= Road

T port 81,2 %

30,8 %%

5 International aviation
12.9 %
" Ral
2.0%
Domestic aviation
2.0%

B Pipeline transport
1.0 %

B Non-specified transport
1.0 %

a b

Figure 1.1 — Final energy consumption by sector in the EU in 2017 [48] (a) and transport energy
consumption by source mode in the EU in 2017 (b) [170]

Vehicles with internal combustion engines are more likely to belong in air-polluting devices in so far as their
hazardous waste is thrown directly at ground level, or rather wherever there are people. The dangers of exhaust
gases from vehicle engines were discussed for the first time in the 1960s, when the number of respiratory
diseases caused by the “smog” sharply increased [67]. "Smog" began to appear frequently in the cities of the
State of California as a result of the running of vehicles with internal combustion engine [100]. Years of
research were needed in order to identify the main hazardous air pollutants, such as Sulphur dioxide (SO>),
Ammonia (NH3), volatile organic compounds (NMVOC), Nitrogen oxides (NOx) and fine particulate matters.
This issue has been taken seriously since then, which has led to environmental issues of the vehicle being given
a high priority in consumer characteristics and safety at the vehicle design stage. A systematic study of
hazardous emissions has led to legal documents (standards) limiting the concentration of hazardous substances
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in the exhaust gases. The strictest in this respect until today are the "Euro" standards in the EU and the US state
of California laws.

Regulations ECE-R83-02 UN, known as "Euro 1", came into effect in 1993. Since their introduction,
automotive companies in Europe have only produced vehicles that meet these requirements. As can be seen in
Figure 1.2, there have been many changes in Euro standards since 1993, and today the world leaders in the
automotive industry are already orienting their products to the ambitious requirements of the Euro standard of
the sixth version. During the operative period of Euro standards since 1993, the amount of hazardous substances
in exhaust gases has decreased by more than the factor of two. During the period since 1975, the content of
toxic components in greenhouse gas per vehicle decreased by 70%.
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Figure 1.2 — EU Emissions Standards, Exhaust emissions Euro 1-6 [120]

In addition, due to the high volume of traffic in cities, there are more and more additional regulations for the
maintenance of air quality and noise pollution. In order to protect human health from hazardous emissions,
many European cities introduced regulations for environmental zones that allow to move there only for vehicles
that meet certain emission standards.

The global vehicle fleet is growing rapidly and the 1 billion-unit mark was reached for the first time ever in
2010 [180]. The number of vehicles on 1st of January 2019 has already reached around 1.3 billion [109] and
the global auto industry expects to sell more than 77 million vehicles by the end of 2019. According to growth
of the global vehicle fleet, the fuel consumption of vehicles is also increasing every year.

There are some possible approaches for reducing of exhaust emissions by the vehicle operation like a
minimization of the mechanical energy demand of vehicle, optimization of the internal combustion engine
drive system, optimization of vehicle operation and traffic flow [120]. But the main and general disadvantage
of modern vehicles is the usage of internal combustion engines. Internal combustion engines are very
inefficient by converting the chemical energy in terms of fuel to the mechanical energy. However, more than
60% of energy losses are attributed directly to internal combustion engines. The other losses in the form of
transmission losses are about 6%, losses in idle mode are about 16% and about 3% may be losses spent on the
consumption of different accessories. This means that the final energy output is below 15%. Also, internal
combustion engines have almost completely exhausted their ability to increase efficiency and have the obvious
issues with high oil prices. In addition, global oil reserves will not be available indefinitely.

In order to fulfil mobility needs in the future, new drive technologies are required. In view of the foregoing, it
becomes clear that the direction associated with the so-called "green technologies" in the automotive industry
is the most promising way for the development of road transport. The electrification of the drive represents a
possible leap in technology.

Therefore, there is currently a worldwide trend towards active development of the electric vehicle segment.
According to Morgan Stanley's report, electric vehicles will be sold more than gas-powered vehicles by 2040.
Global demand shifts towards to the simple, efficient, compact, cost-effective and fully integrated smart
solutions. This is why vehicle manufacturers need to integrate electric drives into their vehicle fleets and
increase the sales of electric vehicles. As can be deduced from Figure 1.3, electromobility has developed into
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a key technology for achieving the climate protection targets, which is why the number of electric vehicles
worldwide increased by 660 % between 2014 and 2018.
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Figure 1.3 — Inventory development of electric vehicles worldwide until 2018 [132], [194]

Not many people know that electric vehicles were developed by the automotive industry at the beginning of
the 20th century. However, already in 1881 French electrical engineer Trouvé developed the first electrically
powered vehicle in the form of a three-wheeled bicycle (Figure 1.4, (a)) based on the first lead-acid batteries
[63]. And Ferdinand Porsche built the first Lohner-Wagen in 1899 (Figure 1.4, (b)). In the course of the
Universelle Exposition in Paris in 1900, Porsche exhibited the Lohner-Porsche electric vehicle equipped with
electric motors on the front wheel hub. Later on, down the line, based on the Lohner-Porsche-Elektromobil,
also the first model of a vehicle with a combined power plant was created — Mixt Wagen. In this vehicle a
gasoline engine was used as an actuating source for the generator, from which electricity was removed by the
battery supplying the vehicle’s electric drive.

Figure 1.4 — The first vehicles: a - Electric vehicle of Trouvé [38], b - Lohner-Porsche-Elektromobil [97]

The first generation of electric vehicles have sometimes even shown to be more powerful and reliable than
passenger vehicles equipped with an internal combustion engine. However, internal combustion engines have
been continuously developed and improved and have become a mainstream powertrain solution for a means of
transport. In the end they were able to prevail against the electric drive because they had a much greater range.
In addition, vehicles with internal combustion engines were quickly refueled, while the charging of electric
vehicles was longtime. Before World War I, about 30 thousand electric vehicles were used in the USA and
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Great Britain [118]. In 1913 Ford introduced the assembly line for vehicles for the first time, namely for
vehicles with combustion engines. For this reason, also the production of electric vehicles almost came to an
end by the begin of the 1920s. Further technical advances like the invention of mufflers and the electric starter
improved disadvantages of vehicles with internal combustion engine. Therefore, electric vehicles were
practically no longer built since 1920. However, there were exceptions: After the Second World War, a small
percentage of electric vehicles were in use in Japan, and in the United Kingdom, a certain number of electric
vehicles in the 1950s-60s provided a solution to the transport problems of urban services such as delivery and
postal services. By the beginning of the 70s, there were about a million electric vehicles in the world, and
basically, they were used in the field of public services of big cities, postal departments, railway stations and
airports, hospital complexes — these are micro-electric buses, vans, pickups and other special vehicles. These
electric vehicles had a low maximum speed (30-35 km/h) and a limited range (60-65 km) [165].

Currently, there are appearing designs and technological projects that provide sufficient efficiency for electric
vehicles. At the same time, competition between traditional brands of vehicles with internal combustion
engines, electric vehicles and cars with combined power plants is increasing more and more.

In the case of electric drives, they are an important element required to enable sustainable mobility concepts.
Furthermore, the integration of the electric machine in the powertrain of electric vehicles opens up various
powertrain topologies. The researchers of recent years are increasingly concerned with a variety of electric
motors for application in vehicles. Electric motor offers great advantages and potential in the passenger car and
commercial vehicle sector. However, these are contrasted with the great constructive and monetary effort
associated with the integration of electric drives in existing vehicle concepts.

One possible solution to this problem is the in-wheel drive, in which the electric motor together with power
electronics is integrated into the rim of a vehicle. By comparison of a traditional electric drive system with a
system where the main elements are in-wheel motors, the last has unquestionable advantages. Especially the
transfer of the drive unit from the vehicle interior into the wheels offers a great advantage in the vehicle package
and the weight distribution of the vehicles. In addition to the advantage of weight reduction, there is another
great advantage — a freedom in vehicle design and construction. Vehicles can be shorter and the passenger area
can be more generous. The elimination of the drive train allows completely new vehicle concepts. This is why
in-wheel motors open up a design that can be specially adapted to a wide range of functionalities.

An in-wheel motor, as a modular element of an electric drive, has been known for a long time. However, the
use of such constructive solution for vehicles until recently was impossible for several reasons. First of all,
because of the impossibility in developing a compact, highly economical drive that conforms the necessary
requirements of having high continuous torque and be light-weight at the same time. The requirement for low
weight is associated with an unintended increase in the additional unsprung mass, which leads to a higher
dynamic load on the wheels and requires a high torque for various operating conditions. Thus, the motor wheel
should be powerful, high-torque and dynamic on the one hand, and reliable, safe and fault-tolerant on the other.
In order to synthesize the optimal ratio of these parameters in a particular motor, it is necessary to solve many
interdisciplinary problems.
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2. State of the Art

The state of the art of the present work describes the general drive techniques of the electric vehicle achieved
at the present moment with a special interest on the in-wheel motor. The first section provides a brief overview
about the different types of electrical machines and discusses possibilities of their integration into vehicles.
Furthermore, the second section provides an overview of existing electrical power train concepts and takes
notice of classification of the in-wheel motor solutions. The principal characteristics of the in-wheel motor are
presented in the third section. In this context, the boundary conditions of the application are also discussed and
the relevant requirements are derived. Various approaches of the previously presented in-wheel motors are
investigated in the fourth section. In this chapter, the investigated in-wheel motor concepts are presented.
Subsequently, these in-wheel motors are compared with regard to their characteristics, gravimetric power and
torque densities and their presentation date is evaluated. Based on the outlined state of the art, the chapter
closes with a problem statement and objective of this work.

2.1. Taxonomy of Electrical Machines

Electrical machines are used to transform electrical energy. The mainly two operating scenarios of electrical
machines can be divided into two modes: motor or generator. If electrical energy is transformed into
mechanical energy, then it is called a motor operation mode. The transformation of mechanical energy into
electrical energy takes place by generator operation mode [156].

The electric motors can be divided into two groups: commutator and commutatorless motors. The first group
indicates that the machine has a mechanical commutator, while the second group does not have a commutator
and commutates electrically. Both variants consist of a stationary part — the stator, and a rotating part — the
rotor. Furthermore, there is a difference between the active part, which is relevant for energy transformation,
and the inactive part, which includes, for example, the housing of the electrical machine [156]. The active part
includes stator and rotor windings (or in the case of permanently excited machines — permanent magnets), as
well as all components that hold windings and magnets [108]. Basically, there is a possibility of using all
known types of electric motors in electric vehicles. The decision for a specific vehicle depends on the expected
driving conditions. More criteria such as cost, motor performance, maintainability, recyclability, service life,
power density, efficiency, material selection, frequent starts and stops etc. must be taken into account by
selecting the motor type [88]. Figure 2.1 demonstrates a taxonomy of main principles of electric machines with
six sub grouped common types of the electric motors for the application in electric vehicles [30].

Electric machines

A 4 v
DC AC
commutator commutatorless
I I
v v v k7 v v
Self exited Sepa.rately Induction Synchronous PM brushless VELELLD
exited reluctance
Series, shunt
PMDC ACIM PMSM BLDC SRM

DC

Figure 2.1 — Taxonomy of electrical machines

To get a closer view, electric motors presented in Figure 2.1 are compared in the following. Commutator motors
are presented by traditional DC machines. In addition, DC machines are distinguished between self and
separate excitation. The operation of DC machines requires commutation to generate a rotating field. The
magnetic field in the DC motor is created through the contact between the brushes and the commutator by
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applying the voltage to the rotor windings. Simultaneously, a magnetic field is created in the stator by
permanent magnets or field winding. Hence, the rotation of the rotor is caused by the interaction of these two
fields. Nowadays, the mechanically commutated DC motors are irrelevant for the use as the motor in passenger
vehicles because of a significant loss generated by the commutator and by low copper utilization. This type of
electric machine can still be found in low-power machines due to its low costs and simple controllability [88].

Nowadays, the commutatorless electric motors become more attractive for an application in electric vehicles,
because of their high efficiency, high power density and low operating cost. In commutatorless or AC motors,
the magnetic field is generated by applying voltage to the stator. This changes the orientation of the field
according to the current flowing through the stator, creating a rotating magnetic field. The interaction of the
stator with the rotor magnetic field causes the stator to rotate around its axis. The type of the AC motor
determines how the magnetic field in the rotor is created. The deeper classification of the AC motors suggests
the four main motor types: switch reluctance, permanent magnet brushless, induction and permanent magnet
synchronous motor. The differences between these motor types are caused in the way of energizing their
windings. Thus, the first two types use rectangular voltage of power supply, while the second two types have
to be supplied with the sinusoidal voltage.

Induction motors are the most advanced technology among commutatorless motors. The characteristic property
of the operation principle of the induction motor is the so-called slip, which is needed for torque generation.
The slip is the difference between the speed of the rotor and the speed of the rotating magnetic field of the
stator. That is why these motors are often called asynchronous. Compared with DC motor drives, the AC
induction motors are more attractive for applications in electric vehicles due to their advantages of lightweight
design, high efficiency, compact volume and low cost [30].

The variable reluctance motors consist of the stator and the rotor consists of salient poles or teeth. This kind of
motor uses the magnetic reluctance to produce torque. This is achieved by the energizing of pair of opposing
stator coils and the magnetic flux path is generated in the rotor. In this case, the rotor will start to rotate to
minimize the reluctance of the magnetic path [81], [61]. On the one hand, the biggest advantage of a switch
reluctance motor for electrical vehicle applications is a simple construction, low manufacturing cost, and
outstanding torque-speed characteristics. On the other hand, big disadvantages include its sensitive air gap
height, relatively high noise impact and a non-uniformity of operation due to torque ripples [49].

A synchronous motor with permanent magnets is a motor with a rotor consisting of permanent magnets and a
stator consisting of windings. The rotor of synchronous motor has its own magnetic field, which is generated
by permanent magnets. By this kind of motor, the rotor operates at the same speed as the rotating magnetic
field of the stator. This type of electric machine is required with an increasing tendency in automotive area due
to its large range of high efficiency and high-power density, silent running, compact form, reliability and
minimum maintenance [30]. Nevertheless, the complexity of the control system required for speed control and
the high costs limit the spread of this type of motor. But with the development of power semi-conductors and
microprocessors, this cost factor measures up economically the selection of PMSM machines.

PM brushless DC motor presents the virtually inverted PMDC motor with commutator. The main advantage
of this motor type is the ability to produce a large torque because of the rectangular interaction between current
and flux. The difference to the PMSM motor builds the way of voltage supply, which is rectangular for
PMBLDC and sinusoidal for PMSM [60].

From today’s point of view, the top position for the application in the automotive propulsion is held by
permanent magnet synchronous motors, which provide extraordinarily high efficiency [31]. This property of
PMSM motor guaranties the lower energy consumption in a vehicle. In addition, this type of motor has
undeniable advantages, making it the most promising technology for automotive traction applications:

- high torque and high power output per volume in combination with high efficiency,
- excellent dynamic performance,

- minimizing of cooling requirements,

- simplification of construction and maintenance low cost assembling,

- high integration level.

One of the new kinds of PMSM motors represents the motor with the application of special winding. This
winding is a combined winding consisting of the air gap and slot windings [20] [91]. The fundamental
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difference to the previous described PMSM motors is the flat copper wire winding, which is applied in a
meandering shape on and in a very thin and therefore light slotted back iron of the stator. Thus, the lightweight
design is combined with an optimized magnetic circuit and an efficient combination winding. The design
generates a very high torque with small size and low ohmic and magnetic losses. This ensures a high energy
density, making the concept perfectly suited for the use as an electric in-wheel motor.

2.2. Electric Drive Concepts and Types of In-wheel Motors

Historically, in terms of the realization of electric drive, the design of electric vehicles has changed
significantly. The traditional topology of the powertrain clearly defines the boundary conditions in terms of
space, aerodynamics and passenger and pedestrian safety, which requires additional compromises in vehicle
design. However, the new electric cars have the greatest possible flexibility and design freedom, as they allow
for the integration of the main parts of the transmission in a wide variety of designs. It has been suggested [30]
that there are six variants of electric powertrain architecture. Depending on the number, position and power
distribution of the electric motors, it is distinguished between central drives, near to the wheel drives (near-
wheel drives) and in-wheel drives. The use or non-use of reduction gear doubles the variants and divides the
classification into two groups: direct and indirect drive. In the following, the possible variants will be discussed
in more detail. Figure 2.2 details the schematic representation of the main six possible configurations of the
architecture for the electric vehicle, where the “M” is the motor and the “G” is the gear respectively.

Figure 2.2 — Configurations of the architecture for the electric vehicle [71]

Variants I and II from Figure 2.2 correspond to the central drive version, when the vehicle has a combustion
engine and the combustion engine is simply replaced by an electric motor. The first electric vehicles were
realized in this way, because the costs of modification in this case are low. The difference between the variants
I and II from Figure 2.2 is the absence of gear between the electric motor and drive axle.

In the topologies using near-wheel variant (see Figure 2.2, I and III) of an electric vehicle, the drivetrain is
further simplified. Here, one electric motor per wheel is used because it eliminates the necessity of the
connection of both axles (cardan shaft) and both axles can be driven independently. Besides the mechanical
means, the differential action of an electric vehicle by cornering can be electronically provided by electric
motors operating at different speeds [29].

The last possible variant is the so-called in-wheel solution presented in Figure 2.2, variant V and VI. This
variant consists of wheel-individual electric motors, which are integrated into the rim. This enables it to
influence the driving dynamics since all degrees of freedom on the powertrain side for this are given. Because
of the fact that all wheels can be controlled independently, this concept is called single wheel drive [71]. Thus,
speed control of the electric motor is equivalent to the control of the wheel speed and hence the vehicle speed.
With the individually controllable electric motors, torque vectoring could be implemented very effectively,
which greatly improves driving performance in curves. As by other arrangements, a distinction is made
between gearless direct drives and high-speed drives with gears. By fully abandoning any mechanical gearing
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between the motor and wheel, the motor is directly mounted into the wheel rim, so the direct torque transfer
occurs without any mechanical loss or additional parts. It is also possible to use two or four motors, two or four
driven wheels per vehicle. In this way, identical motors can be used for different vehicle classes. The highlights
of the in-wheel motor solutions are going to be explained in more detail in the following sections.

Regarding the in-wheel motors, there are two types of them, with an internal rotor and with an external rotor,
shown in Figure 2.3. In the case of the internal rotor, the motor shaft, which is attached to the wheel hub,
rotates. In the external rotor variant, the motor housing, which is attached to the rim, rotates. In addition, there
are two further possibilities for the external rotor:

- partially integrated in-wheel motor with external rotor, where the rotor is connected to the rim,
- fully integrated wheel hub motor with external rotor, where the motor housing is a part of the rim.

Stator

Figure 2.3 — Motor with internal (right) or external rotor (left) [173]

The outer rotor solution is well adapted to in-wheel motors since the rotor can be directly fixed to the wheel.
Outer rotor solutions have a higher diameter of air gap and consequently higher specific torque, which makes
them a better choice for vehicle propulsion application [11]. From another point of view, it is also easier to
manufacture the stator windings because the stator surface point outwards. Moreover, outer rotor designs are
around 15% lighter than an inner rotor machine with the same torque [181]. However, external rotor machines
can be more difficult to cool in some applications because the windings that normally generate the highest
losses are located in the inner part of the machine [65].

The further classification of the in-wheel solution can be divided in the structural difference by the arrangement
of the motor active parts in relation to the wheel axle (see Figure 2.4). The classification whether axial or radial
morphology is determined by the force application of rotor and stator active parts. An axial morphology of
rotor active parts is often called bell-shaped rotor and a radial morphology is called disc rotor [102]. The axial
morphology found its application in high power and high torque applications due to the large ratio of diameter
to length. One of the specific advantages is the possibility of field weakening, which could be realized by
changing the air gap thickness [126]. The disadvantage of axial morphology suffers from the problem of large
axial force exerted on the stator by the rotor and limited to disc shape. In [103] it has now been suggested the
to compare axial and radial arrangements using the PMSM electric machine. The analysis shows that a higher
torque and thus a better power-to-weight ratio is achieved by radial motor design and from a larger effective
radius. Regarding the electronic function, there is no difference between radial and axial arrangement of the
magnets [103]. Additionally, [181] mentioned few further advantages of the radial arrangement as well as
higher field intensity, easier manufacturing of magnets, and equalized magnetic forces between stator and rotor.

O oy
S

Figure 2.4 — Structural arrangements of the motor active parts: axial (right) and radial (left) [103]
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2.3. Advantages & Disadvantages of In-wheel Motors

The application of wheel-hub motors brings fundamental advantages for electrical vehicles. Vehicles with
electric in-wheel motors have a number of significant advantages over traditional concepts of electric vehicles,
which are described in the following.

Efficiency: The most important advantage of the in-wheel motor is the comparably better efficiency, because
of the deficiency of many complex and heavy transfer mechanisms between the motor and the wheel, like
clutch system, transmission, drive shafts and differentials. This advantage includes the minimization of energy
losses in the transmission of driving power through direct connection of motor and wheels. Therefore, the
lower mass of the in-wheel unit enables a lower total weight as by common vehicle, thus the higher efficiency
and increased range due to a better energy economy can be achieved [69].

Simplicity: Furthermore, the absence of interposed elements between the motor and the wheel ensures that the
design of the in-wheel motor is extremely simple. Particularly noteworthy is the fact that when using in-wheel
motors for changing the direction of rotation, no additional gear is required as with conventional gears, as it
can be easily changed by the controller. Technological simplicity and lowering the number of parts in the
vehicle also ensures low cost and reliable operation of in-wheel motor systems [101].

Integrability: In addition, the drive system allows further functions to be integrated into an in-wheel system.
For example, the integration of the power electronics in the installation space of the motor and integrated
cooling minimizes the number of connections for supply lines [59]. The integrated electronics also ensures
short cable paths and high EMC safety. Furthermore, it is possible to combine braking, damping, suspension
and steering in one component [106].

Design freedom: The elimination of traditional parts and units also means that there is more space for other
components which could be a battery pack, fuel cell, generator or just cargo room. Thus, the vehicle architects
change the way vehicles look and perform and enables completely new vehicle concepts, such as the so-called
skateboard design, where all necessary powertrain components are placed in the underbody [107].

Response behavior: Generally speaking, in-wheel motors offer the possibility of achieving high driving
dynamics by very quickly adapting an individual strong drive torque to each wheel due to the lower propulsion
response time and a much more direct response behavior. This could be realized even at the lowest motor speed
directly on the wheel. In comparison to conventional motors, where the driving torque first must be transmitted
to the wheel through a large number of mechanical components [52].

Maneuverability: The controlled in-wheel motor makes the vehicle extremely maneuverable because all
wheels can be rotated at different speeds and even into different directions. The vehicle is able to turn and park
in the most difficult conditions as well as to instantly adapt to the quality of the road pavement. In particular,
this statement corresponds to the corner modules, which can rotate around the axis of the suspension [146].

Individual wheel steering: The individual wheel control makes it easier to implement additional driving
dynamic functions. Such functions include the simple implementation of all-wheel drive functions as well as
new potentials in terms of driver assistance systems and safety systems [132]. All advanced electromechanical
algorithms, such as ABS, ESP, traction control, brake assist, or even torque vectoring is easy to program into
the control software, and they offer the top benefit by acting separately on each individual wheel. The
individual wheel control allows not only a positive influence on handling and traction, but also offers
significant advantages with regard to the longitudinal and lateral dynamics, because an individual force
distribution is possible [69]. Additionally, the elimination of a heavy motor in the front or rear area changes
the position of the vehicle's center of gravity. In case of usage of four in-wheel motors, the center of gravity is
located in the geometric center of the vehicle, which optimizes the driving characteristics [178].
Recuperation: Energy recuperation in electric vehicles can be performed more easily than in conventional
vehicles. The electricity, which can be stored and reused, can be generated by regenerative braking without
losses through additional components such as gearbox, differential, etc. At in-wheel-motors, recuperation can
be done directly by the motor itself, if the motor is used as generator. This enables to brake with the vehicle,
whereby the conventional mechanical brake has to be used only for emergency situations [13].

Despite the fact that an in-wheel solution offers a number of crucial advantages over other technologies for
electric vehicles, there are disadvantages and several technical barriers.
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Unsprung weights: Anderson and Harty [5] reported that the obvious impact of implementation of the in-
wheel motors in the vehicle consist in the increase of its unsprung weight. The unsprung weight thus leads to
reduction in the road grip properties of the vehicle [122]. Less obvious effects are presented by increase of the
yaw inertia and improvement in torque response rate. In addition, by increasing the unspring weight, the
unsprung resonance frequency decreases and the sprung acceleration in the low frequency range increases.
Humans are most sensitive to the vertical vibration of 4-8 Hz. Therefore, an increase of the sprung acceleration
in this range due to increase of unsprung weight significantly reduces the comfort level [112]. In addition, a
groundbreaking article on the unsprung mass shows that while perceptible differences occur with increasing
unsprung mass, these differences are generally small and probably undetectable to the average driver [5].
Cooling: The available drive torque depends on the power capacity of the motor and, in addition to the
efficiency, on the cooling [52]. However, even by a high efficiency of the in-wheel motor, there are significant
losses and heat impacts at the windings of the motor are occurring [145]. This heat can be dissipated by an
active (liquid) or passive (air) optimally designed cooling system.

Limited power output: The weight and dimensions of electrical machines are scaled with the required torque.
In such a way, the weight of the wheel increases with rising power [21]. As a result, by using gearless direct
motors, the available power is limited.

Sealing and ingress protection: Motor sealing systems that protect the in-wheel motor against environmental
influences cause a disadvantage, which is that the motor operation must be guaranteed at various environmental
conditions that are typical for the automotive industry sector (e.g. IP-6K9K protection). Friction losses as well
as possible high circumferential speeds of the seals must be taken into account. The selection of a material
combination is not a trivial task in this case [59].

Safety aspect: Another disadvantage relates to the functional safety of the in-wheel motor. An illustrative
example of this problem is selective torque control on the wheels, because incorrect adjustment of the torque
on the wheels causes undesirable jerking along the vertical axis of the vehicle [59].

Misuse: The requirements on mechanical components inside the in-wheel motor are particularly high. It is
necessary to ensure that the complete system continues to be functional even in case of misuse or threat of
operation. It is also necessary to anticipate any unexpected (vandalism) and predictable (curb, potholes on the
road) situations during motor usage. For example, one of the most important parameters of the electric motor
of the in-wheel-motor is the air gap between the stator and the rotor. The air gap must not average below the
minimum value under all driving situations and loads. Avoiding these external loads and at the same time
transmitting the drive torque to the wheel is not a trivial task that could therefore only be solved by developing
special devices. However, the functionality of the motor must be provided under all driving situations and
loads, otherwise there is a risk of malfunction, which would lead to the defect of the whole vehicle and building
of a dangerous situation on the road [134].

Costs: Another disadvantage is the costs associated with the high cost of some motor components as well as
development costs. In comparison to other drive concepts, in-wheel motors are 1.5 times more expensive than,
for example, a central drive motor [151]. In addition, nowadays, such technology is not a mass-produced
product, which significantly increases its cost.

Considering all relations between advantages and disadvantages, it becomes clear that the in-wheel motor, as
a key component of drive technology, has a realistic prospect. However, commercialization of the in-wheel
motors has yet to be achieved because of the difficulty of miniaturizing the motor [36]. Numerous successes
in research and development are only a small step towards to the market introduction of the technology into
the broad masses [102]. All technical obstacles should therefore be overcome in the coming years.

2.4. Situation on the Market

The above-mentioned advantages and disadvantages lead to a rising interest for in-wheel motors. An idea of
an electric vehicle as well as the idea to place an electric motor inside the wheel are not new. The in-wheel
motor first appeared in 1884 by the patent of the Wellington Adams, who patented an electric wheel motor
equipped with a complex gear [3]. As it was mentioned in the introduction, the so-called Lohner-Porsche was
built with four wheeled electric motors, but due to the use of lead batteries, which itself weighted 1800 kg, it
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was too heavy. An in-wheel motor or also called wheel hub motor, is an electric motor which is placed inside
the wheel. The technology of in-wheel motor is going through a renaissance nowadays. Recently, there have
been increasing reports that a number of OEMs developing electric vehicles with motors inside the wheels and
each organization is quick to extol the virtues of in-wheel motors, especially versus internal combustion
engines [135], [152],[169]. In the following, the most important developments of the last 20 years are
discussed.

2004: Michelin, in cooperation with Peugeot, developed the Michelin Active Wheel, in-wheel motor which is
installed as a rear-wheel drive in the Peugeot BB1 car and was first demonstrated in October 2008 at the Paris
Motor Show. For this system, a traction motor without collector and with a vibration damping system is used.
However, due to the high cost of such an electric motor with excitation by permanent magnets, its application
as a drive system is rather preferable by integrating an in-wheel motor without vibration control system. Mainly
because of increase in dimensions required for the design. Presented in-wheel motor has a total rated power of
30 kW and only 58 Nm torque and each wheel module has a total weight of 43 kg [33].

2005: The collaborative project by 35 participating companies and under managing by Keio University called
Eliica, developed an electric vehicle that uses in-wheel motors as the main drive with the target to achieve a
maximum instantaneous speed of 370 km/h as well as a 0-160 km/h-acceleration time of 7 seconds,
representing a motor performance that exceeds all types of existing sport cars [184].

2006: Bridgestone's Dynamic-Damping In-wheel Motor Drive System uses an inner rotor type. The system
overcomes the disadvantage of unsprung weight by using the motors themselves to function as vibration
dampers. The special feature of the motor is the spring system and two tubular dampers that insulate the motor
from the unsprung mass. In-wheel motor of Bridgestone claims improved performance for advanced electric
vehicles with their dynamic-damping system [27].

2012: The Fraunhofer Institute for Manufacturing Technology and Applied Materials Research (IFAM)
presented its first wheel hub motor LARA in 2015. This in-wheel motor was specially designed for high torque
density. The Fraunhofer in-wheeler is based on a permanently excited synchronous machine with an external
rotor. The power electronics is located in the stator and is also liquid-cooled as the stator windings. The motor
thus has its continuous power of 55 kW (72 kW peak power) and continuous torque of 700 Nm (900 Nm peak
torque). According to [45] and [89], the motor can be integrated into a 15" rim and weighs 42 kg.

2013: The Australian startup Evans Electric has developed a drive system for electric vehicles comprising four
motors. They are integrated directly into the four 19-inch wheels of the Mitsubishi Lancer Evo3. The disc-
shaped motors are three-phase machines with a continuous power output of 75 kW and torque of 625 Nm [42].

2014: The ECOmove company with their in-wheel motor Qwheel present a powerful and compact electric
solution for the powertrain. Based on a compact PMAC traction motor, the full power-train is located within
the wheel. The developer gives an option to choose what should include the system: traction, braking (disc
caliper, hand-brake and regenerative braking) and steering. In such way, a variety of requirements for torque,
acceleration, speed and wheelbase are covered. The low-version of the system consisting the traction motor
with gear has a total weight of 21 kg and delivers up to 44 kW power (24.5 kW continuous) and up to 490 Nm
torque (384 Nm continuous) in each wheel [44].

2016: In 2016, the automotive supplier Schaeffler presented the current development status of its "E-Wheel-
Drive" project with highly integrated in-wheel motor Gamma which is the third generation of Schaeffler
developments. A single unit delivers up to 42.5 kW (continuous output 26 kW) and generates a torque of 810
Nm (continuous operation: 500 Nm). With a total weight of 53 kg, the wheel hub drive weighs 31 kg compared
to a conventional wheel with wheel bearing and brake [37].

2019: At the Electric and Hybrid Vehicle Technology Expo in Stuttgart, Elaphe Propulsion Technologies
presented their in-wheel motor L1500 for low-volume series manufacturing. The highlights of L1500 are their
extremely high torque (up to 1500 Nm and 650 Nm continuous torque), high power output (up to 110 kW and
75 kW continuous power), low weight (34.8 kg) and unique, compact packaging. The special feature of the
Elaphe is that the torque can be achieved without using any gears and the motors fit inside a 19-inch or larger
wheel rim. The main idea of Elaphe is to integrate a developed motor in vehicles ranging from small cars to
SUVs and light commercial vehicles with little or no compromise or re-engineering of the existing wheel hub
and mechanicals, that is why the motor is compatible with rear, front and four-wheel vehicles [46].
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2020: One of the most successful design solutions is the in-wheel motor of Protean Electric, one of the flagship
companies in the in-wheel motor industry. Their current model, the PD18 has an integrated inverter, integrated
control electronics and software controller. This integrated system of electric motor and control is called a
system with distributed architecture. Here, the individual components are interconnected by a common
information network to improve the reliability and safety of vehicle operation. In case of failure or incorrect
operation of the system components, the motor reduces its performance, which does not lead to complete failure
of the complete device. The motion controller of each motor is integrated by the corresponding control system
in the vehicle, thus, it is possible to organize the process of control of the whole vehicle taking into account the
variety of operating modes. As a result, a complex integrated component with obvious advantages over
analogues with up to 80 kW power output (continuous power 60 kW) and up to 1250 Nm torque (continuous
torque 600 Nm) with a motor weight of 36 kg is achievable [137].

Figure 2.5 — Compact wheel module from: a - Schaeffler [147] and b - Protean Electric [136]

Since 2018, there has been a rapid further development and mutation of in-wheel motor sense and nowadays it
is presented by corner modules (see e.g. Figure 2.5, (a) and (b)). It is caused by a specific need for mobility,
making special vehicle concepts with corner modules necessary. Stakhanovites like Schaeffler and Protean
have developed an innovative wheel module for this task, including the in-wheel motor and wheel suspension,
along with the vehicle suspension system and the actuator of the electromechanical steering [147].

Common to all the concepts presented is that complicated manufacturing technologies are used, especially for
the electromagnetically effective components. For traditional vehicles, excess weight in the structural design
of the transmission is no critical point. But for the wheels, there is a completely different principle. That is why
the total weight refers to the quantitative criteria as a criterion for the wide application and market expansion
of the in-wheel motor. The next comparison criteria defined for the examination of the existing in-wheel motors
are continuous torque and continuous power. The values of named criteria were presented in the literature
mentioned above. To evaluate the criteria and distinguish between torque and power the weight of presented
in-wheel motors was used. The trends of the relations of the torque/weight and power/weight relations over the
last two decades are accordingly presented in Figure 2.6.
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Figure 2.6 — Trends of the power/weight (a) and torque/weight (b) relations

12



State of the Art

From the trends presented in Figure 2.6, (a) and (b), it becomes clear that in-wheel motor technology is
gradually improving its quality performance of the considered criteria. The "strongest" representative on the
market of in-wheel motors nowadays is a motor L1500 from Elaphe Propulsion Technologies with 2.2 kW/kg
and 18.7 Nm/kg. The results for the year 2020 look stagnant, which is due to the fact that at the time of analysis
only data for a quarter are available.

2.5. Existing in-wheel motors with air gap winding technology

As it was mentioned in 2.3 the main disadvantage of in-wheel motors is the additional weight which increases
the amount of the unsprung weight in the vehicle. Therefore, by the development of the in-wheel motor a
special attention on the lightweight design should be paid.

Since 2011, the Department of Mechatronics of Institute of Mobile Systems at the Otto-von-Gericke University
Magdeburg developed, built and tested under the leadership of Prof. Dr.-Ing. Roland Kasper in-wheel motors
with special winding — air gap winding (Figure 2.7). This special winding represents an ironless winding. An
ironless winding is a winding that has no iron material between the conductors. The advantages of motors
based on ironless winding technology are the following: lower losses compared to conventional motors, which
enables to reach high efficiency in combination with a high power density. Relatively simple motor design is
characterized by the fact that the motor requires only a low amount of conductor material and back iron, so by
using of the innovative air gap winding in the permanent excited electric machine can be realized the material
savings while keeping the equal magnetic flux density [20]. As a result, the motor with air gap winding has a
compact lightweight design and therefore is especially attractive in the application area of electromobility. The
first systematic study based on the air gap winding was performed by Borchardt in [17] and [19], where
parametric model of a novel electrical machine that allows fast and precise magnetic circuit calculations was
presented. And also, the ironless air gap winding technology was patented in 2013 under patent number
WO02013/029579 A2 [92].

rotor back-iron permanent

magnet

one phase

/ N

stator

back-iron
Figure 2.7 — Principle of the air gap winding [20]

The first prototype of an electric machine with the air gap winding, also known as Elisa I in-wheel motor,
represents the lightweight construction concept for the application in automotive, shown in Figure 2.8, (a). The
in-wheel motor Elisa I arose from the third-party funds research project sponsored by the state of Saxony-
Anhalt in Germany in cooperation with the local state companies [54]. The Elisa I motor was planned as a pure
motor for test bench measurements with the idea to use methods for the further serial production. Special
feature of the motor is the near-series design, characterized by the integration of power electronics, universal
connection to suspension system of the vehicle and the application of modern calculation methods for the
simulation of mechanical, electrical and thermal properties of the motor. Therefore, it was particularly
improved the magnetic components in terms of materials and geometry, as well as to reduce friction losses of
the bearings by adding ball bearings in order to influence the efficiency and power density of the motor. The
result of this project is the prototype of the in-wheel motor with such highlights as nominal torque of 300 Nm
and nominal power of 40 kW provided by the casted stator with app. 300 mm outer diameter and the 100 mm
magnet length [96]. The prototype with a weight of only 20 kg delivers a power-weight ratio of 2 kW/kg [97].
Nevertheless, project Elisa I met some problems in manufacturing method, whereupon was developed project
Elisa II, see Figure 2.8, (b). In Elisa II design, the functional components were placed differently and calculated
more specifically in order to meet the requirements for suspension space and weight. The in-wheel motor is
calculated for the integration into a 15” rim. By using of a brake concept with internal brake caliper, the motor
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can be combined with a wide range of common chassis systems. A further feature of the developed motor is
the use of a lightweight sandwich structure consisting of balsa wood in the area of the side covers of the rotor
to keep the unsprung weight of the motor as low as possible. Elisa I motor has more reliable construction and
is made with higher accuracy. Power of the motor is declared by 40 kW by rated torque of 300 Nm. The motor
is operated with maximal current of 100 A and voltage of 400 V. The motor weight is only 20 kg without
breaks and 25 kg with breaks [188].

Figure 2.8 —a - In-wheel motor Elisa I [188], b - In-wheel motor Elisa II [188]

As the next step of development based on the in-wheel hub motor Elisa II an in-wheel motor called Editha was
developed, which can be mounted on the non-modified rigid axle of the Smart Fortwo. The service and parking
brake system, the wheel carrier, the electrical connections and the cooling supply lines were designed to suit
them in the given installation space of the vehicle. Another specific modification is running on the secondary
bearing position that is designed as a thin-section four-point contact bearing with a flange ring to absorb tilting
moments during braking [100].

In parallel with research activities aimed at improving the innovative winding technology, several projects have
been initiated to implement this technology in other applications. The most technologically advanced follow-
up project was 4.5 kW in-wheel motor for lightweight electric scooter with a speed range of up to 45 km/h, as
it shown in Figure 2.9, (a). Flexibility and scalability of the motor design and its highlight - air gap winding,
made it possible to develop a perfect design by unique integration of the motor into the rim at the total weight
of the motor by 2.7 kg. This allowed to keep the total weight of the scooter by 32 kg. The structural feature of
this motor was the flat stator design, which allowed the motor to have air-cooled cooling system [96].
Another example of air gap winding application is the project dedicated to a generator integrated into trailer
wheels. This generator is used to recuperate braking energy, which can be used for the operation of various
additional units such as a refrigeration system. The designed generator can generate up to 30 kW of power at
speeds of up to 350 rpm. This air-cooled generator, integrated in the trailer wheels, has a great advantage of
operating as an additional equipment without significant changes in the design of the trailer axles [96].

The extremely low power consumption of flyboats was used in the next project to overcome the range
limitations of battery-operated boats. Two slim cylindrical motors based on the air gap winding technology
(see Figure 2.9, (b)) were integrated into the flyboat, providing 11 kW of power to drive the boat. Due to the
optimization of the cooling system it allows the speed range of 600-2600 rpm for this power value. This
significant advantage helps to use low energy in the flight mode for the maximum speed, what allows to save
the energy and reduces the size of the batteries [96].
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Figure 2.9 —a - In-wheel for electric scooter [163], b — Motor for flyboat [163]

Further examples of the air gap winding technology application in mobility are electric longboard and high
torque motor for the trial motorcycle and in the area of the green energy are small wind and water mills
generators.

As the next step in the development of winding technology, the new design concept combining air gap and slot
winding with the same magnetic structure was presented by Kasper and Borchardt [91] and patented in
WO02017125416A1. For this purpose, the current Elisa I motor with only the air gap winding was modified by
the additional winding integrated in the stator back iron as a slot winding. The schematic representation of
combined winding is presented in Figure 2.10. Besides the back iron of the stator, which was modified in the
height, the active parts of the motor remained unchanged. Using this modification, the torque of the existing
Elisa I motor was increased to 480 Nm and power to 62 kW. At the same time the weight of the new design of
the motor has only 1 kg more compared to the original design.
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Figure 2.10 — Scheme of the combined winding

In addition to the above-mentioned investigations directly into innovative winding technology, by the
realization of projects and scientific activities, many issues related to different motor systems were identified
and investigated, such as:

- Borchardt and co-workers presented in [17] and [19] design and model of the in-wheel motor with air gap
winding, in [20] described the modelling and calculation of the motor with air gap winding, provided design
optimization of electrical machines with air gap winding [16] and [21], introduced the winding machine for
the automated production of the air gap winding,

- Kasper and Borchardt provided in [91] the study dedicated to the combination of slot and air gap winding
types, Kasper et.al. presented FEM modelling and measuring process of the water generator in [95] and
described a new mathematical approach for eddy current loss in the motor with air gap winding [94],

- Zornig et al. [189] analyzed the different bearing systems of the different in-wheel motors, the frictional
torques of the components and presented design aspects of the first generations of the in-wheel motors with air
gap winding in [188],

- Golovakha and co-workers presented in [57] the control solution for the developed in-wheel motors,
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- Vittayaphadung et al. [174] analyzed the deformation of the wheel hub bearing in the in-wheel motor by using
of FEM simulations,

- Sauerhering and colleagues proposed in [145] an approach to investigate the influence of cooling channel
geometry and thermal interface materials on the thermal load of an electric motor with air gap winding,

- Hinzelmann et al. in [74] investigated and described the winding process application of the combined winding
in the hydroelectric generator,

- Schmidt and co-workers in [150] defined and implemented measuring methods of an electric machine with
air gap winding based on a mathematical model and in [149] provided a deep analysis of the losses in the motor
with air gap winding,

- Stamann et al. investigated in [162] and [163] the joining technology for the air gap winding by usage of
double-sided adhesive electrical insulation films with thermally conductive adhesive layers.

2.6. Problem Statement and Objective

Considering the increasingly important role of the electric motor in transport systems, manufacturers of future
in-wheel motors for the application in electric vehicles must take into account a variety of requirements for the
motor design. According to the previous presented data recently developed in-wheel motors are available with
a power/weight ratio of 2.2 kW/kg and torque/weight ratio of 18.7 Nm/kg. However, some of these concepts
have a practical realization also in existent vehicles and even low-volume series manufacturing.

The use of the in-wheel motor variant in the electric drivetrain of the vehicle is significantly complicated,
because with the reduction of the power of the motor the use of its active volume decreases and the energy
characteristics of the electric vehicle become more limited. Thus, perspective directions of development of
processes of designing and manufacture of the in-wheel motors are on the one hand development of an energy-
efficient design of the electric motor with high power and torque and on the other hand a satisfaction of strict
layout and weight-and-dimensional characteristics. However, in achieving both primary objectives, it is also
necessary to take into account the requirements of modern designs of the in-wheel motor to ensure the
functionality, strength design and manufacturability of the relevant motor components. The implementation of
these requirements requires a new unconventional motor design with increased utilization of its active volume.
The PMSM electric machine with special winding meets this range of requirements to the fullest degree. To
close a scientific gap and to investigate a new type of the in-wheel motor, the present dissertation is dedicated.
The following is a brief outline of this dissertation:

Chapter 3 explains the parameters needed for development processes of the in-wheel motor. Theoretical basis
for the description of the requirements for in-wheel motor are known partly from Chapter 2 and it can be
extended with a market research as well as an analysis of the product environment and supplemented by
individual requests of potential users. The requirements on the part of electric motor could be explained mainly
on the requirements of the vehicle and they are considered accordingly to the specified parameters on the
vehicle. Some requirements should be determined because of the novelty of the concept of the in-wheel motor.
At the next level for the requirements, the characteristics are to be identified on the basis of market demand.
This way a coverage of all requirements from the both sides can be realized. Collected requirements will result
in a concept design which is specified in a draft version. However, the focal points are the mechanical and
electrical components of the in-wheel motor.

In order to comply with the requirements from Chapter 3, in Chapter 4 the model of the motor and its parts are
developed to clarify the structure of the motor study and to identify important cause-effect relations. The
development strategy is segmented between main parts of the in-wheel motor: the electrical and mechanical
parts and cooling system. To simplify the development of the motor, its parts will be divided into different
subsystems. The developed subsystems have to comply with the theoretically optimal model, but at the same
time manufacturing errors, a variation of the characteristics and a further simplification are allowed. The
subsystems of the motor and the applications of individual materials are to be understood as typical and they
may vary in certain applications due to different boundary conditions.

The production of the electric motor is characterized in Chapter 5 using an application of wide variety of
manufacturing technologies. Apart from the conventional manufacturing methods for the production of motor
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components, there are also technologies and processes available that can always provide specific know-how in
the field of electric motor production. This chapter focuses on the special factors of manufacturing and
determination of the manufacturing of the full-scale motor in order to further validate the findings of this
research. Based on the simulation results, topology-optimized design and material data, the technological
methods for manufacturing the developed motor of analyzed materials is established. In the following, an
implementation of the specific design for the developed solutions of the electric motor according to the Chapter
4 is carried out.

Chapter 6 concentrates on a validation of the developed in-wheel motor as well as on the impact of boundary
conditions and assumptions determined in this study. For this reason, the prototypes are metrologically
evaluated and the measured properties are analyzed. The prototypes are measured in special test stands
regarding their electrical, magnetic and mechanical properties.

Finally, Chapter 7 as the conclusion of this dissertation, summarizes presented research and concentrates on
the main results of the chapters.
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3. Study of Requirements for Development

The previous chapter showed that in-wheel motor is an innovative and perspective technology for automotive
industry. Nevertheless, a development without exact knowledge of the input parameters is difficult, because
the extreme input values can lead to oversizing the motor. This chapter explains the parameters needed for
development processes of the in-wheel motor. Theoretical basis for the description of the requirements for in-
wheel motor are partly known from the previous chapter and it could be extended with a market research as
well as an analysis of the product environment and be supplemented by individual requests of potential users.
In-wheel motors are an excellent example of a product that requires interdisciplinary thinking to meet the
requirement before prototyping can begin. The requirements on the part of the electric motor mainly depends
on the requirements of the vehicle and they will be considered accordingly to the specified parameters on the
vehicle. Some requirements must be determined because of the novelty of the concept of the in-wheel motor.
On one hand, there is no specification on the customer's part and there are a lot of degrees of freedom by
development processes and, on other hand, it brings the risk that the customer needs will be not detected or
over detected. For this reason, as many motor parameters as possible should be wrapped. The next level for the
determination of demand is the characteristics based on market demand. In this way it is possible to cover all
requirements from both sides. The collected requirements can lead to a concept design, which is specified in a
draft. However, the focal points are the mechanical and electrical components of the in-wheel motor.

3.1. Requirements for the Vehicle

In-wheel motor is a complex mechatronic system where the electric motor is integrated into a vehicle wheel.
It is the main part of the electric vehicle, but there are further important components. In practice, electric vehicle
and its subsystems have a significant influence on the motor. Therefore, a cooperation of different vehicle
subsystems is necessary to ensure the execution of basic motor in-wheel functions. In this section, the
requirements for electric vehicles are discussed, which are necessary to further develop the in-wheel motor. In
this section, some of these aspects are analyzed, some solutions are presented and some assumptions are made.

Besides the big number of generally accepted requirements for passenger vehicles like safety, economy and
others, for the subsequent development of the in-wheel motor it is necessary to highlight parameters that have
a direct impact on the development. The requirements for the in-wheel motor are discussed partly from the
point of view of the objectives and partly from the point of view of the state of the art. The most important or
general requirements for the in-wheel motor which are to be developed can be divided into the groups. The
assumed requirements can be observed in Table 3.1 and correspond to representative vehicles available in the
market nowadays.

Requirement Vehicle In-wheel motor
Geometry ° )
Weight ° °
Kinematics )
Velocity ° °
Energy °
Aerodynamics
Loads ° °
Drive layout °

Table 3.1 — General requirements of the vehicle and the in-wheel motor

Weight: To analyze the effect of various vehicle characteristics on the dimension of an in-wheel motor, various
classes of vehicles are considered. There is a big variety of passenger vehicles on the market which is classified
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in segments. The requirements for each segment vary significantly to each other. It is therefore first necessary
to select the vehicle segment and a specific modification of the vehicle in order to determine the requirements
of the vehicle in such a way that the integration capability is covered as far as possible, as well as the possible
demand, especially for urban transport.

This work does not aim to compare general characteristic of the American, European and Asian markets, it
will focus on the analysis of popular vehicles in Germany and which vehicles are most rationally compatible
for application of in-wheel motor technology. The German vehicle market, showed on Figure 3.1, is strongly
influenced by the following segments: compact cars, superminis and mid-size vehicle segments which together
represent almost two thirds of the vehicle stock in 2018.

Percentage of new car registrations

Figure 3.1 — Passenger car stock in Germany on January 1, 2019 by segments [109]

However, the segment profile of the passenger car stock in Germany is changing. It has been reported [56] that
the car stocks of the mid-size and executive vehicle classes have decreased by around 15% since 2009 and the
number of segments in some cases has gained in importance. These include above all the SUVs with a rise up
to 180.4% and an increase in their percentage from 3.2% to 6.8%. This trend is due to the fact that SUVs can
carry more people and cargo, are more comfortable, more fuel efficient and safer than other categories of
passenger vehicles [139].

For any new application of technology in the automotive field, the demand for requirements of minimum
weight is indispensable because weight influences the loads acting in the vehicle system. And loads and forces
that arise from the vehicle drive are acting directly on the in-wheel motor. The value of the loads and forces is
strongly influenced by the empty and total weight of the vehicle. According to [96] the average empty weight
of the passenger vehicle in Germany in 2018 was 1515.5 kg. For the further development of the motor, mass-
produced passenger vehicles widely known to the consumer — Audi A4 Limousine and Mercedes-Benz A-
Class A220 — were used as the target passenger cars in terms of weight characteristics. Both automotive brands
are a whole family of middle-class models with an average empty weight of 1450 kg and a total weight of 2000
kg by Audi A4 Limousine and empty weight of 1485 kg and total weight of 2010 kg by Mercedes-Benz A-
Class A220. Thus, the maximum authorized weight m,, is 2010 kg and this weight will be used in further
calculations.

Geometry: Based on the target vehicles, it is also possible to determine the size of the wheel’s rim, which limits
the assembly space for the integration of the motor. For the complete integrability of the developed motor, it
is necessary to take into account the possibility of installing the motor into a wheel of a smaller diameter, so in
the future the usage of an ultra-compact motor covers a larger range of wheel sizes. From this perspective, it
also covers a larger segment of the customers’ requirements.

A wheel by itself has to sustain a lot of load-scenarios: It carries the load of the vehicle, withstands lateral,
drive and braking forces, and also absorbs friction and heat from braking. The wheel structure should follow a
specific design so that the wheel can easily meet all these requirements. There are a lot of diverse wheel designs
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but they should always primarily ensure the safety of the vehicle. A vehicle wheel presents a complex
rotationally symmetric design consisting of rim (for mounting of a tire) and wheel disc (for attaching to a hub),
moreover, the stiffness of the wheel in the plane of its rotation is significantly higher than its bending stiffness.
The general construction of the wheel is shown in Figure 3.2, in which the letters indicate the following
elements: A — wheel diameter, B — rim width, C — humps for additional internal fixation of tubeless tire beads,
D — drop center is a bead perch of tires, E — wheel mounting surface, F — offset of a wheel, is a distance from
the wheel mounting surface to the center line of the wheel, G — hub hole diameter, H — pitch center diameter.
The significant dimensions for the wheel are a mounting diameter (4) and a width of the rim profile (B). Wheel
dimensions are usual indicated in inches.

A

Figure 3.2 — General dimensions of the wheel [64]

A limiting factor for further integration of the in-wheel motor parts and assembly units are the already accepted
target vehicles and suitable wheels for them. Accepted target vehicles are equipped with 16” wheels as a one
of several possible sizes for wheels.

A value of the drop center in radial direction and the wheel offset in axial direction serves as a geometric limit
for the further integration of the in-wheel motor. The rim base is the area between the rim flanges. Types of
the wheels according to the variants of the rim base are shown in Figure 3.3. The most advantageous option of
the variant relating to the integration criteria in the wheel is the variant of the flat base rim. However, the
installation of modern tires without any drop center is inconceivable, so a compromise had to be found between
the value of the drop center and the maximum offset to get the largest space for integration.

A o U o U o

Flat base rim

Drop-centre rim Two-piece rim

Figure 3.3 — Types of rims by the rim base

Another criterion for the wheel selection is the structural design. The distinction between structural designs of
the wheels is shown in Figure 3.4. Wheels can be represented in integral and differential structural design.
Multi-part wheels have the advantage that in case of damage only damaged parts must be replaced. In addition,
the rim width and offset can be changed relatively easy and each section of the wheel can be made with the
most suitable material, e.g. tough aluminum alloy can be used for the rim and lightweight magnesium alloy for
the wheel disc. Another advantage for the integration of the in-wheel motor is the availability of an additional
interface connection possibility by the usage of bolts that screw the parts of the rim together.
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Wheels
ﬁ“ﬁ

Figure 3.4 — Structural designs of wheels

According to the described facts, for further development, the 3-piece wheel ML of Schmidt with a size W, of
16’ is selected, which allows to achieve a working space in form of a cylinder with an outer diameter of 356
mm and an axial width of 165 mm. The grey area shown in Figure 3.5 below indicates the potential volume of
space for the in-wheel motor. More technical data for the selected wheel contains the Appendix A.

I

Figure 3.5 — Working space for in-wheel motor

2356 mm

Maximum speed: Recommended speed for vehicles on the German freeway amounts to 130 km/h, although
this speed is maximum allowed vehicle speed throughout Europe. From this point of view, the requirement on
the maximum speed of the vehicle should be increased by 10-15% to realize an overtaking of other vehicles
on the freeway. Thus, the maximum vehicle speed V,,,, was taken to be 150 km/h. The maximum vehicle
speed has a direct influence on the desired wheel speed w, and a proper influence on the maximum angular
velocity of the in-wheel motor w,,,,. It can easily be calculated from the vehicle’s speed using the wheel
dynamic rolling radius 7y, as:

Vmax

(3.1)

wmax rdyn
Wheel dynamic rolling radius 74,,, depends on the tire of the vehicle. The tire is an important link in between
the road and the vehicle. This connection between the road and the vehicle transmits all forces and moments
from the driving operation, and its transmission behavior plays an important role in the safety, handling and
comfort of the entire vehicle. Considering that the developed in-wheel motor should cover the widest possible
range of use, it was decided to use the Goodyear Vector 4 Seasons 205/60 R16 RF tire for calculations. The
technical data and characteristics of the tires are available in Appendix B. Definite tire is an all-season tire that
could be mounted on a selected wheel. All-season tires, also known as universal or multi-season tires, combine
the requirements for summer and winter weather conditions. All-season tires are developed by world tire
manufacturers as a compromise between summer and winter tires. They are easy to drive thanks to stable
cornering and strong traction in both wet and dry conditions. The main task that should fulfill an all-season tire
is a sufficient level of safety on the winter road and the convenience of driving on the summer road.
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Jazar [87] defines that the value of the dynamic rolling radius can be calculated from the radius of the wheel
without load 7,, and the radius of the loaded wheel 1y, as:

2 1
Tayn = 53% T §rstat (3.2)

3
The calculation of the dynamic rolling radius according to Equation (1.2) results in 632.8 mm for the vehicle
parameters and according to Equation (1.1), the identified maximum angular velocity of the in-wheel motor
Ny @mounts 1258.2 min™! or w4, amounts 131.8 rad/s.
Aerodynamics: Abhishek et al. [1] defines that a drag reduction on vehicles can significantly reduce the rate
of energy consumption of vehicles. The flow resistance of a vehicle depends on its shape, the medium through
which it moves and its size. In the case of a vehicle, the medium is air, which can be considered incompressible
in the usual speed range, that is why a drag resistance coefficient ¢, of the vehicle is created by the relative
movement between the vehicle surface and air [25]. Another important parameter is a frontal area of the vehicle
Ay, which is the area of the parallel projection of a vehicle to the plane that is perpendicular to the vehicle's
longitudinal axis [10]. Values of ¢, and Af for the already accepted target vehicles Mercedes-Benz A-Class
A220 and Audi A4 Limousine are similar and presented in Table 3.2.
Loades: Axleload distribution provides a portion of the data necessary for the kinematic layout of a suspension
system [70], but is also very important to consider the load distribution on the axles of the vehicle, because the
distribution of loads on the axles has a direct effect on the components and parts of the in-wheel motor. In
addition, in-wheel motors are planned which drive only one axle or, in other words, only 2 wheels. Due to this
type of motor design, there is more space for the placement of the other vehicle components and it is easier to
create an optimal load distribution of 50% on the front axle and 50% on the rear axle (Figure 3.6). This is also
based on the statement, that by the development and further calculation of the parts and components of the
motor, the load conditions will be identical for each axle. This means that the in-wheel motor has a higher
integration level and can be used in the future for any of the axles of the vehicle or together on both axes of the
vehicle to get a four-wheel drive vehicle.

50% 50%

Figure 3.6 — Axle load distribution

Drive layout: Depending on the selected drive concept, there are certain advantages and disadvantages.
However, an integration of the motor into the front wheel of the vehicle causes serious technical and physical
problems. Due to the negative effect on the driving dynamics [123], a drive layout with integrated motor in the
rear wheel is decided. This results in a more dynamic distribution of the wheel load and, in addition, an
integration in the rear wheel provides more flexibility regarding to the design of the in-wheel motor. In addition,
significantly shorter supply lines of energy source or required water cooling can be achieved.

The assumed characteristics and requirements on the in-wheel motor can be observed in Table 3.2.

Parameter Symbol Unit Value
Vehicle weight m, kg 2010
Drag coefficient Cu 0.27
Frontal area Af m? 22
Wheel size W, in 16
Dynamic radius Tayn mm 316.8
Maximum speed Vinax km/h 150
Loads distribution % 50/50

Table 3.2 — Assumed requirements of the vehicle
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3.2. Topology of the In-wheel Motor

In this section, a structural synthesis is carried out according to the functional basics of the in-wheel motor. As
a result, the possible topologies and requirements of the topology of housing elements are presented.
Thereafter, an integrability of the wheel hub bearing, as the main support element in in-wheel motor assembly,
is analyzed to satisfy the requirements of low volume and high stiffness.

3.2.1. Functional Basics of the In-wheel Motor

In this section, the in-wheel motor is described in more detail concerning its structure, and an overview of its
modules (components) and a brief explanation of their function is given. These components can be derived
from their functional principles.

As it is stated in section 3.1, the in-wheel motor is integrated into the 16 rim and it must be noted at this point
that the motor has an outrunner rotor type design as the most attractive and common option for the application
in vehicles [112].

Figure 3.7 exemplary shows an outrunner rotor design of a motor with components and a centrally positioned
wheel hub bearing as a draft design. As a traditional in-wheel motor topology, the motor stator is rigidly fixed
to the chassis and the rotor is rigidly fixed to the wheel hub bearing. The motor consists of a wheel hub bearing
unit, a fixed stator with the power electronics, an outrunning rotor running relative to the stator, and further
components and subsystems, which are described in more detail below.

Power electronics

Laminated core with windings

Stator with terminal clamps

Motor shaft with bearings

Wheel hub bearing \
e
\ o @

Rotor with magnets

Figure 3.7 — Overview of in-wheel motor components (outrunner rotor type)

Motor shaft: Firstly, the motor shaft is firmly connected to the suspension, which is a part of the chassis and
therefore of the vehicle. A rotor is placed above the bearings on the motor shaft and the rotor rotates with the
motor speed. One of the additional requirements of the motor shaft is to provide communication and supply
lines.

Stator: The stator is a central part of the electric motor, to which a back iron, windings with terminal clamps
and electronic components are attached. The cooling of the electric motor runs through the stator and dissipates
the resulting heat of the motor.

Laminated core or back iron: The back iron or laminated core consists of a magnetically conductive material
which has the function of conducting the magnetic flux bundled while keeping power losses as low as possible.
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Winding: The winding lies on the stator of the motor and generates the rotating stator’s magnetic field. The
conductors of the winding are parallel to the axis of the wheel in order to generate a torque in the required
direction.

Terminal clamp: The terminal clamps represent a connection element. With the help of the terminal clamps,
the individual wire-strands of the windings are interconnected to form a complete phase of winding. This
component reduces the number of electrical leads routed to the motor.

Power electronics: The power electronics are also integrated into the electric motor unit package. The power
electronics consists of the power section and control electronics. The function of this combination is to
commutate the individual strings according to the desired form of commutation. The electronics directly
integrated in the stator has an advantage in terms of electromagnetic compatibility, as there is no need to lay
pulse cables within the suspension.

Wheel hub bearing: The hub is mainly used to attach a bearing which allows the wheel to rotate around an
axle [54]. Wheel hub bearing is an important unit in the wheel, which influences driving safety and driving
comfort of the vehicle. A dimensioned wheel hub bearing transfers the wheel loads directly to the wheel carrier
or to the shaft of the motor.

Bearing or supplementary bearing: Bearings are the mechanical connecting element between the fixed and
rotating parts. The rotor is pivoted on the wheel hub bearing unit. Since the stator and rotor are moving relative
to each other, the bearings have the function of a low-friction running over a long period of time.

Rotor (Housing): The "outer shell" of the motor represents the housing. The housing is to protect the internal
components from external influences. At the same time housing can mean rotor, when the rotor is directly
integrated into the housing. The rotor represents the rotating part of the electric machine. This component is to
generate an equal radial magnetic flux with low losses and stability of the motor running.

Permanent magnets: Permanent magnets generate the magnetic field. The magnetic field lines from the
magnets extend across the air gap perpendicular to the axis in the stator. The magnets have a direct influence
on the torque and thus on the operating behavior of the motor.

Position detection: The rotor angle position detection is required for the motors in order to commutate the
winding phases at the right time or to be able to regulate the currents according to the rotor position.

A further possible unit of the vehicle wheel, that can be integrated into the in-wheel solution, is a braking
assembly or an adopted brake system, which is not included in the objective of this thesis.

3.2.2. Structural Synthesis of the In-wheel Motor

An aspect concerning the topology has an indirect influence on the motor performance and requires a detailed
analysis and extensive validation of the motor structure. A wide area of study on in-wheel motors is dedicated
primarily to the calculations of electromagnetically active parts of the motor, such as rotor and stator and their
interaction with each other. This is due to the fact that their parameters directly affect the performance of the
motor relatively to its generation of the most important motor characteristics — power and torque. However,
other parts of the motor, that are often called passive parts [54], also influence the motor performance resulting
in its characteristics.

One of the most important criteria for the functional purpose of the in-wheel motor is the transmission of torque
to the vehicle wheel. The central tendency for current coupling technologies in in-wheel motors is to transfer
the torque to the wheel using the wheel bolts or direct connection of the motor shaft and wheel. According to
this tendency and the variant of the motor with an outrunner rotor type, there are a lot of possibilities to organize
a structure or topology of the in-wheel motor. The outrunner rotor type is well adapted to the in-wheel motors
since the rotor is connected directly to the wheel mounting surface of the wheel [188].

Typical variant of the torque transfer is the in-wheel motor from Protean Electric, Inc., illustrated in Figure 3.8,
(a), where the standard pitch center diameter of the wheel and the standard wheel bolts are used for the transfer
of the driving torque [73]. By this configuration, the standard wheel hub bearing is directly connected to the
motor parts and causes the influence of the loads on the air gap and its constant variability from driving
operation.
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The application of a carbon fiber-reinforced polymer wheel to an integrated electric motor is the special
decoupled system shown in Figure 3.8, (b), which is the result of the development by Fraunhofer LBF during
the collaborative research project “Fraunhofer Systemforschung fiir Elektromobilitit” in the field of
electromobility [152]. Due to this design, the motor rotor part is connected to the inner area of the wheel, not
directly to the rim base. This prevents that any radial or lateral acting force will be transmitted directly to the
electric motor. The outer part of the motor is connected to the inner area of the wheel hub. The special radii
and tapered junctions based on the material properties realized in the wheel are provided for the suitable and
consistent fiber lead and for the prevention of stress peaks determined by the sharp corners or stiffness
inhomogeneity [78].

Additionally, some patented concepts of coupling could be termed, as in [15] considered, coupling solutions
for the damping of the torsional vibration for the rotor about a rotation axis of an in-wheel motor by shifting
the center of mass in tangential direction by the bearing of the wheel. Another concept of Yasuhiro et al.
describes a developed system having a structure capable of efficiently transferring the driving torque of a motor
to a wheel, equipped with a coupling [183].

a b

Figure 3.8 — Solutions for torque transferring: a - In-wheel motor from Protean Electric, Inc. [73], b -
Demonstrator of Fraunhofer LBF [152]

The most common version of common in-wheel motor topology is presented in detail in Figure 3.9. The loads
coming directly from the contact between the road and the tire are transferred to the tire through the wheel and
to the wheel hub bearing onto the suspension. The important advantage of this topology is that the in-wheel
motor can be easily installed as a one-piece unit. However, there is a disadvantage, namely that the wheel hub
bearing has multifunctional tasks — firstly, to accommodate the loads coming from the wheel, and secondly, to
ensure together with the rotor that the air gap between stator and rotor always remains approximately the same.

Figure 3.9 — Common topology and typical load transfer from the road via in-wheel motor [54]

The typical topology for the modern in-wheel motor shows the Figure 3.10, (a). The housing or rotor part, by
this topology, is clamped between wheel disc and a wheel hub bearing and, in this way, the rigid coupling is
realized. Increased safety requirements are imposed on both standard parts in this chain — wheel and wheel hub
bearing, that are standard, original, calculated and certified parts, because original parts are produced according

25



Study of Requirements for Development

to the automotive standards. According to the coming loads and conditioned by these topology deformations,
the rotor will also get a part of the loads and induced displacements caused by force flow. Any load case of the
rotor in fact has an effect on the parameters of the motor performance. Therefore, the statement that the air gap
between the winding of the stator and the magnets of the rotor may not be smaller on average than the minimum
value of all driving situations and loads contradicts this solution. To avoid external loads and simultaneously
transfer the driving torque to the wheel is a complex task, that could be solved by using a stable rotor or by
inserting an elastic coupling element between the wheel and rotor of the in-wheel motor. A stable rotor solution
means that the rotor assembly has an oversized and heavy weight construction, where the side covers of the
rotor are calculated for the bearable load. A promising alternative is the integration of the flexible coupling
element between rotor and wheel, as it is shown in the Figure 3.10, (b). The rotor part of this solution is pivoted
on both of the covers and the transformation of the torque arises through a flexibly mounted coupling element.
On the one hand, the coupling element provides a torque transmission. And on the other hand, an elastic
coupling element minimizes the influence of the external loads to assure consistent electromagnetic behavioral
stability of the in-wheel motor. Design of the rotor part of this solution must satisfy the functional requirements
mentioned in 2.2.1 and opens up the opportunity of lightweight construction.

Fr Fr Fr Fr

Elastic coupling

Force Mow

Suspension Suspension

Rigid coupling

Figure 3.10 — Variants of load transfer: a - Rotor coupled solution, b - Rotor decoupled solution

After comparing the topology options, the option shown in Figure 3.10, (b) was selected for further motor
development as an option in which the coupling element can be mounted on the rotor of the in-wheel motor
and the force flow is forwarded through the rigid wheel hub bearing. In addition, in order to research the
combined action from the wheel hub bearing and the coupling element and its influence on the air gap as well
as to provide the basis for the analysis of acting loads on the coupling element, a study of current researches
that focused on the loads and conditions acting on the wheel of the vehicle should be undertaken.

3.2.3. Wheel Hub Bearing

The next step of the structural synthesis of the in-wheel motor is to analyze a wheel hub bearing. Wheel hub
bearings are a very important part in terms of vehicle dynamics, sustainable performance and safety
maintenance [12]. Bi¢ek et al. [11] pointing out that one of the major drawbacks to exploiting the motors is
associated with the overloading of bearings. The function of the wheel hub bearing in the developed motor, as
the main bearing, is the same as by standard automotive wide use application and consists of supporting and
carrying the static and dynamic loads that occur on the wheel to the suspension of the vehicle. On the basis of
the specific boundary conditions such as installation space, operating conditions, high rigidity, reliability and
robustness, the wheel hub bearing requires to be modified to the concept of the in-wheel motor. As a result, the
rigidity must be much higher than those of a conventional bearing unit when the load is increased. Further
difficulty is provided by extremely limited installation space due to the high-power density of the motor. All
mentioned factors are leading to the obligated precise integrability of the bearing unit. Another factor that
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should be taken into account by concept is the light-weight design of the total concept. Selecting the type of
bearing that is most suitable for the vehicle ensures safety and is very important in order to achieve the required
performance. For the selection of the best bearing, one needs to consider and evaluate bearings from a variety
of solutions [125].

Therefore, three generations of wheel hub bearings differ. The first, second and third generation of hub bearing
vary depending on the integration of bearings and their peripheral components. But in general, wheel hub
bearings are comprised of similar parts with similar properties and functionality, namely bearing outer ring,
inner ring, cage, rolling elements (balls or tapered rollers) and seals.

Wheel hub bearings of the 1st generation (Figure 3.11, (a)) are compact units, which are equipped with defined
and preset bearing clearance, for-life maintenance-free grease lubrication and usually also with a seal. The
rolling elements, in this case — balls or tapered rollers, are arranged in two rows. The initial axial clearance is
properly adjusted so that the preload falls into the specified range after installation.

Wheel hub bearings of the 2nd generation (Figure 3.11, (b)) combine the economic efficiency of 1st generation
wheel hub bearings with the advantage of integrating a flange e.g. for the mounting on a brake disc or wheel
mounting surface.

Wheel hub bearings of the 3rd generation (Figure 3.11, (¢)) are highly integrated units with highest running
accuracy. They have two mounting flanges — one for the brake or wheel, and the other for mounting on the

suspension.
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Figure 3.11 — Generations of the wheel hub bearings according to [125]: a - First generation, b - Second
generation, ¢ - Third generation

In order to fulfill requests for target vehicle models, an appropriate wheel hub bearing BAR 0230 from SKF
product line was selected. Selected wheel hub bearing of the 3rd generation is a highly integrated unit with
maximum running accuracy. The dynamic load carrying of BAR-0230 is maximized by a separate inner ring
for the inside rolling element row. The wheel hub bearing is equipped with double row angular contact
bearings. According to manufacturer's confirmation [159], the used greases are intensely tested under the high
loads specific for wheels, thus the bearing is greased-for-life. Original hub bearing has two flanges to bolt the
unit to the static part of the suspension with outer ring flange and to bolt the rotating inner ring with its threaded
holes in the flange to the wheel. Characteristic benefit of the selected wheel hub bearing BAR-0230 compared
to the other variants presented in the literature [189], demonstrates precise preloading. Preload of wheel hub
bearing is achieved through specific tolerance modification, general process upgrade and innovative closed-
loop control [174].

Thereafter, analyzing the integrability of the wheel hub bearing into the in-wheel motor assembly is needed to
conduct a study on reduction of the volume of assembly space. Integration of a non-modified hub bearing unit
decreases the available assembly space V, for the motor package by 334810.285 mm?. By inserting the original
hub bearing, using the additional part in the motor assembly also required that a rigid connection to the
suspension had to be functionally organized, which also means that the additional weight of this part increases
the total weight of the motor assembly in the wheel. An additional part decreases also V,; by 1035833.7 mm?
(Figure 3.12, (a)). Another integration approach, shown in Figure 3.12, (b), shows the outer ring of the wheel
hub bearing optimized to the cylindrical shape. Cylindrical modification provides the advantage of, first off,
simplicity by mounting the motor shaft, and second off, is a reduction of the assembly space V¢ for the in-

27



Study of Requirements for Development

wheel motor by 345671.9 mm? less than the variant shown in Figure 3.12, (a). Gained volume could effectively
be used for the energy, cooling and communication supplies.

Figure 3.12 — Variants of the integration for the wheel hub bearing: a - Non-modified wheel hub bearing unit,
b - Modified wheel hub bearing unit

3.3. Requirements on the Elastic Coupling

In the previous section it has become clear that a topology of an in-wheel motor presents a great design
challenge because the loads are transferred from the driving to the wheel and directly to the motor. Particularly
critical driving situations in which thresholds or holes are run over or in which lateral contact of the tire, e.g.
with a curb happens. Using the example of an in-wheel motor, the air gap between the winding of the stator
and the magnets of the rotor is one of the most important parameters of the electric machine, which must not
fall below a minimum value under all driving situations and loads. To minimize the influence of external loads
on these critical motor parameters, the drive side of the motor is decoupled from the wheel or vehicle by means
of an elastic structure described above.

The elastic coupling is to limit the transmission of deformations and forces due to driving maneuvers to the
electric motor integrated into the wheel and thereby to minimize the influence on important parts and
parameters of the motor such as an air gap or a supplementary bearing. Previous selected outrunner designs of
the in-wheel motor presents a transmission of the forces of driving maneuvers through the wheel hub bearing.
These forces have to minimally influence the relative position between rotating and non-rotating parts of the
motor. However, a total weight of the wheel and an integrated in-wheel motor must be minimized caused by
unsprung weight. Equally important is to use low-cost supplement bearings. To realize this variety of functional
area, a coupling elastic element can be used. This element is intended to nullify the deformation to the parts of
the motor and to lead them on a separate power transmission path directly to the suspension of the vehicle. A
particular advantage of this transmission structure is that the external forces are not transmitted to the parts of
the in-wheel motor, but at the same time the driving torque is forwarded from the motor to the wheel.

In this section, the variants of realization of the elastic element are described combined with the loads, which
need to be transferred through the wheel hub bearing. Typical loads acting on the wheel during the driving
maneuvers are determined by the standard and real tests for the conventional wheel, as one of the most loaded
and rigid parts in the chain between road surface and suspension.

3.3.1. Loads on the In-wheel Motor

As suggested by Frajnkovic et al. [54] loads acting on the in-wheel motor could be discerned based on their
origin of the internal and external loads. External loads are loads from the environment and connections of the
motor. And internal loads are loads that the motor creates during its operation. The most important sources of
internal and external loads are represented by Figure 3.13.
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Figure 3.13 — Loads acting on the in-wheel motor

According to the requirement of the in-wheel motor stability formulated in the objective of this thesis, the
highly sought loads introduce loads with driving maneuver background. The forces and moments acting on the
wheels and originating from the driving maneuvers firstly are the vertical, transverse and longitudinal dynamic
loads.

Vertical dynamic loads include components of the centrifugal force during cornering, load on the rear axle
during acceleration, load on the front axle during braking, road unevenness, disruptive factors, e.g. bumps,
potholes and thresholds as an impact load [25].

Vertical dynamic loads are caused by the vehicle motion. The centrifugal force acting on the center of gravity
of the vehicle causes additional load on the outer wheels and the inner wheels are partially relieved. In addition
to the effect of the centrifugal force, the outer front wheel is loaded by cornering. The cause of this is the
inertial force, which counteracts the directional change (Figure 3.14).
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Figure 3.14 — Wheel loads during static load, braking and cornering [82]

The load on the axles also varies during braking and acceleration. During braking, the front axle is additionally
loaded, while the rear axle is more relieved (wheel load transfer to the front axle). Therefore, the rear brakes
are not as effective as the front brakes: less friction forces are generated on the rear tires because the friction
force is proportional to the wheel load (Figure 3.14).

A pitching moment is generated during acceleration, which is compensated by wheel load transfers. Therefore,
the front axle is relieved and the rear axle additionally loaded. Figure 3.15 shows an extreme case of
acceleration: the front axle of the vehicle is loaded so high that no load on the rear axle occurs.
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Figure 3.15 — Pitching moment while: a - Braking, b - Accelerating [118]

During driving unpredictable shock factors can occur. This can be caused by bumps, thresholds or potholes. In
addition, the road surface leads to vertical movements due to unevenness. Heifling and Ersoy [70] has already
noted that a frequency range up to approx. 30 Hz is expected, which makes it a relatively large excitation source
for the vehicle.

The horizontal loads are part of transversal dynamics and occur by cornering. The horizontal dynamics of the
wheel as well as the tire skew is very significant for the tires and thus also for the driving behavior and safety.
The last kind of loads are loads from longitudinal dynamics: drive and braking torque. The driving torque is
generated by the motor and redirected to the wheel. Braking torques come from disc or drum brakes, thereby
the friction force, which acts through the brake pad on the disc or drum is multiplied by the force arm. The
moments are limited by the road grip of the tires. If a torque value becomes too big, the tire slips on the
roadway.

Each revolution for the wheel is a cyclic load. Heim and co-workers [68] reports, that during the operating
distance of 300 000 km approx. 1.5 x 10% oscillation cycles are generated. As aresult, wheel tests must be taken
into account not only for strength under static loads but also fatigue loads.

In order to estimate the influence of the loads transferring through the wheel hub bearing and functionality of
the elastic element by decoupling of the rotor part, a simplification of load scenario needs to be realized and
critical load case scenarios need to be determined.

3.3.2. Critical Load Scenarios and Generation of the Loads on the In-wheel
Motor

The previous section demonstrates how the vehicle and driving manoeuvres of the in-wheel motor interact with
different loads from the main vehicle function - driving. The complexity of loads and their combined acting
during driving can be simplified by the model of wheel deformation. The analytical model of the deformation
in a present case is a complex problem due to the following reasons:

- rotation of the rotor causes continuous change of the load’s application with the connection of the wheel to
the in-wheel motor,

- the magnitude and direction of the load is not constant,

- dynamic loads, assembly and manufacturing errors, the connection’s deflections and environmental influence
also cause difficulties of mathematical modeling.

To obtain a determination of generated end loads acting on the wheel, there are the forces and moments acting
on the wheel simply explained. These loads are three-axis forces, which is longitudinal force F,, lateral force
F,,, vertical force F,, and three-axis moments — heeling moment M,., twist moment M,,, and aligning moment
M, (see Figure 3.16).
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Figure 3.16 — Forces and moments acting on the wheel

For further contemplation, all loads are split into three directions: radial loads resulting from the wheel loads
in the direction of the wheel center line, axial loads resulting from the lateral forces and driving or braking
torque.

The vertical force F, acting in the vertical direction is composed of a static and dynamic component. The static
component results from the vehicle weight and the axle load distribution. The axle load distribution depends
on the center of gravity and the dynamic component depends on the driving condition. To estimate the real
wheel loads, the driving tests are required. For example, a determination of the dynamic part of the loads is
possible by crossing of predefined thresholds, whereby the wheel is accelerated in vertical direction. Since the
wheel is slow and damped, the wheel load F, acts in the opposite direction. Irmscher et al. [86] described the
measuring wheel WFT-Cx that can estimate the real wheel load F,, which has a linear relation to the speed of
the vehicle and increases with the speed of the vehicle.

According to [25] a linear relationship between vertical force and velocity of the vehicle that can be described
by Equation (3.3):

F,=0,036-V, + 3,8115 3.3)

For further modeling, a vehicle speed of 50 km/h was assumed, as permitted maximum speed in built-up areas.
This results in wheel load F, of 10.3565 kN.

The axial load on the wheel results from the lateral forces. The lateral forces on the tire arise when the wheel
is turning at a slip angle a in distinction from the vehicle direction. Typical value for slip angle reaches at the
maximum 12°. Relationship between the slip angle and the lateral force is up or down to £3° linearly dependent
on dry road conditions. To determine the height of lateral forces F,, a driving test should be administered. It
has been suggested [71], that by the fluctuating of the lateral force F, by +10 kN, a maximum wheel load of F,
of 10kN is expected.

The torque load results from the driving torque and the braking torque. Additionally, the emergency braking
torque should be considered as a critical load case. Figure 3.17 describes braking torques for different vehicle
segments. The braking torques at 1g complying with compact or medium and upper or luxury class vehicles
works out at M,, = 2000 Nm.
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Figure 3.17 — Braking torques for different vehicle segments [71]

Consequently, there are three critical load cases for the further modeling identified further as radial load Fy of
10.4 kN, axial load of F, = 10 kN and torque load of M, = 2000 Nm. In addition to the loads from electric
traction, these loads must be taken into account for the sizing of the in-wheel motor and for determining of the
elastic coupling element parameters.

3.3.3. Transfer of Torque by Elastic Element

The possible use of an elastic element as a coupling to reduce the loads and thus the deformations transferring
on the rotor can fulfill requirements of integration into the in-wheel motor. However, the determination of
arrangement, type and position of the elastic element becomes a major factor, because this part of design
depends on a great variety of factors.

Elastic element in the sense of the machine part represents a coupling. Couplings are machine elements which
main function it is to transmit torque and rotation by frictional or positive connection from one rotating part to
another. As an additional task, couplings can compensate axial, radial and/or angular misalignment. A flexible
but torsionally rigid compensating coupling (see Figure 3.10, (b), 3.2.2) is required between rotor housing and
wheel. It is also possible to compensate torsional shocks and vibrations with coupling. If the connection
between two elements is to be disconnected during operation, switchable couplings are used. Non-switchable
couplings are used if it is not necessary or possible to make the coupling releasable/switchable. The next
classification criterium is flexibility of couplings, while the flexible couplings are distinguished between
torsionally stiff and torsionally elastic ones. Flexible couplings or compensating couplings are designed to be
moveable and torsionally flexible in order to compensate misalignments, vibrations and torque shocks. In order
to ensure that the selected coupling fulfils all the functions required, coupling must be selected according to
various criteria in addition to some basic factors such as mounting, manufacturing, wear, service life and
susceptibility to failure.

In order to use a coupling in an in-wheel motor, it must fulfil more requirements in addition to the main
requirements mentioned above. For example, the installation space is very important, because the space
between the rotor and the wheel is very limited. Another important requirement of the application on vehicles
is driving comfort, which has its origin in unsprung weights. Therefore, it must be ensured, that the unsprung
weight, which includes the weight of the coupling, is reduced to its minimum value. In principle, there are
several standard variants of such couplings, which can find an application on developing the in-wheel motor.
Standard solution in the area of flexible couplings can be represented for example by metal bellow couplings
or lashing couplings.
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Figure 3.18, (a) defines a typical metal bellow coupling. An approach of metal bellow coupling enables to
compensate horizontal and angular movements [155]. However, in-wheel motors are also loaded with vertical
forces by the transmission of torque and by deformations of the wheel. The metal bellow coupling could break
by the application of loads of this kind, what results in the complete functional failure. This fact makes the use
of the metal bellow couplings impossible and they are not further considered for the in-wheel application.

As a transmission element by lashing coupling, shown in Figure 3.18, (b), configure integrated lashes, what
allows to transmit a force from one coupling part to another. In the core of the lashes there is an elastic package,
which function it is to compensate for radial, axial and angular misalignments. An advantage of this coupling
type is the option to vary the flexibility of the lashes to become a different characteristic of compensation. At
first glance, it might seem logical that the lashing coupling as a coupling system for the application in in-wheel
motor requires an additional space in axial direction, but that does not meet the requirements of minimal
installation space. A further difficulty relates to the adaptability of the in-wheel motor through the use of such
a coupling, requiring the integration of lashing accessories for the connection to the rotor and wheel.

a b
Figure 3.18 — Standard variants of couplings: a - Metal bellow coupling [115], b - Lashing coupling [166]

The standard methods of torque transmission and decoupling of load influence are implemented in many units
of the modern vehicle. Further development is focused on the solution of the principal problem with the help
of the integration of the elastic element directly into the rotor housing and using available interfaces of the
multiple wheel. That allows to solve the problem at a significant level and at the same time to satisfy the main
requirements of compensation of loads and side requirements of weight, certain flexibility by material selection
and mountability in in-wheel motor.

The task above can be solved by special designed tooth coupling. The main requirement on the tooth is to
demonstrate an elasticity, preferably bending elasticity, with value which prevents tilting and thus an unwanted
transmission of force without reducing the torsional stiffness for transmission of the driving torque. And the
tooth must also be connected to each other in such a way that a form-fit connection is created that blocks one
degree of freedom, while the other degrees of freedom are not restricted in their movement and a movable,
detachable connection is created. Developed solutions in the area of transmission elements and their contact
areas with separate additional part for the rotor (a) and for the wheel (b) are presented in Figure 3.19.
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Contact areas

Figure 3.19 — Variants of contact areas for developed coupling structure: a - With separate additional part for
the rotor, b - With separate additional part for the wheel

The approach with a separate additional part for the wheel (Figure 3.19, (b)) allows to compensate the rotor
body for loads coming from the wheel by the degrees of freedom in the directions shown in Figure 3.20, with
F, as an axial and Fy as a radial load represented. An additional part of this solution is mounted directly to the
three-piece wheel with screws that realize the assembly of the wheel. A disadvantage of this solution is obtained
by the connection of the second part of the structure on the rotor, which brings an additional junction to the
whole system.

Figure 3.20 — Loads compensation by the elastic element with separate additional part for the wheel [91]

The compensation possibilities of the second variant of solution with a separate additional part for the rotor is
shown in Figure 3.21. The elastic coupling element presents a ring with cut-outs, further called slots, and the
second part of the transferring structure are the screws of the three-piece wheel with turned ends. The
cylindrical screw ends engage in these slots and have the function to connect outer and inner ring. These screws
are movable in radial and axial direction in the slots, thus no deformations from the wheel are transmitted to
the rotor of the in-wheel motor. Additionally, the screws have a connection on the side surface of the slots in
the tangential direction and are able to forward the torque to the wheel. The main requirement for this solution
is expected from the material of coupling element, which relates to a high torsional strength caused by the
functional use of the in-wheel motor.
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Figure 3.21 — Load compensation by the elastic element with separate additional part for the rotor [91]

Both solutions, with a separate additional part for the wheel or for the rotor, comply with the main requirements
for the elastic coupling element. As the next step of the analysis it was decided to implement an additional
requirement as manufacturing complexity in order to develop more of the variants. At first sight, both solutions
are thin-walled rings with big diameter/length relation and additional slots in longitudinal direction by the first
variant and keys in transversal direction by the second. In the first production step, both coupling elements can
be produced by turning. The solution with a separate additional part for the wheel has rectangular slots with
sharp edges. The required slots have an important design feature - two flat surfaces are perpendicular to each
other. The use of conventional production methods in this case involves rounding off the shape of the teeth and
the slots. However, the necessary slot geometry can be achieved with a special tool such as the angle milling
head. An angle milling head allows to produce a slot that cannot be reached with standard axis kinematics and
tools. In addition, the rotor must be equipped with teeth that can be engaged as an elastic coupling element.
The elastic element with a separate additional part for the rotor is in technological advantage by the usage of a
standard end milling process. The favorite design also requires an application of standard parts — screws of the
three-part wheel, which must be adapted by conventional turning.

As an additional requirement, a contact between two parts of the coupling can be analyzed. As already
mentioned in 3.3.1, a flexible coupling element is also cyclically loaded by the drive. Due to the specific design
of the flexible coupling element, a contact surface is more advantageous for possible wear and occurring
contact stress, since a contact in this case is two lines (contact between a cylindrical body lying on the plane
surface).

Based on the additional requirements for the elastic coupling element, the solution with an additional part for
the rotor has the highest value and is therefore selected as the preferred solution for further detailed design and
simulation.

3.4. Motor Requirements

This section contains an analysis of the requirements for the electric motor for the in-wheel system. For this
purpose, first of all, the traction force for the target vehicle and basic requirements for the electric motor of the
in-wheel system are defined. Regarding the electric motor system, the synchronous motor with permanent
magnets, as an electric motor type with the highest potential of application in the automotive industry [141], is
described and analyzed. Furthermore, the motor requirements of parameters primarily related to output power
and torque are determined. This approach is applicable as checking procedure for the determination of motor
parameters. The analysis of limiting load characteristics of the motor is carried out by the condition of providing
the constant torque mode and constant power mode in the range of driving scenarios and operating
characteristics. Subsequently, the significance of using a cooling system was determined on the basis of the
determined motor parameters.
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3.4.1. Energy Demands of the Vehicle

The extension of the in-wheel system to passenger vehicles faces significant difficulties, as the use of the active
volume of the motor decreases with the reduction of the unit power of the electric motor. Conversely,
restrictions imposed on the unsprung mass of a passenger vehicle require a significant reduction in the size of
the motor, which in turn is accompanied by a decrease in its specific energy characteristics and is in
contradiction with the availability of a limited power supply on board of an electric vehicle. The requirement
for high energy performance is valid for all parts of the electric power transmission and, above all, for integrated
electric motors. The movement of an electric vehicle in an urban environment is characterized by frequent
stops and subsequent acceleration to a specified speed. Analytical study of this movement is usually carried
out by using the experimental speed graphs. The characteristics of the movement of an electric vehicle in a city
depend on its structural design and the functional purpose of the vehicle (transportation of mail, public services,
etc.) and have to be developed for each city separately with regard to its characteristics. The most responsible
mode of car traffic is acceleration from parking to maximum speed and gradeability on a slope. Therefore, to
determine a driving performance using in-wheel motors certain requirements have to be fixed:

- Maximum speed of 150 km/h (see 3.1),

- Driving a slope of 30%,

- Acceleration from stillstand to 100 km/h in at least 20 s,

- Grade on a street curb.

The general vehicle movement can be mathematically described with the general principles of mechanics.
Traction effort F; is transferred to wheels and is acting in the direction of movement of the vehicle. By the
movement of the vehicle also traction resistances Fy, occur as tire rolling resistance, aerodynamic drag and
grading resistance. When the F; value exceeds the F;, value, the vehicle starts moving in the direction of F;
and it can be expressed by the Newton’s Second Law of Motion as:

v Y F, —YF,

—_—=— 3.4

dt m,
According to Equation (3.4), traction effort F; must be provided by the in-wheel motor system. In order to
derive the requirements for the in-wheel system, it is necessary to define various requirements for the integrated
electric motor.
For determination of the main requirements for the integrated motor, the forces acting on the driving vehicle
and having the greatest impact on these requirements must be identified. The forces of traction resistance
include aerodynamic drag F4, rolling resistance F,.; and grading resistance Fj,.,4 as it is shown in Figure 3.22.
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Figure 3.22 — Forces acting on a vehicle
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An aerodynamic drag F,, is the resistance to the air flow and depends on the air density p;,, the acrodynamic
drag coefficient of the body of the vehicle c,,, the frontal area of the vehicle’s body Ay, and the speed of the
vehicle V in accordance with the Equation (3.5):

1
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The rolling resistance F,; of the vehicle wheels in contact with the road surface mostly depends on the rolling
resistance coefficient f,.., which furthermore depends on the rolling resistance as a function of the driving speed
and according to recommendations in literature [50] have a value of 0.017 at 150 km/h. Taking into account
the dynamic radius r,,,,, an expression for the force of rolling resistance could be expressed as:

_ fr

Frd -
Tdyn

my g (3.6)

To assess the traction effort F; and power required to drive at maximum speed, the road is considered to be
strictly horizontal. Then an expected resistance force F;, at maximum speed requires a power P, that can
be calculated by multiplying by the maximum speed V,,,,:

Prech = Fir * Vinax (3.7

Vnax 1 determined above in section 3.1 in compliance with the requirement of the target vehicle. According
to Equation (3.7) and predefined and precalculated data, the required power to achieve the maximum speed of
the vehicle has to be 69.9 kW. For simplification of the future calculations, the required power of 70 kW was
accepted.

Maximum traction effort is also determined by the slope of the road, which needs to be crossed either in short-
time mode or permanently. Normally the maximum slope for passenger vehicles is to be found on multilevel
parking and mountain roads. For parking areas in Germany, the road angle a is brought up to 30% or 17° [50].
Accordingly, an analysis of grading resistance Fy,,q should take into account both, the force of rolling
resistance and the projection of the force of gravity:

Forga =my,- g (sina + Iy : €oS a) 3.8)

rdyn

In order to be able to make an explicit statement about the suitability of the developed in-wheel motor, the
required drive torque M., related to one wheel can be illustratively calculated based on the value of Fj.qq.

1
Miyecn = E ' Fgrad *Tayn (3.9)
At this point, a decision about the motorization of the vehicle axis can be made by the distribution of required
torque on one or two axes. Required drive torque value is 1080.5 Nm and can be provided from the one axis
of the vehicle. However, motor torque M,,.., for each in-wheel motor is expected by 540.25 Nm which is
suitable for traction as well as for braking.

For the further determination of parameters of the motor, the following assumption is made: vehicle climbing
grade with a maximal speed V.4 of 75 km/h, whose value is half of the value for V... Accordingly, a power
demand for a situation, where a 30% slope is climbed by the vehicle, has a value of 71.1 kW per in-wheel
motor. Comparing the required power values for two critical applications of a motorized vehicle, it can be
concluded that the electric motor of the in-wheel motor must be calculated in accordance to satisfy the power
demand.

The power needed for acceleration from stillstand to 100 km/h in required time t,..4 (20 s) is calculated as:

Vol m
Prech = = (3.10)

treq
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The height of curb that must be climbed by the vehicle has an important role during parking maneuvers. An
electric vehicle has to be able to overcome the same obstacles as vehicles with internal combustion engine
have. According to [14] the curbstone height in Germany ranges from 10 cm to 12 cm. The length of the lever
arm depends on the climbed curb height and radius of the tire and can be calculated as:

l,=+/2 h. 1, — hZ (.11

The amount of driving torque M, that the electric motor has to deliver to overcome the curbstone can be
calculated by:

m'l]
Myecn = la'T'g (3.12)
The results of calculated torque and power values as requirements of the in-wheel motor presents Table 3.3:
Requirements Torque M, ocn, Nm Power Py, o, kKW
Maximum speed by 150 km/h 265.7 70
Driving a slope of 30% 540.3 71.1
Acceleration from stillstand to 100 km/h in 20 s - 87.25
Grade on a street curb 1133.3 -

Table 3.3 — Torque and power needed for the fulfillment of requirements of the driving performance of the
in-wheel motor

Also, it should be paid attention to the operating mode of the developed in-wheel motor. As an example, Tesla
Motors’ vehicles can be introduced, which have a high-power density of 4.5 kW/kg [2]. However, this
parameter is given for short-term operation and tests show, that the Tesla Model S is losing its dynamics after
a short time due to motor protection from overheating. In addition, under normal conditions, the specified 515
kW power is not needed so often that the motor has time to warm up significantly, so that the normal driver
does not have to struggle with the power limitation mode during normal daytime operation. In this regard, the
overload conditions for the developed electrical motor are required to be determined as 70 kW power and 565
Nm torque value.

3.4.2. Parameters of the Motor

Common strengths of motors for electric vehicles are high efficiency, optimal controllability and a very small
environmental impact [90]. Further important aspects of electric machines for an immediate in-wheel
application are as follows:

- the maximum efficiency level for continuous operation,
- high efficiency ratio over the entire speed range,
- a limited value of unsprung masses,

- a torque overload ability in accordance with the power supply capacity (current, voltage and power
limitations) and significant torque reserve for improved driveability and gradeability,

- low noise level (including magnetic origin),
- absence of contacts, simplicity of maintenance.

Graphic representation of the load characteristics of an electric motor for achievable driving performance can
be displayed in a torque-speed diagram as in Figure 3.23. This diagram provides information that the motor is
able to be operated backwards and forwards, as well as that the motor can be driven and braked (see e.g. [40]
and [76]), which is a significant aspect for an application in an electric vehicle. The main focus of this diagram
is the area in which the vehicle moves forward, as this is the main function of the vehicle. The forward braking
area corresponds to the operation of the motor as generator to recuperate the kinetic energy of the vehicle.

Furthermore, there are two ranges that are distinguished: the constant torque range (basic speed range) and the
field weakening range. In the first range, the continuous torque (nominal torque) or the peak torque for a short
time (e.g. acceleration or climbing a curb) can be specified and is already available for starting. In case that
speed is increased at nominal torque, the mechanical power also increases until the nominal power is reached.

38



Study of Requirements for Development

That is why for the possibility of rotational speeds by nominal power the torque must be reduced with
increasing speed. By these conditions a range of constant power is realized. Therefore, the electric motor has
to be able to demand higher power to deliver the discussed range of specified motor performance scenarios.

range
of field
constant  weakening
M i / lorque range

driving driving
backwards forward

braking braking
backwards forward

Figure 3.23 — Torque-speed diagram for permanent magnet synchronous motor

From the diagram it is possible to calculate the current, voltage and electrical power limits of the motor. A
torque-speed diagram can be influenced by relatively simple parameter variations, for example by varying the
number of pole pairs, what allows to define any operating point of the motor in a relatively simple way. It is
also necessary to consider the fact, that an in-wheel motor is a system that is operated under conditions of
limited power supply. These are limitations e.g. of maximum current of supply cables, battery current and
voltage, etc. This circumstance inevitably develops an electric motor to ensure the operation of the motor in
two control ranges: left and right from of the nominal speed. It should be noted that the control downwards of
nominal speed can be provided by the torque constancy mode and control upwards can be provided by the
power constancy mode.

The fulfillment of in-wheel motor requirements leads to the implementation of new non-traditional motor
designs with increased active volume level. The last mentioned is possible due to the application of the
synchronous motor with permanent magnets or so-called PMSM by using a special combined winding.

The torque generating in a PMSM motor takes place in the magnetically active air gap between stator and rotor.
To generate a sufficiently high torque in the installation space limited by the wheel, the motor must have a
specific force density related to the air gap to be as high as possible. The actual torque generation is based on
the main effect of the force effect in the magnetic field. One part of the meandering copper winding is the air
gap winding and another part is the slot winding. The air gap winding is glued onto a thin foil directly onto the
stator back iron and the slot winding is inserted into the slots of the back iron. The cross-section view of the
winding phases is shown schematically in Figure 3.24. The meander-shaped structure and changing orientation
of the permanent magnets corresponds to the alternating current flows in the respective phases. Since all three
phases together are as wide as a permanent magnet, each magnetic pole can be used at the same time for torque
generation by using the Lorentz force. This results in an evenly variation of torque over the total circumference
of the in-wheel motor.
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Back iron '

Figure 3.24 — Schematic diagram of combined winding [17]

Interactions that are responsible for energy conversion can be explained on the basis of the physical appearance
of the Lorentz force. The Lorentz force is a force which acts on a current carrying conductor (combined
windings) in a magnetic field. The general Equation for the Lorentz force according to [20] is:

F,=1l,-1-By (3.13)

with the current I, the length [, interspersed by the magnetic field, the magnetic field By. For a common
torque, it must be ensured that each individually formed force acts in the same direction. For this purpose, the
current flow directions must be the same. The generated motor torque for combined winding can be
approximately calculated as a torque that is proportional to the number of pole pairs, the magnetic flux of the
permanent magnets and the air gap radius, as Equation (3.14) describes:

Me,=2-pp-rag-FL=pp-rag-lCC-I-BH (3.14)

Thus, the motor torque is at first depending on the variable string current, the final proportional relation
between torque and current is expressed by the motor constant k,,:

My =ky-1-By (3.15)
ky, can be expressed as:
kv =2py 1 lcc "By (3.16)

The same motor constant k), can be used for the proportional relationship between induced counter-voltage
U, and angular frequency of the motor wy,:

Uy = wy - iy (3.17)

An electric quantity flowing through the cross-section of a circuit is an amount of current in the circuit.
Consequently, the electrical power is directly proportional to the potential difference and the current in the
circuit (see Equation (3.18)):

P, =Uy-I (3.18)

Thus, from the calculation of the required torque of the electric motor for an in-wheel motor, it can be seen
that the motor constant k,, and the value of the magnetic field By have a leading influence. It is worth
mentioning that k,, depends on the motor parameters, which are essentially geometric. And the influence on
the value of the magnetic field can be achieved only by two options: Either the selection of the magnetic
assembly or application of different materials. Furthermore, advanced parameters of the motor with air gap and
slot winding can be determined according to the approaches highlighted in [90][19] [20][91].
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3.4.3. Losses and Cooling of the Motor

High output of mechanical power in the in-wheel motor results in a big amount of generated heat. Losses are
occurring in the form of heat, that must be dissipated via cooling, which is explained in this section. Due to
this, a considerable attention must be paid on various loss effects for the electric motor. Losses occur during
the converting of electrical energy into mechanical energy. Generally, these losses are expressed by the
efficiency, which describes the relation between input power and output power. Efficiency provides
information about the supplied and removed power and the proportion of losses regarding a motor [26].

Pmech

Nmotor = Pel (3 19)

First, mechanical losses occur in the form of friction at the motor bearing and sealing or due to the air drag
resistance. Copper losses are the biggest source of inefficiency in motors. These losses describe losses of energy
as heat losses due to the electrical resistance of the wire used for winding [51]. The current I by the copper
losses is quadratic and this means that with increasing load, the copper losses increase exponentially.
Additional losses in form of iron losses, including eddy current losses and hysteresis losses, losses in the core
are arising. Iron losses depend on motor speed and are minimized by the use of a core material with low
remanence and high electrical resistance, which is often achieved through special lamination. In addition,
because the magnetic field in the motor windings changes over time, these changings cause eddy currents in
electrically inactive parts [117]. The eddy current loss occurs in the form of heat and heat accumulates in the
iron parts of the motor. Further sources of losses in motor are insignificant and include magnetostriction,
electromagnetic radiation and dielectric losses in materials used for core isolation and windings.

According to the second law of thermodynamics, a process in which energy conversions occur, results in heat
dissipation. This heat must be dissipated from the process, with its system boundary, for example an electric
motor, otherwise the temperature of the system would continue to rise and components of the motor could fail.
Considering the cooling methods for the in-wheel motor, a comparison between the cooling methods and the
cooling medium can be made. Surface cooling, internal cooling and closed-circuit cooling are the three main
cooling methods [40]. The mentioned cooling methods are designable as direct or indirect cooling. In case of
indirect cooling, there is a spatial separation between the heat source and the heat sink, e.g. by heat-conducting
walls. In case of direct cooling, the cooling medium (heat sink) is in direct contact with the heat source.
Closed-circuit cooling is an indirect form of cooling in which the primary cooling medium is conveyed in a
closed circuit and the heat is supplied to a secondary cooling medium. This concept enables intensive cooling
of closed cooling structures using fluids (water, water glycol mixture, etc.) instead of air as a coolant. In the
literature, there are several applications of the closed-circuit cooling to electric vehicles using a water jacket in
the machine housing [124] [186].

From 3.4.1 it is known that the electric motor is able to provide twice as much of the nominal torque for a short
time, with an intensive heat emission being expected. A necessary requirement for the operation of the motor
is the ability to dissipate resulting heat loss for every required application. For these purposes, active circuit
cooling of the windings as the part of the motor, which is most exposed to heat, is required. Therefore, an active
liquid cooling for the windings limits the winding temperature T, 4, to 125°C according to the automotive
thermal requirements [8]. Furthermore, as the target in compliance with the automotive thermal requirements
according to [8], a Grade 1 with the temperature range from -40°C for winter conditions to T, pq, for the
maximum motor coil temperature was accepted, thus a high thermal stress on the in-wheel motor system is
expected.

The highest temperature differences occurring between the windings and the cooling channel essentially
depend on the thermal resistances [145]. From the technological and manufacturing point of view, thermal
resistances of windings are the electrical insulation of the wires, any production-related air gaps between parts
and the distance to the cooling channels and their internal resistance. An effective cooling has to be able to
keep the temperature difference between the copper winding and the cooling fluid as small as possible. In
addition, a low flow resistance in the cooling channels, a small temperature difference between the inflowing
and outflowing cooling medium and a maximum difference of 10°C is also required. From this perspective, a
sufficient thermal conductivity and a thin layer of insulation and adhesive bonds between the motor
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components are required. These requirements prevent possible mechanical stress by excessive temperature
differences. The findings of the cooling requirements can be considered in more detail within the development
process of the in-wheel motor.

3.5. Motor Weight Requirements

In addition to the requirements analyzed in the previous section for the driving performance, the driving
behavior is an important parameter in terms of human perception [24]. In this section, the requirement for the
lowest weight for the developed in-wheel motor system and possible solutions of this problem are presented.

3.5.1. Unsprung Weights Consideration

Unsprung weight or non-suspended weight is an important parameter, because it is a key part of the total
evaluation, engineering and development of a vehicle. Traditional development of chassis always has the goal
to keep the unsprung weights as low as possible in order to guarantee a high level of driving behavior, which
depends on the compromise between agility, driving safety and driving comfort. For example, human
perception of a vibration in vertical direction between 4 and 8 Hz and a vibration between 1 and 2 Hz in the
transversal direction are considered to be annoying and uncomfortable [58]. The vehicle's suspension, as a part
of the chassis, has the main function to isolate and to absorb vibrations caused by road disturbances [157].
Nishioka in [122] estimated, the larger the so-called unsprung mass is (i.e. the mass of unsprung parts such as
wheels, pivots and suspension levers), the worse the vehicle's road holding performance will be due to
variations of the road engaging the force of the tire when the vehicle is running on an unstable road. The
integration of an electric motor in the wheel serves additional requirements with regard to the vehicle dynamics,
because the weights of the motor and necessary components add up to the unsprung weights, therefore a more
precise analysis of these effects is necessary. Some preliminary work focused on the effect of unsprung weights
has been carried out by [5] and [6], however there are still some critical issues like high vibration frequency
up to 80 Hertz that can act on the embedded electronics [151]. There was a study done by Watts et al. [177]
and a very rigorous analysis conducted on a very difficult situation with a relatively small and lightweight
vehicle (Ford Focus). By the evaluation of both variants (without and with additional unsprung weights on the
wheel) in terms of objective, numerical as well as subjective measures were found, so that there is a difference
in how the vehicle behaves, but that difference could be recovered with traditional riding and handling
techniques. Several further studies addressing to unsprung weights, for example [121] and [176], have been
carried out. They conclude, that increase in unsprung weights causes negative influence on vertical and pitch
acceleration of the vehicle, that can lead to degradation of the vehicle driving behavior. Otherwise, integration
of the in-wheel motor is possible by the rebalancing the vehicle parameters to achieve the best driving
performance. In [167] the authors also show that the added wheel mass has no effect on the stability of the
vehicle and that the frequency response is within the accepted comfort range. More recent evidence proposes
that the suspension system of a standard vehicle can be used for an in-wheel application without loss of comfort
or safety [172].

To overcome the disadvantage of unsprung weights an active suspension system has been developed, e.g.
Bridgestone has designed the Advanced Dynamic Damper Motor —a technology to control the unsprung weight
of the vehicle [114]. It involves the usage of the vibration absorption system, where the motors provide the
function of vibration dampers. This means that the vibration of the electric motors is compensated by their own
vibration from the road and tires, which improves the stability and comfort of driving. The Bridgestone proves
to be a success of this approach, as unsprung weight management provides reliability and durability of the in-
wheel motor. A further example of a solution to the problem of unsprung weight is Michelin's experience with
Active Wheel technology [110]. By Active Wheel an integrated in-wheel motor control system compares and
optimizes the weight balance of the wheels. With a significant mass of unsprung vehicle components such as
an in-wheel motor (up to 40 kg), the importance of this control system increases.

The arguments provided above prove that chassis components can and must be adapted to the higher unsprung
weights in order to reduce the negative effects of unspung weights. Nevertheless, based on the assumption that
the effect of the increased unsprung weight on the driving behavior is acceptable, minimizing unsprung weights
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by minimizing the total weight of the in-wheel motor has an attractive potential for additional improvements.
An approach of the weight limitation through the lightweight design of the in-wheel motor has been taken into
account in this work to minimize the influence of unsprung weights on dynamic loads and to optimize the
vehicle’s performance.

Lightweight design criteria have to meet two areas conflicting with each other. At first sight, the total weight
of the motor must be kept as low as possible to reduce the impact of non-suspended weight on the vehicle
performance. And, at the same time the low weight decreases the stiffness of the motor parts, which can affect
a value of the air gap and, accordingly, the main function of the electric motor.

3.5.2. Material Analysis

The easiest method for a lightweight construction is to use materials with a low density. Currently in literature,
only a few application examples of lightweight technologies for in-wheel motors can be found. Recently within
the MEHREN research project, the Schaeffler AG is working on the next generation of in-wheel motors, shown
in Figure 3.25, (a), together with Ford and Continental as well as the RWTH Aachen University and the
University of Applied Sciences in Regensburg. However, the main objective of this project is rather to find an
area for a multi-engine electric vehicle with highly efficient use of space and energy and uncompromising
driving safety [178].

There are other projects where the lightweight construction of the chassis is the main research trend. Another
example is the research project FAIR in which BMW Group, Schaeffler AG and DLR develop a concept with
an axle e-drive and a 2-step gear box [138].

The LEICHT project is also more oriented towards a significant weight reduction by integrating the motor in
an intelligent way through the development of innovative lightweight chassis systems, taking into account the
electrical drives [75].

Via the application of a carbon fiber reinforced polymer wheel with an integrated electric motor, shown
in Figure 3.25, (b), and demonstrated by Fraunhofer LBF in the field of electromobility, the reduction of weight
and noise emissions is being researched, with the application of high modulus fibers in fiber reinforced plastics,
compared to the use of metal instead [55].

Figure 3.25 — a - In-wheel motor from Schaeffler AG [178], b - Demonstrator of Fraunhofer LBF [153]

The overview of above introduced concepts shows that there are many possibilities of lightweight solutions for
e-mobility, based on the application in in-wheel motors. But there is a lack of information about the precise
use of sandwich structures of carbon fiber reinforced plastics and aluminum foams. Therefore, it seems to be
necessary to introduce what potentials carbon fiber reinforced plastics and aluminum foam applications have
for the lightweight concepts of in-wheel motors.

Material analysis is one of the important stages in motor design. Each material has its own unique properties,
which determine the degree to which its tasks are fulfilled. From another point of view, material selection is
aiming for the identification of future manufacturing processes [47].

For applications ranging from satellites, aircraft, ships, automotive, rail cars, wind energy systems and
bridge construction, the use of sandwich structures increases rapidly. Sandwich constructions have many
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advantages for the development of parts that have always been solid and can therefore be given a new design
in lightweight structures. Sandwich solutions are being extensively and increasingly used in lightweight
constructions because they are light in weight, energy efficient, aesthetically attractive and can easily be
handled and built [168].

The sandwich structure, as it is shown in Figure 3.26, has always the same basic idea: two facings (skins) which
are relatively thin and have high-strength characteristics, enclose a relatively thick and lightweight core with
specified stiffness in a direction that is normal to the faces of the structure [136].
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Figure 3.26 — Structure of a typical sandwich [136]

There are many alternative forms of sandwiches known by combining different facings and core materials. The
facings can be steel, aluminum, wood, fiber reinforced plastics etc. The core part can, for example, be made of
cork, rubber, plastics or synthetic or metal foam materials [35]. The possibility of combining materials to form
sandwiches enables optimum designs to produce particular applications. In such a way, the positive properties
of individual materials can be combined and the negative properties can be eliminated in sandwich structures
[71.

Carbon and glass fiber reinforced plastics: The use of fiber reinforced composites in vehicles has grown
significantly, but mostly through the application of glass fiber reinforced plastics in areas of vehicle body parts
[113]. These composites have a high specific stiffness and strength and excel conventional steel and cast
materials in terms of fatigue strength and thermal expansion. Fiber reinforced composites are created by
combination of fibers in a matrix. Carbon fibers possess much higher strength than fibers of glass. This is why
they rather fit into applications that require a high stiffness.

Carbon fiber reinforced plastics have densities of about 1.3 to 1.8 g/cm?, glass fiber reinforced plastics are in a
range of about 1.8 to 2.2 g/cm3. However, a high level of engineering costs must be taken into account by
replacing conventional materials through fiber reinforced plastic composites. But for prototypes, the in-wheel
motor can be used to show what kind of potential exists in terms of weight savings [136].

Metal foams: Metal foams are a new class of materials with low densities and novel physical, mechanic,
thermal, electric and acoustic properties [7].

The biggest advantage of metal foams is a low density in combination with a high stiffness. The cellular
structure also allows a very good energy absorption and damping capacity. The first series of applications in
mechanical engineering as a lightweight construction and damping element and in automotive engineering as
crash absorbers have proved this statement to be true.

In the production of metal foams, a large number of variants of forms and parts could be realized. The variety
of products based on metal foam sandwich technology shows Figure 3.27. A goal is to obtain varieties that
have suitable forms and shapes for further implementations in lightweight designs for in-wheel motor parts.

Figure 3.27 — Variety of products based on metal foam sandwich technology [136]
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3.6. Preliminary Results

In the presented chapter, the requirements for the in-wheel motors are determined. Firstly, to limit the possible
area of application, assumptions and requirements according to the target vehicle based on the most widespread
segments of the passenger vehicle stock in Germany were made. Furthermore, the topology based on the
functional basics of the in-wheel motor was described and structural synthesis of the motor topology was
performed. A wheel hub bearing was selected as a rigid element in the force flow. A wheel hub bearing is
required to satisfy two conflicting properties: minimal weight and maximal stiffness. From this point of view,
a wheel hub bearing of the 3™ generation was selected. According to the established topology, requirements on
the elastic coupling element were developed. For this reason, loads acting on the wheel were classified and the
most critical load scenarios were considered and subsequently, the generation of the critical loads for the in-
wheel motor was carried out. As a possible solution in the area of torque transfer, the standard couplings were
observed and a need of special coupling structure was detected. The presented two variants of elastic coupling
are able to meet not only the requirement for torque transfer with different contact areas but also with different
manufacturing demands. In addition, a technologically less difficult variant was preferred in order to avoid
potential challenges in production during further development. The performance of the electric motor was
investigated by the requirement on the energy demands of the target vehicle. For this reason, a general
description of the vehicle movement was mathematically transcribed to determine the typical resistance and
energy demands of the driving performance. Therefore, certain operating conditions like the maximum speed
of 150 km/h, driving a slope of 30%, acceleration from stillstand to 100 km/h in at least 20 s and grade on a
street curb were fixed. Depending on the operating condition, there were parameters primarily related to each
other and output power as well as torque for these conditions were specified. The analysis of limiting load
characteristics of the motor was carried out based on the condition of providing the maximum torque and
maximum power in the range of operating scenarios. Hereupon, according to the determined motor parameters
and thereby resulting losses, the importance of using an active cooling system was derived. The foregoing
discussion was attempted on the most contradictory condition of the in-wheel motor — the demand for the low
weight, caused by the requirement on the high driving performance by the high driving behavior. The main
aspect here is that an unsprung weight attributable to the in-wheel motor was considered as a reason that this
effect would not be prohibitive according to the known developments and research. However, to keep unsprung
weight low is certainly a design requirement. The most common method for lightweight construction were
analyzed materials with a low density and lightweight technologies according to their application on the in-
wheel motor. Modern lightweight technologies — aluminium foams and carbon fiber reinforced polymers in
designs for in-wheel motors were decided to reduce the weight of the motor.

A brief description of technical requirements for the in-wheel motor according to the analysis as well as
summary data of parameters and characteristics are presented in Table 3.4.

45



Study of Requirements for Development

Requirement Symbol Unit Value

Requirements on the vehicle

Vehicle weight m, kg 2010

Wheel size w, inch 16

Structural design of the wheel multi-part wheel

Working space mm 356 x 156

Dynamic radius Tayn mm 316.8

Maximum speed Vinax km/h 150

Drag coefficient Cw 0.27

Frontal area Af m? 2.2

Drive layout with load distribution rear-wheel, 50%
Requirements on the topology

Brake system not included

Wheel hub bearing BAR-0230, modified

Angular stiffness of wheel hub bearing C; Nm/° 5500

Requirements on the elastic coupling

Radial load Fp kN 10.4

Axial load F, kN 10

Torque load M, Nm 2000

Loads compensation

Technological easy elastic element, part of the rotor

Requirements on the motor

Electric motor type

PMSM, outrunner

Maximum angular velocity Nmax min™! 1258.2
Nominal power P, kW 70
Maximum power Prax kW 87.25
Nominal torque M, Nm 565
Maximum torque M ax Nm 1133.3
Temperature range Ty min - Tw max °C -40 ... +125
Requirements on the weight
Target weight my, kg Less 20

Desired materials

Standard materials, CFPR, Al-foams

Table 3.4 — General parameters for development of the in-wheel motor
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4. Development of Concept-dependent Components

The previous chapter clarified that requirements for the development of the in-wheel motor are highly variable.
Interrelation and interdependence of requirements have a significant influence on the performance of the
electrical motor. In order to comply with the requirements that are critical for the motor, the model of the motor
and its parts serve as a development instrument to make the structure of the motor study more comprehensible
and to identify important cause-effect relations. The development strategy is segmented between main parts of
the in-wheel motor: the electrical and mechanical parts and the cooling system. To simplify the development
of the motor, its parts were divided into different subsystems. The developed subsystems have to comply with
the theoretically optimal model, but at the same time manufacturing errors, a variation of the characteristics
and a further simplification are allowed. Certain boundary conditions can be drawn from empirical engineering
knowledge. The subsystems of the motor and the applications of individual materials are to be understood as
typical and they may vary in certain applications due to different boundary conditions.

4.1. Electrical Part

The development of the electrical motor first begins with the rotor configuration, because the rotor has a
geometrical limitation of the wheel. The stator with its components and other motor relevant parts are described
below.

4.1.1. Rotor

Since the first bounding constraint is already accepted as the maximum diameter of the working space for the
developed motor, the second restriction represents materials that can be applied for the parts of the rotor before
final design and implementation could be started. Further rotor calculation depends directly on these two
boundary conditions. As an additional restriction, a minimum distance between the rotor outer housing and the
outer diameter of the considered working space of 3 mm is assumed.

4.1.1.1. Materials and Designs

For the development phase, firstly, standard materials are taken for all parts to define the main concept of the
in-wheel motor and to have a reference for the next analysis.

Figure 4.1 demonstrates the biggest parts of the motor, which are the covers and the housing of the rotor. These
parts are very suitable with more potential in the area of weight reduction. They present a thin-walled structure
that ideally fits for an implementation of lightweight concepts like aluminum foams or carbon fiber reinforced
plastics.

Lightweight
housing of thi
Lightweight Ousi?)%o(r) g
cover
Lightweight

/ cover

Figure 4.1 — Selected parts of the motor for implementation of lightweight concepts
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In a first step, a new design of rotor housing and cover parts made of aluminum foams was developed according
to the requirement profile. The concept presented in Figure 4.2, (a) includes two metal foam parts — right and
left covers. For both covers SAS-structures were selected which consist of 3 layers: 0.5 mm thick facings in
this case and 5 mm aluminum foam builds the core. The stability of the rotor housing made only from CFRP
is not especially high and can cause vibrational loads. The use of the sandwich for the rotor housing consisting
of aluminum foam core and CFRP facings increases the stability of the parts. Both designs also include parts
for the bearing from one side and the threaded connection from another side (see Figure 4.2, (b)).

a b

Figure 4.2 — Concepts of rotor: a - Rotor housing of aluminum foam (sandwich), b - Development of a hybrid
of aluminum foams and CFRP

Table 4.1 presents a comparison of the approximate weights of designs for the motor parts using lightweight
technologies. Compared to standard materials, aluminum foams and CFPRs are lighter and have a potential for
weight reduction, but technologically they are not characterized as the easiest way during the manufacturing
process. This points out the fact that standard materials represent a more realistic approach for the
manufacturing of the first prototypes of the developed in-wheel motor and the usage of the presented
lightweight technologies, as it is explained in the following sections.

Standard CFPR Aluminum Combination,
Component / materials foams CFPR + Aluminum foam
Variant of version
Weight, kg
Rotor assembly 10.3 8.84 8.07 8.45

Table 4.1 — Calculated weights of rotor assembly

Details regarding the considered material for rotor back iron is presented in the literature (see e.g. [16] [17]
[21]). The rotor back iron is made of a ferromagnetic material with nonlinear permeability, which provides a
1.97 T magnetic flux density and saturation at 50 kA/m. Variants of rotor back iron and its relevance are more
detailly described in the following section.

As it was presented in 3.2.1 and 3.4.2, permanent magnets have a direct influence on the motor development
and future driving performance. The best magnetic material in terms of remanence flux density and coercivity
is NdFeB [34]. That is why sintered NdFeB magnets currently appear to be the most promising solution. The
main advantage of these magnets is the obtained value of the energy product (BH),,4,, Which is the largest of
all known materials with up to 5 T by ambient temperature and higher [28]. Secondly, NdFeB magnets are
characterized by a high Curie temperature of about 160-170°C for types with an operating temperature of 80
°C [43]. The remanence flux density depends on the magnet temperature and as the magnet heats up, it is
reflected in an increase in current to produce an output torque [179]. For this reason, the main requirement for
the operation of the motor is to create operating conditions under which the magnets never enter the irreversible
demagnetization zone to avoid their demagnetization. However, NdFeB magnets are produced to cope with
operating temperatures up to 200°C nowadays, which opens up a broad perspective for their application. One
of the most important and essentially determining advantages of NdFeB magnets in terms of economics is their
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relatively low price in comparison with other types of known magnetic materials. NdFeB also has better
mechanical properties compared to e.g. SmCo-magnets, which is important for the production process [4]. As
mentioned by Hackmann [61], other magnets like ferrites or AINiCo-magnets provide a low energy product
(BH)max and these magnets would require too much material to achieve the desired energy density in the air
gap. In order to make a choice with regards to the requirement on maximum temperature (see 3.4.3) for
prototyping purposes, the generic material N45SH as a material for permanent magnets was used. NdFeB
materials are sensitive to corrosion and react with oxygen in an untreated state resulting in very fast oxidation.
Therefore, NdFeB magnets need a corresponding surface protection. This is realized by using Ni-Cu-Ni
coating. The parameter values of accepted material are presented in Appendix C.

4.1.1.2. Number of Magnets and Magnetization Type

The number of magnets n,, has a significant influence on the motor performance. According to Equation (3.14),
the pole pairs number or doubled number of magnets is proportional to the torque M,; and can be recognized
as a pure geometrical coefficient. On the one hand, a maximization of the number of magnets leads to increasing
motor torque, but on the other hand there is a complex of restrictions caused by the geometrical limitations of
the inner diameter and the length of the rotor part and manufacturing limits of the magnet width wy,.
Considering the given rotor outer diameter in accordance with physically limited working space of the wheel,
the first restriction on the rotor inner diameter Dy, has its maximum at 350 mm. Therefore, the distance of 3
mm is provided as a gap between wheel rim and rotor housing.

In case of a high number of magnets (n,,>100), the difference between the width of the magnet and the arc
length required for its mounting consists of less than 0.001 mm. Assuming that the length of the arc is not
relevant for the calculation of the number of magnets, this difference can therefore be neglected for further
calculations.

The distance between the two magnets must consider the tolerances in magnet manufacturing. The tolerance
range used for the manufacture of 10 mm wide magnets is £0.1 mm. By reducing the tolerance range, the
manufacturing of magnets becomes considerably more expensive [164]. According to the relevant tolerance
range and to the dimension chain, the minimum distance d,, between the magnets requires at least a value of
0.2 mm. Under these circumstances, this parameter may have a higher value and may be adapted for the
required even number of magnets. The potential number of magnets can be calculated as:

- Dy,

n I e————
M dy +wy

4.1)
In this work, two magnetization types — a conventional radial magnetization and a Halbach array magnetization
— are presented with the target to minimize the weight of the rotor part of the developed motor, while the
magnetic flux density in the air gap between stator and rotor is maximized and maintained.

Conventional radial magnetization requires a back iron of the rotor. Therefore, the magnets are mounted on the
back iron with alternating polarity as shown in Figure 4.3, (a). The function of the back iron is to provide the
containing and conducting of the magnetic fields. To describe the behavior of the magnetic flux density in the
air gap by the variation of magnets, the parametric model was built upon a numerical finite elements’ method
analysis (see [21] for a model description). According to this model, a height of 5 mm for the back iron allows
the magnetic flux density to reach up to 1.10 T in the air gap.

As the next step of development, the inner diameter D;,. for the mounting of magnets has to be reduced by the
height of the back iron and has a value of 340 mm. The rotor back iron as a fully cylindrical part is presented
in Figure 4.4, (a). According to Equation (4.1), the developed motor by conventional radial magnetization can
be implemented with the number of magnets n,, = 104.
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Figure 4.3 —a - Magnetic circuit design for conventional radial magnetization [21], b - Shaping of the back
iron of the rotor

A possible solution to minimize the weight of the back iron of the rotor is shaping, as it is showed in Figure
4.3, (b) and Figure 4.4, (b). From this point of view, it is possible to make radial grooves with R,,, of 4 mm
into the rotor iron. The grooves must be positioned exactly radial to the magnet centers. A comparison of the
weight calculation of the back iron in CAD shows that the mentioned solution allows to reduce a rotor back
iron weight of about 2 kg, so the shaping can reduce the weight by 40%.

a b

Figure 4.4 — Variants of the rotor back iron: a - As fully cylindrical part, b - With radial shaping

Halbach array magnetization, first presented by Halbach has an arrangement of permanent magnets resulting
in a non-symmetric magnetic field [62]. Halbach magnetization consists of alternating axial and radial magnets
as it is shown in Figure 4.5. The key advantages of the Halbach array are that the field on the one side is
approximately doubled by the confined flux and the opposite side has a minimal stray field, which helps with
confinement and consequently reduces the chance of a flux leakage. These advantages have a significant impact
on the motor design, because the use of magnetic materials other than permanent magnets is not necessary.
Thus, there is no need to use back iron for retaining and the conducting of magnetic fields.

Further presented analyses are based on the assumption that for convenience of calculation and an aliquot
number of magnets the inner diameter D;,. is 342.6 mm. Based on this limitation, the outer diameter of the rotor
part as a support housing for magnets is considered to be 350.4 mm, which allows a 2.8 mm gap to the wheel
rim and a thickness of the rotor housing of hy = 3.9 mm. As it can be derived from Figure 4.5, the Halbach
array is represented by a double number of physical magnets. To receive the magnetic field of a magnet, two
halves of axially magnetized magnets and a fully radially magnetized magnet are required. Thus, the magnets
with axial and radial magnetization become the half of the width compared to conventional radial
magnetization. According to this, also a smaller tolerance range of £0.05 mm can be used. According to
Equation (4.1), the number of magnets n,, for Halbach array can be calculated by 112 pieces. In terms of the
tolerance range, the width of one magnet with radial or axial magnetization ny,, is 4.7+0.05 mm. It is
important to highlight that the weight of the rotor housing for magnets is only 1.38 kg if it is made of
conventional aluminum alloy.
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Figure 4.5 — Halbach array magnetization

Under the considered conditions, remarkable differences by the magnetization require additional weight and
volume by conventional radial magnetization. Research by Borchardt et al. [16] suggests that the comparison
of the weight of magnetization arrangements by conventional radial magnetization and Halbach array provides
an option of a weight reduction of about 51% of the rotor unit weight.

A simple comparison can be organized using Maxwell to observe the difference in magnetic fields by using
dipole and Halbach array arrangement. The following simulation shows two identical configurations according
to material and geometry, whereby the plate of the back iron in dipole variant is made of steel (Figure 4.6, (a))
and for Halbach array made of aluminum as depicted in Figure 4.6, (b).
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Figure 4.6 — FEM-simulation of magnetic flux distribution for: a - Standard dipole, b - Halbach array
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Figure 4.7 — Results of simulation of magnetic flux density for: a - Standard dipole, b - Halbach array

The simulation results shown in Figure 4.7 provide that Halbach arrays have clear advantages over a standard
dipole magnet configuration. The back iron of the rotor proves to be more effective in reducing leakage,
although its influence on improving the magnetic field density in the air gap is not as significant. Based on the
results of the simulation, a Halbach array is offered for further use in the developed motor, which can
effectively reduce the weight.
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4.1.1.3. Necessary Magnet Weight

In order to meet the required performance and lightweight requirements, great attention must be paid to the
required volume and the respective weight of the magnets m,, during further development. This can be realized
using the magnet’s geometric parameter — height h,, and the length [,,.

A geometric parameter related to the driving performance of the developed motor is the length of the permanent
magnets. According to Equation (3.14), the length of the magnets has a proportional impact on the motor
torque. Based on the requirements for the working space of the motor and taking into account the additional
geometric spaces in the axial direction for the position of the windings, the length of the permanent magnets
l,; has been assumed to be 100 mm. In case of insufficient torque of the motor, this parameter can be used for
a detailed calculation of the motor parameters.

For the variant with a height value of the magnet h;, of 5 mm, a translational model of the magnetic circuits
for the Halbach array arrangement with similar geometry boundaries was presented by Borchardt in [21] in
order to simulate the magnetic flux density in the air gap. The translational model in this case is preferable,
while the differences to the rotational model are irrelevant. According to this approach, the mean magnetic flux
density By, for Halbach configuration with 1.5 mm air gap h,, is to be expected at 1.1 T.

To analyze the influence of different heights of the magnets h,, on the magnetic flux density, six different
heights were studied over the range of 2.5 mm to 5.0 mm (2.5, 3.0, 3.5, 4.0, 4.5, 5.0). In order to limit the
leakage flux and to minimize reluctance in the magnetic flux path, the value of the air gap was fixed at 1.5 mm.
Figure 4.8 shows the results of the FEM-simulation of the magnetic flux density for different heights of the
magnets hy,. The software program used to analyze the data was Ansys Maxwell.
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Figure 4.8 — Results of the simulation of the magnetic flux densities for different heights of magnets

The analysis identifies a significant difference between approachable magnetic flux densities for different
magnet heights. The higher the value of hy,, the higher the magnetic flux density in the air gap. For the
development process, the height of the magnet h), of 3.5 mm was considered as the value that meets the
production and machining limitations due to the high brittleness of thinner magnets and also due to the handling
that causes swarf/sludge formation [129]. From this point of view, the total weight of the magnets m,, can be
reduced by 31.5% to 1.35 kg in comparison to the height of 5 mm.

In addition, as shown in Figure 4.6, (a), no ferromagnetic impurities adhere to the outer surface of the rotor in
the Halbach array, since the low magnetic flux is almost non-existent on the weak side - considering the
thickness of the rotor housing.

All results were obtained without the winding in the air gap, because the windings in deenergized condition do
not have a significant effect on the magnetic flux density [95]. Simulated results can then be used to determine
the geometry of the windings in the air gap.

4.1.2. Stator

The key aspect in this section is the definition of the characteristics of the stator as one of the main electric
components of an in-wheel motor. Therefore, the suitable materials for the main stator body are used as the
basis for the analysis of the estimated weight for the stator unit. Furthermore, approaches are presented and
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used to determine the winding and inlay characteristics for providing the necessary motor performance. The
implementation of the improved winding and inlay concept is evaluated on the basis of the theoretical, technical
and technological realization requirements and is integrated into the concept of the motor.

4.1.2.1. Materials

The materials of the stator as a second active part of the motor include not only the selection of materials for
the main parts — stator body, back iron and windings — but also for supplementary components such as
insulations, thermal couplings and magnetically conductive elements.

The design concept shown in Figure 4.9, (a) of the stator base body is developed in order to achieve the desired
aims of a lightweight construction. The densities of the individual materials indicate which material proportions
must be reduced in order to reduce the total weight of the stator. The first concept design consisted of an
aluminum base body with a magnesium cover and sleeve to close the one-sided cooling channels in the base
and surface area of the stator. The weight of this variant adds up to 3.83 kg, which compared to the full
aluminum variant resulted in a weight reduction of only 6.6%. In order to reduce the weight, it was essential
to significantly increase the content of magnesium in the stator body. Following this principle, the design
concept of a further variant is developed as it is shown in Figure 4.9, (b). The developed variant is characterized
by the circumstance that the stator base body also became an Al-Mg hybrid component. In the specific
implementation, the higher-loaded stator base body ground remained as an aluminum component, while the
cooling ring of the stator base body is replaced by magnesium. The one-sided cooling channels should be
closed with an aluminum cover. A magnesium sleeve is still used to close the cooling channels on one side in
the cover area of the stator base body. The Al-Mg variant has a weight of 3.45 kg and thus fulfilled the
lightweight requirements. Compared to the full aluminum variant, the weight saving amounts to 15.9%.
Nevertheless, due to the fundamental redesign of the Al-Mg lightweight stator, it is necessary to develop an
assembly technology suitable for production for connecting the stator base body bottom segment made of
aluminum with the stator base cooling segment made of magnesium. This resulted in the demand for a new Al-
Mg composite technology through production.

a b
Figure 4.9 — Stator body concepts: a - Full aluminum, b - Hybrid Al-Mg

To determine the materials used for the stator windings, it should first be clarified which structure a winding
concept has. Figure 4.10 shows a cross-section of the adhesive structure of the air gap winding.

Figure 4.10 — Structure of the air gap winding [163]
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In accordance to the manufacturing process of the stator motor active parts, the first layer presents a stator back
iron. The stator back iron consists of electrical sheets, which allow to reduce eddy current losses induced by
the fast-moving alternating magnetic field through the stator, whereby the very simple geometry of the flux-
carrying parts of the back iron enables simple and cost-effective sheet metal design. The electrical sheet is one
of the most important materials in electrical engineering [77]. Depending on the application, the electrical sheet
has to meet various requirements, whereby the most important are the magnetic properties: a high permeability
and a low loss, which have a particular significance for the realization of magnetic circuits. As it was figured
out above, the losses generated in the stator back iron are divided into hysteresis and eddy current losses. A
calculation method for determining the individual losses is given for example in [72] and [175]. Based on the
results presented by Zhitkova et al. in [186], it can be concluded that the NO20 electrical steel is most suitable
for the back iron development of the stator, as it is a typical economic material for high-performance electrical
traction drives. The biggest advantage by using NO20 is that the eddy currents in the back iron can be neglected.
A small sheet thickness of 0.2 mm has a significant impact on the motor performance, and an increase in
efficiency and thermal load on the motor can be expected within the permissible limits. An application of the
NO20 reduces iron losses to a minimum at high magnetization frequencies. Another advantage of using NO20
electrical steel is that it has a high permanence as well as a high flux density and therefore, a higher torque
density is to be anticipated. More details on the NO20 electrical steel are given in the Appendix D.

The insulation of the stator is located between the stator back iron and the copper wires of windings with the
function to protect the winding from damage. In order to achieve a high utilization of available space in the air
gap and a high thermal conductivity (dissipation of the generated heat), the insulation should have a layer
thickness which is as small as possible [72]. Research by Stamann et al. [163] pointed out that in addition to
the mechanical properties of the adhesive bond, thermal resistance, electrical insulation and dielectric strength
must also be taken into account when selecting an adhesive type to be used for fixing the air gap winding. It
has been suggested in [162] that the optimal adhesive result is obtained by fixing the copper wire of the air gap
winding with double-sided electrical adhesive foils on the stator. Double-sided adhesive foils are capable of
providing the main function of the stator insulation to retain the winding on the surface of the stator back iron.
Constant coating thickness of the foil by this technique plays a major role with regard to the very high demands
on the manufacturing tolerances for the parts in the air gap. Furthermore, the process cleanliness as well as the
so-called immediate adhesion are additional advantages of this adhesive technique. Based on these
requirements and according to the analysis presented in [163], the foil 70984 was selected to fix and insulate
the air gap winding. The detailed data sheet with more parameters of this foil can be found in Appendix E.

The next layer presents a copper wire as a part of the stator air gap winding. The stator winding is the main
component of the electric motor because it conducts the current and thus the torque of the electric motor is
generated. The most well-known parameter of the winding presents a fill factor, which can be explained as a
proportion between the effective and the theoretically maximum cross-sectional area of the copper conductors.
Apart from this statement, the insulation of the wire must be as thin as possible to provide the highest value of
the copper content in the windings. As a result, a low phase resistance is to be expected, which leads to the low
copper losses and enables a high motor efficiency. Additionally, as it is shown in Figure 4.10, a high power
density due to the high fill factor is provided by the rectangular cross-section of the wire. The developed motor
uses polyamide-imide enameled rectangular copper wire with the class N of insulation, which is capable of
operating up to a temperature of 220°C [83]. The exact size and number of the used wires will be subsequently
chosen in 4.1.2.2. An example of copper wire and insulation for air gap winding with its tolerances is presented
in Appendix F.

The last layer of the air gap winding presents a bandage. The bandage is used in order to prevent the influence
and possible contact with the rotating parts on the windings, which have to be fixed in radial direction. The
winding packages are usually mechanically fixed by bandage tapes or rings. The most important mechanical
properties in this case are the tensile strength and the adhesive strength of the bandaging material. For the
developed motor, the 3M® insulating tape made of glass fiber fabric was used. This tape is a 0.17 mm thick
woven insulating glass fiber fabric tape with thermoplastic, and pressure sensitive adhesive is used for electrical
insulation and mechanical protection at temperatures up to 230°C. More properties of the selected bandaging
tape are given in Appendix G.
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The combined winding of the motor has a second winding — the slot winding. The slot winding, as it is presented
in Figure 4.11, is composed of the enameled rectangular copper wire similar to the wire of the air gap winding.
As it can be found in Appendix F, the polyamide-imide enameled wire has a thickness of 0.025 mm and
tolerance range of £0.015 mm, which provides a sufficient insulation for the non-slotted application. The rough
and uneven structure of the stator back iron is able to radially damage the insulation of the copper wire by
different loads, most significantly by various types of vibrations or displacements of NO20 sheets. To obtain
the required dielectric strength and meet the requirements for creepage distances, additional insulation is
required. As a separate insulation, a NOMEX® insulating paper for slot windings is used. Further information
on the considered insulation paper can be found in Appendix H.

"""//'-r—.,,_,Coppe'rwire

“ . Insulation of wire

e NOMEX® paper

/ -._ Stator back iron

Figure 4.11 — Structure of the slot winding

The terminal clamps, as it was reported above (see 3.2.1), are also a part of the stator unit and shall fulfil
conditions and meet requirements on the operational environment of the electric motor. Terminal clamps must
mechanically connect the elements of the winding according to their function, but these elements are also under
voltage. The core problem of the connection points of the windings constitutes additional thermal stress by
sophisticated heat dissipation. Based on a given study of the factors affecting the terminal clamps, it is justified
to use the SLS PA3200 material, which has excellent mechanical properties and, with its high accuracy, is
suitable for this application. More detailed properties of this material can be found in Appendix 1.

It should be noted, that the materials for the stator unit as well as the for the rotor unit were only chosen for
initial dimensioning.

4.1.2.2. Winding Topology and Sizing

The stator winding is one of the most important part of any motor because it carries current and thus generates
torque. Current carrying and cooling capacity of the windings has a crucial influence on the performance of an
electric motor. The most important parameter of the winding is the fill factor, which is defined as the ratio of
the effective cross-sectional area of the copper conductors to the theoretical maximum cross-sectional area of
the available winding space. The fill factor has a direct influence on the copper amount and accordingly it leads
to the influence on the phase resistance, thus ensuring an efficiency of the motor. For this reason, maximizing
the amount of copper in the motor through the design of the windings takes a leading position. The secondary
tasks by the design of the windings are dielectric strength and the number of individual conductors per strand,
as well as the back iron of the stator and the insulation system. Therefore, the innovation of the new combined
winding, consisting of air gap and slot winding, is applicable to obtain the high fill factor value.

The first layer of winding, the air gap winding, is characterized by the fact that the conductor is mounted
directly on the outer surface of the stators' back iron, and is thus directly in the magnetic field of the air gap
between the rotor and the stator. Applying the air gap winding, the soft magnetic material between the
windings, the pole shoes, can be completely eliminated. Therefore, the weight of the assembly responsible for
the force development can be reduced. Due to the layout of the windings in the air gap, the length of the copper
wires is relatively short. Thus, a very small resistance of the air gap windings is noticeable, because the air gap
winding has a relatively large cross-section and requires relatively small amounts of winding material [92]. In
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addition, because of the position of the air gap winding, the inductance of the windings is also very low,
resulting in especially short time constants of the electrical circuit. The respective winding strands of the phases
are arranged opposite to the magnetic pole. Coupling is affected directly via the Lorentz force acting on a
conductor in the magnetic field. Due to the magnetic field generation of permanent magnets and the resulting
reduced weight of the rotor, a mechanically very dynamic behavior can be expected. Using this concept, high
dynamic lightweight motors with a very high power density can be realized.

By Borchardt et al. [17] it was highlighted, that higher current densities are obtainable by the rectangular cross-
section of the strands, thus material demand of copper and ohmic losses decreases. In case of a rectangular
cross-section of the individual winding strands, the winding strands have a shorter side hg, as the height and a
longer side wy; as the width of the strand [92]. Thus, impact of both parameters is very critical to the design of
the air gap winding. Moreover, the impact of both parameters is very critical to the design. An increase in
magnetic flux and, as a result, a relatively high magnetic force per wire can be achieved by increasing the
Ws. [/ h, relation. Kasper and Borchardt especially preferred wg, /hy; ratios between 4 and 20 [92]. According
to the function of the motor, the air gap winding moves through the alternating magnetic field, whereby the
eddy currents occur. An elimination of eddy currents in the winding strands can be achieved by splitting the
winding strands into separate wires. Therefore, according to [17], eddy currents can be varied very precisely
in terms of wire widths or according to [17] can be totally neglected by the slotting of strands. The sizing of
the width of the winding strand is already geometrically limited to the width of the magnet and can be calculated
considering the value of the air gap.

To obtain a homogeneous field, the mechanical air gap, as it is shown in Figure 4.12, has to be kept as small
as possible for the developed motor, because Lorentz forces here are considered as driving forces and have a
direct influence. The mechanical air gap presents a shorter distance between the permanent magnet surface and
the outer surface of the wire in the air gap. The winding positioned in the air gap with the shorter side parallel
to the magnetic field lines ensures a relatively small air gap and thus a relatively high torque. A smaller air gap
height increases not only the magnetic flux and motor torque but also the costs due to increased precision in
manufacturing [22]. Moreover, one argument cannot be ignored in order to consider the air gap value - the
small winding strand height increases the resistance. Thus, the ohmic losses increase too. According to the
considered value of the air gap h,, at 0.5 mm (see 4.1.1), it is necessary to determine the winding parameters.
An expected value of the height of the winding strand for the air gap winding can be calculated as:

hg = hyag + 2 higg 4.2)

After setting the values for the elements of the air gap winding, the magnetic effective air gap hy,eq4 can be
calculated as follows:

hmeag = hag + hst + h¢ 4.3)
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Figure 4.12 — Cross-section of the motor active parts of the developed electric motor

For the developed motor, an even number of wires n,, in the winding strand by eight was selected to provide
symmetrical distribution over the wire length and resistance inside each phase. Taking into account the width
of the copper wire w,, 4 and the required wire insulation width w;, 4, the average tolerances for wire production

were also considered. Thus, the width of one winding strand wg, can be calculated as:
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Wge = N, (Wwag +2 Wl-ag) 44

The width of one winding strand wg, has to be taken into consideration by the calculation of the free space
between strands to receive a guaranteed manufacturability of the air gap windings. For the developed motor,
the minimal distance between winding strands has a value of 0.15 mm in case of maximal size of width of wire
Wyqg and insulation w;,,. Minimum size of the widths according to manufacturing tolerances allows more
freedom for the winding process, but simultaneously reduces the fill factor of the winding strands. Figure 4.13,
(a) summarizes the geometric data on the air gap winding.

One of the ways for the improvement of the developed electric motor and to meet the requirements of the motor
performance is the new principle of an electric machine with combined winding, which is the supplement of
the idea of the meandering air gap winding by an additional slot winding [95]. According to the approach of
combined winding, presented in [90] and [92], the use of an additional slot winding provides more torque and
power per motor active mass/volume. In accordance with [90], the average torque for a similar geometry of
the winding is expected in the range of more than 600 Nm by the maximum power of up to 80 kW. Adding the
slot winding offers the possibility to build the electric machine more effectively, because the magnetic field is
used for both windings at the same time and because this construction has a higher potential for lightweight
construction. Compared to the only-air gap winding design, solely the additional weight of the slot winding
should be added to the total weight of the developed in-wheel motor. Further advantages as described by Kasper
and Borchardt in [93] are compactness, efficiency, high dynamic and high-torque characteristics with a slight
increase of the manufacturing costs.

The idea of slot winding is technically realized by inserting conductors in the special slots of the stator back
iron. In addition to different positioning, the combination of windings means the usage of different
electromechanical conversion principles [90]. Compared to the air gap winding, the slot winding uses a
principle of magnetic force between electromagnet generated in the stator and the permanent magnets of the
rotor. Teeth of the back iron bind a part of the magnetic field lines due to the lower magnetic resistance, and
generate the surface currents through further magnetization. In the non-current case together with the remaining
field in the slots, the cross currents form two Lorentz forces per slot which have the same value due to the
symmetry, but act in opposite directions and thus cancel each other out. Description given in [175] outlines an
increase in the separate magnetic field formed around the conductors in the slot, if a current flow is applied to
the conductor. The magnetic force and the magnetic field increase on the side of the slotted winding, i.e.
congruent to the magnetic field, so that the torque occurs. Hence, an additional torque is generated while the
same B-field for both windings is used.

The arrangement and energization of both windings are designed in such way that two windings influence each
other as little as possible. Inserting the slot winding to the position of the air gap winding has an impact on the
back EMF. As a result, the slot windings are placed symmetrically to the center of the appurtenant stands of
the air gap winding. According to [95], to enable a high voltage level and higher values of inductance, the slot
and air gap windings are connected in a simple series connection. Additionally, [154] reported that windings
connected in series also ensure that the inductance of the stator is increased, thus the motor is operated in the
field weakening range.

As it has been suggested in [90], the limitation of the width of the slot wy; is a useful approach to prevent a
possible saturation. From this limitation and depending on the cross-section of the air gap winding, the
geometric parameters of the wires for the slot winding can be calculated. The value of the maximum current
and electrical resistance of both windings have to be identical. For this reason, the value of the strand cross-
section of the air gap winding can be used as a reference for the geometry of the slot winding.

An expected occurrence of the cogging torque causes a jogging and unsmooth motion of the developed motor
[79]. Additional shoes integrated into the slots of the back iron, as can be seen in Figure 4.13, (b), decrease the
cogging torque by carrying the magnetic flux. The geometry and the height of the slot opening h;,, require an
additional torque reduction study, which follows in the next sections.

The values of the insulation thickness w;, and h;; can be calculated in accordance with manufacturing
tolerances and the thickness of NOMEX insulation paper has a standard value. Finally, the width w,,; and the
height h,,; of the wire for the slot winding can be calculated as:
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Wys = Wg — 2 Whom — 2 Wi (45)

hws = hsl -2 Whom — 2 his (46)

For illustration purposes, Figure 4.13 depicts all the geometric parameters listed above of the developed motor
having the air gap and the slot windings.
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Figure 4.13 — Geometric parameters of windings of the developed motor: a — Air gap winding parameters, b -
Slot winding parameters

More details concerning parameterization and dimensioning of the electric motor as well as other aspects
related with the detailed electric design can be found in [22].

4.1.2.3. Slot Inlays

The torque of a PMSM motor is not absolutely constant and is characterized by different fluctuations. These
torque fluctuations are an undesirable component of the motor torque that are typical for most of the electrical
machines with permanent magnets, because it results in unwanted effects such as vibrations, rising of the noise
level and variations of the motor rotation frequency. In the field of electric PMSM machines, various definitions
of the torque ripple can be found. The main components of the torque fluctuations by PMSMs are caused by
electromagnetic torque and cogging torque. Willberger in [179] has reported that the electromagnetic part of
torque fluctuations is associated with the discrepancy of the back EMF and the phase currents. The term
“cogging torque” has come to be used to refer to the fluctuation of the tangential component of the interaction
force in the PMSM motor [32]. The analysis given in [45] proposes that one of the most frequent requirements
of manufacturers on the PMSM motor is that unwanted cogging torque should not be detectable during starting
or the starting from standstill should be possible without jerking. Torque instability is undesirable in many
applications, including drive systems in passenger vehicles in which it can cause additional vibrations.
Especially when the motor is used to achieve a good dynamic response to other systems of the vehicle, such as
the chassis, the cogging torque is undesirable, which can lead to malfunction of the motor drive. Additionally,
as a further disadvantage is reported by Perez [135] that the control of the motor that has a high value of the
cogging torque can be difficult, because it creates challenges for the control systems by the determination of
speed and the position of the motor. In accordance with above described facts, further studies need to be carried
out that take cogging torque into account and actions for its significant reduction.

The cogging torque can be caused by the different origins. The main source of the cogging torque is the
interaction of the magnets with the slots of the stator. It can be explained as the dependency of higher and lower
energy states of the magnetic energy in the air gap according to the rotor position. Basically, the variation of
the air gap width around its circumference of the stator provides the difference between the magnetic reluctance
for the flux circuit at the permanent magnet of the rotor and at the slotted structure of the back iron on the stator
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as the rotor turns. This variation results in torque ripple. In addition, if no current is applied to the stator, the
rotor also orients itself in certain positions relative to the stator. When the rotor is moved out of this position,
an additional torque is generated, which is also known as cogging torque by absence of currents.

Meier [116] use further origins of torque ripple are:

- non-ideal sinusoidal temporal progressions of the currents and voltages produce the fluctuations of the applied
power and result in the torque ripple,

- defects such as rotor eccentricity, geometric faults or unequal magnet magnetization,

- impact of the spatial harmonics in the magnetic field of the magnets and the windings.

A recent review of the literature on the reducing cogging torque and the torque ripple found that there are many
methods with electromagnetic background. For example, based on the energy method and Fourier expansion,
Chen et al. [32] proposes an analytical method to make the optimal design to reduce the torque ripple of the in-
wheel motor. Various approaches have been proposed to solve the issue of cogging torque:

- skewing the stator and smoothing down the transition of the magnetic flux from one stator slot to another,
which, in practice, leads to high manufacturing costs [104];

- control based techniques whereby the shape of the current produces an additional torque to compensate the
torque ripple [142];

- obtaining a more sinusoidal flux density in the air gap by the optimization of the shape and the arrangement
of the permanent magnets [144];

- combining the poles and slots to receive a large number of them [135].

To receive a controllable solution for the developed electric motor, it is necessary to reduce the cogging torque
as much as possible at the design stage. In addition to the general requirement, which states that the correctly
designed PMSM is generally characterized by cogging torque values smaller than 1.5-2.5% of the nominal
torque [66], the main requirements to limit the cogging torque originates from the automotive industry by
OEMs and requires the maximum of cogging torque value to be 1% of the nominal torque during controlled
operation for the applications in electric vehicles [143].

To analyze geometries and their influence on the cogging torque, a finite element method is used and the model
of the relevant motor part has been created with Ansys Maxwell. Ansys Maxwell is a powerful design tool
which enables to create the shapes of an electrical motor with a full scale of properties such as slot shape or
magnet shape. As a reference of the value of the cogging torque, the opened slot was firstly simulated. The
characteristic of the cogging torque can be explained by the interaction of a single pole pair with opened stator
slots.
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Figure 4.14 — Open slot variant: a - FEM model of geometry, b - Cogging torque value of opened slot

Figure 4.14 shows the characteristics of the cogging torque over a slot in which only one pole pair is mounted
onto the rotor. The curve shown in Figure 4.14, (b) is normalized to the peak value of the cogging torque and
amounts to 37.69 Nm. Using the Figure 4.14, (b), it is easily shown that the cogging torque on a stator tooth is
periodic with a period depending on the pole number and slots in the back iron. In accordance with [66], the
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net cogging torque can be calculated as the algebraic sum over all poles or, by the assumption of constant value
of the cogging torque on each pole pair, as the product of the cogging torque on one pole pair and the pole pair
number:

Pp
TCOg = Z Tcog_i = Tcog_pp " Pp (47)

i=1
Similar to the advantage of the winding principle presented by Borchardt et al. [19], the development of the
cogging torque means that each magnetic pole is used simultaneously to generate a cogging force.

Several studies, have been carried out to provide an analytical calculation on cogging torque [187]. Based on
the energy method, the cogging torque can be determined by the analytical model as a negative derivative of

the internal magnetic energy W of the machine with respect to the motor’s rotor position angle 8 can be
calculated according to [81] as:

ow (o)

Teog(8) = — 0 (4.8)
Where the magnetic energy of the machine W can be calculated as:
W) = ! fBHZ v (4.9)
2u )y

where By is the flux density at various parts of the machine, i.e., air gaps, permanent magnets and irons, and
Uy 1s the corresponding to permeability.

In accordance with Equation (4.9), the value of magnetic permeability ¢ can be used as a variable of properties
in the slot and must provide the minimizing of the cogging torque, but at the same time the weakening of
electromechanical coupling is not allowed.

In addition, an investigation of the geometric parameters can be carried out to determine the influence of the
inlay shape on the reduction of the cogging torque and the back EMF value. Due to technological constraints,
the width of the slot is constant along the full height of the slot. This is caused by the inserting of the copper
wire in the slot before the slot inlay in the slot will be installed. This means that a larger volume of copper can
be used for the slot winding and at the same time the separation of the back iron structure through the realization
of the pole shoe is a challenge.

According to Figure 4.13, the height of the wire of the slot winding leads to the changing of the inlay height.
This has an impact on the slot winding factor. In this regard, while designing the motor, it is necessary to
choose the relation of h;,; and h,,;, which provides a compromise between the tendency on the one hand to
increase the fill factor and on the other hand to decrease the cogging torque. In addition, the air gap and
rotational speed have a significant impact on these parameters.

To eliminate the eddy currents in the inlays, the stacking of the inlay can be applied. Since the thickness of the
electrotechnical steel sheets could only be produced according to the special standard, the optimal configuration
of the stacking could be neglected. According to the standard thickness of the electrotechnical steel, the same
electrical steel NO20 as the back iron material is most suitable for the inlay stacking development and w;,,
parameter has a value of 0.2 mm. The second geometric parameter of the slot inlay is the opening width w, .,
and can be determined as follows:

Wopen = Wsi — Npo " Wno (4.10)

The number of strips per slot n,,, should be selected in such a way that the objectives of the inlay application
can be achieved to meet any technological requirement. Figure 4.15 illustrates that in case of the slot inlay
application, only the height of the inlay h;,,; remains as a variable geometric parameter for the FEM model.
Further variable parameters, as mentioned above, are magnetic permeability of the material of the slot
components, resulting cogging torque and back EMF. To describe the behavior of the cogging torque for the
developed motor geometry, the following approach is proposed (see e.g. [133] for a detailed explanation).
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Whno

Figure 4.15 — Geometric parameters of the inlay

The geometry presented in Figure 4.15 was modeled and analyzed with Ansys Maxwell. In accordance with
the above-mentioned input data, electromagnetic calculations of the variants have been performed for the
different ratios of the inlay height and magnetic permeability in order to find the minimum value of the cogging
torque. In the simulation, no current is carried through the windings and only the field of permanent magnets
is presented. Table 4.2 demonstrates the results of the cogging torque simulation.

iy / Ry, Mm 1 5 10 20 | 30 | 50 | 100 | 200 | 300 | 500
0.3 1202 | 497 | 29.7 | 127 | 68 | 2.4 | 43 | 3.9 | 2.8 | 24
0.6 1203 | 455 | 19.1 | 121 | 49 | 20| 02 ] 05 | 03 | 1.6
0.9 546 | 257 | 208 | 115 | 6.7 | 24 | 08 | 0.8 | 0.6 | 03

Table 4.2 — Cogging torque in dependence on the inlay height and the magnetic permeability [133]

The simulation results have shown that at the inlay height of 0.6 mm and at the permeability between the value
of 50 and 100, the lowest cogging torque is expected. This value corresponds to approximately 0.03-0.3% of
the nominal torque.

The back EMF has been widely investigated by Zhao et al. [185] and can be explained as the reflection of the
magnetic field distribution that results in the electromagnetic torque output [179]. The back EMF harmonics
present the second characteristic parameter of the motor in the cogging torque calculation that should be taken
into account. It can thus be suggested to also calculate the values of the back EMF with the same parameters
as by cogging torque simulation.

iy / Ry, mm 1 5 10 | 20 | 30 | 50 | 100 | 200 | 300 | 500
0.3 0.932 | 0.939 | 0.939 | 0.938 | 0.937 | 0.936 | 0.936 | 0.934 | 0.934 | 0.934
0.6 0.932 | 0.938 | 0.937 | 0.935 | 0.932 | 0.927 | 0.916 | 0.905 | 0.928 | 0.867
0.9 0.932 | 0.936 | 0.934 | 0.929 | 0.925 | 0.918 | 0.908 | 0.897 | 0.893 | 0.897

Table 4.3 — Results of back EMF simulation [133]

As illustrated in Table 4.3, the influence on the effective value of back EMF only plays a role for the values of
permeability u, above 100. Therefore, the dominant meaning in the selection of the height of inlay and
permeability p,. has the lowest value of the cogging torque. In addition, further implementation will have to
take into account the technological challenges that arise when the manufacturing accuracy of active motor parts
is considered.
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The value of the permeability u, of 100 and height of the inlay h;,,; of 0.6 mm can be simulated in detail as a
preferable parameter to receive the waveform of the cogging torque. Simulation results of the preferable
parameters of the slot inlays are shown in Figure 4.16.
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Figure 4.16 — Simulation results of the preferable parameters of the slot inlays

It can be seen how the ripple is substantially reduced when the stator is equipped with slot inlays, because the
peak-to-peak value of the cogging torque is 1.04 Nm, which only accounts for 2.7% of the maximum value of
the opened slot. This means that the total stored energy of the system does not change so abruptly and quickly,
which ultimately leads to a reduction of the cogging torque. In principle, the operation with lower cogging
torque fluctuations leads to smoother running, even if noise emission is a less important requirement. Further
details of the described approach as well as other aspects related with the detailed electric design can be found
in [74] [90].

The further implementation of the conducted investigations offers an inlay design shape that can reduce the
cogging torque in electric vehicles and they contribute to the efficiency increase of the developed motor with
reduced torque ripple.

4.1.2.4. Simulation Results

Considering the geometric assumptions, parameters and restrictions for both windings, the simulation of the
finite element model of the design approach for combined winding was carried out. To validate the developed
motor design, the active parts were imported and analyzed into Ansys Maxwell. The methodology of modeling
was in accordance with [21] and [90] as follows: The simulation model of the considered magnetic circuit was
a rotational model, due to the simplicity of the parametrization of the geometry and the already developed and
existing geometric model in CAD. As an assumption and for the sake of simplicity, the mechanical dynamics
of the rotor was considered as insignificant and was not taken into account.

The accuracy of the model is limited by the following assumptions that have been made in the modeling
process:

- the characteristic of resistance of both windings is independent of the thermal load,

- the saturation effect of the back iron is neglected,

- the possible thermal load of the windings on the permanent magnets was not taken into account,

- the hysteresis, eddy current and other sources of losses are neglected, so only stranded ohmic losses are
considered,

- the conductivity of the magnets and eddy current losses in the permanent magnet are neglected, because
according to [131] these are very low for the similar motor structure.

The design of motor active parts is primarily modeled using sinusoidal currents as the input signal. This gives
an understanding of how the motor will be operated under ideal power supply conditions. Through this overall
model, the behavior of the complete motor system could be investigated.

On the first step, a simulation of the induced voltages allows to prove the electromagnetic connection of the
motor. Table 4.4 and Figure 4.17 shows a clear trend — a scale-up of the angular velocity results in the changing
of the induced voltages with linear relationship by the coefficient of 0.355.
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Table 4.4 — Simulation of induced voltages (RMS)
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Figure 4.17 — Graph of results of the simulation induced voltages (RMS) vs. rotational speed

The waveforms of induced voltages at 100 rpm are shown as an example of the analysis in Figure 4.18. The
non-smoothed curves can be interpreted as that the simulated values are corresponding to the real value

progression.
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Figure 4.18 — Graph of the waveforms of induced voltages of 3 phases by 100 rpm

The torque characteristics were simulated with the step of 10 A with the maximum current of 220 A. The
results of the simulation showed a linear dependency as it is illustrated in Figure 4.19.
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Figure 4.19 — Graph of results of the simulation of motor torque vs. phase current

The current with an effective value of the phase current, which should be available for the development of the
nominal torque, is exemplarily shown in Figure 4.20.
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Figure 4.20 — Energization with an effective value of the phase current of 105 A

Figure 4.21 shows the corresponding stranded losses, in which the ohmic losses are dominating.
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Figure 4.21 — Results of the simulation of stranded losses

Figure 4.22 schematically shows the torque diagram of the developed motor for nominal (565 Nm) and
overload (1133.3 Nm) operation. It can thus be reasonably assumed that the overload torque can be reached
for a limited period of time because of thermic reasons (see 3.4.3) and the value of the maximum rotational
speed of the motor is expected with a smaller torque value. The same graph also presents the achievable power
of the motor, whereby its continuous power level lies at the required 69.6 kW and the overload power value
amounts to 87.25 kW. It is important to note that the power overload mode of the motor, as well as the
maximum torque mode, has a limited amount of time and should therefore have a short time duration or be
avoided as far as possible because of thermal stress. Thus, all calculations performed at the FE level showed
full compliance with the development requirements.
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Figure 4.22 — Graph of the results of the simulation of the motor torque vs. rotational speed and motor power
vs. rotational speed

4.1.3. Motor Relevant Parts

The integration of an electric in-wheel motor into a wheel is characterized by the difficulty of the integration
of a powerful electric drive, wheel bearing, cooling and also power electronics into the wheel. The spectrum
of technical solutions to ensure full operation of the electric motor is wide enough. Functionally they are
divided into mechanical, electrical and control devices and accessories.

The increasing tendency of the integration of the electronic components also provides a significantly higher
power density. The main task of the control system is to control the motor including all safety-relevant and
dynamic tasks. The first step of the integration is the elimination of cable connections by the integration of
electronics directly in the motor. In this case, some disadvantages can appear due to the intense vibrations of
the parts of the power electronics.

The most vital part in terms of motor control is power electronics. In the PMSM motor, the rotor field changes
depending on the rotor position and the stator field must be adjusted accordingly. When the motor is operated,
a current is carried out through the stator windings, which are switched by keys controlled by the
microcontroller. As a result, a smooth torque is possible to be generated. The torque ripple then remains due
to fluctuating currents, rotor field or cogging torque. The control task of the PMSM motor can be performed
by an electrical commutation consisting of three basic components. These are a bridge circuit of power
switches, their control unit or microcontroller and a unit for the detection of the rotor position.

The main task of the microcontroller is to generate the switching signals in such a way that the interaction
between the field of the windings and the field of the rotor generates the torque in any of its positions.
According to the above presented winding technology by low inductance of the windings and high power of
the motor, also a very high switching frequency of the inverter in the range of 150-300 kHz is expected. As a
result, high losses and an increase in the temperature of the power electronics are anticipated. A methodology
of control for such circumstances is outlined by Golovakha et al. [57] in which a three-phase step-down
converter is used for the control and regulation of the motor. Due to the inductances, also small ripples in the
current are caused. Therefore, the high switching frequency and sufficient motor inductance avoid high current
ripples. It is extremely important to abscond from current ripples because they can cause an arising of
unfavorable high-frequency harmonics. Another illustrative example of control by very small inductance of
the windings is presented in [90], in which a modified six-step-commutation with additional control of the
source current was implemented. Three-phase motors are usually controlled by a three-phase bridge with three
half-bridges, each of the half-bridges being provided for a single phase. PMSM motor controllers are typically
equipped with MOSFET or IGBT transistors and PWM signals are provided by the microcontroller. MOSFETs
allow very high operating frequencies because the switching times of them are in the nanosecond range and
IGBTs are designed for currents of up to many hundred amperes and therefore are used in high power
applications.
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In view of the described control opportunities, an effective use of the installation space is a constraint for the
integration of the control system in the wheel. For the developed electric motor under the above described
assumptions and restrictions, the cylindrical working space as presented in Figure 4.23 was identified.
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Figure 4.23 — Working space for the electronics of the in-wheel motor

As a further aspect in the area of motor operation, the determination systems of the rotor angular position are
an important requirement for the motor operation. Systems of velocity and position measurement are an integral
part of any high-quality motor torque control system. The developed motor requires a position sensor in the
system. While the general industrial electric motor drive is often bypassed by senseless methods based on the
principle of back EMF determination, the developed in-wheel motor requires operation at zero velocities when
back EMF is not available.

In the following, detection concepts that are applicable for the developed motor are briefly explained. A
detailed description for all kinds of determination of the rotor angular position can be found, for example, in
[105]. The most common technical solutions in the field of the precise determination of the rotor angular
position for the developed motor are Hall sensors mounted near to the rotor magnets (Figure 4.24, (a)) or an
optical encoder system mounted on the rotor cover. On the one hand the optical encoder solution (Figure 4.24,
(b)) provides excellent accuracy and integrability in the motor. On the other hand, it also has disadvantages, as
it is not space-saving and cost-intensive compared to Hall sensors. The geometrical limitation of the motor in
axial direction as well as a possible high temperature in the winding zone limits the use of the Hall sensor in
the immediate area of the rotor magnets. A possible solution of this problem is to place an external magnet ring
with the equal magnet number as in the rotor on the rotor cover as shown in Figure 4.24, (c). In this case, the
signal for phase commutation is provided by the moving of permanent magnets with alternating magnetization
relative to the Hall sensors fixed on the stator.

Hall sensors

a b C

Figure 4.24 — Variants of the determination of the rotor angular position: a - Hall sensors mounted near to
rotor magnets [20], b - Optical encoder system, ¢ - Magnet ring solution
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In comparison with the technical side, the listed variants differ both in the technological compatibility of the
design solutions and in the cost of their implementation in the mass production of the electric motor. The
magnet ring solution is a preferable variant for the experimental test of the developed motor because of its
scalability, but the technology of manufacturing of such magnet ring must be simplified.

From the combination of the mechanical and electrical point of view, there are some additional characteristic
aspects in the area of electronics that need to be considered such as the following:

- sufficient insulation and dielectric strength of electronics to the stator,

- sufficient thickness and flexibility of the insulation to compensate for any irregularities between electronics
and stator,

- the connection of the winding in phases by the terminal clamps, conductor and neutral point rails with a
suitable cross-sectional dimension to allow the motor to be used in overload mode,

- connected winding ends require a minimal length to obtain a good heat dissipation and nevertheless insulated
contact to the stator surface,

- between all electronic parts a sufficient distance to rotating parts should be maintained, or they should be
completely isolated from them,

- the relief of mechanical stress from the cables on the connector through clamps or strain relief of cables.
Another aspect is electromagnetic compatibility, which becomes critical due to the operation of various
components in confined spaces. Here, it is necessary to ensure a reliable operation of the control units in close
proximity to the switching power supply units and the magnetic components that can emit electromagnetic
fields. The question of coverage will be kept open until the tests are carried out. In the next step after the
electronics test, a cover made of EMC dampers is optionally available.

4.2. Cooling System

The analysis of thermal properties of the electrical motor is the next important evaluation step in the
development process. During the operation of the vehicle, the temperature has to be regulated in order to
maintain the required electromechanical output characteristics, as well as to protect the motor and the
components installed inside the motor from thermal damage. The temperature and mass flow of the cooling
medium at each operating point must ensure that no damaging through overheating anywhere in the motor will
occur. Hence, the basic aim of the cooling system configuration is to provide the required cooling capacities
with the most compact, lightweight and cost-effective methods within the available space. As mentioned in
3.4.3, the waste heat from the electric motor can be dissipated in different ways. As a preferable solution, the
stator has cooling channels and is cooled by the liquid coolant. It is related to the fact that the main losses are
caused by the heat from ohmic losses in the motor and they are generated in or near the stator windings, which
in this case are surrounded by the external rotor. Therefore, the heat removal in this motor structure, especially
in the closed version, is significantly reduced. Also, the motor elements are heated not only because of losses
arising in the motor active parts, but also because of the proximity to the heated components: electronics and
mechanical parts of the electric motor — bearings and seals.

For the configuration of the cooling system, the requirement to the profile of the vehicle can be used. Thermally
critical driving states usually occur at maximum power B, or maximum torque M,,,, of the motor. As it was
mentioned above, the main source for the heat is represented by ohmic losses, with the main influence coming
from a current carried in the winding. Based on the results of Table 3.3, Figure 4.8, (b), Equation (3.15) and
Equation (3.18), a maximum value of the current needed to meet maximum power and maximum torque
requirements that can be expected to be 134.2 A for B, ,. and 216.6 A for M,,,,. The first set of analyses
implied that the impact of these values can be carried out, whereby the ohmic losses can be calculated according
to [149] as follows:

Pohmic = Irznax "Reon (4.11)

R,y represents the winding resistance, which can be calculated as follows:
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_Pw’ Leon

Reon = 4.12
con Acon ( )

The corresponding conductor resistivity p,, is a fundamental property of a material that quantifies how strongly
it resists or conducts an electric current. The cross-sectional area of the conductors A, is already selected by
design related to the winding parameters. In case of a developed motor due to the specific structure of the
winding, the total conductor length L., can be calculated as follows:

Leon = (st + Lagw + 2 Loyp +2- Lagwh) “Pp " Mpn 4.13

The lengths of the slot winding Ly, and air gap winding L, are equivalent to the length of the magnet [,,.
The length of the winding heads of the air gap winding L, and slot winding Ly, are evaluated by the mean
distance between the winding strands under the assumption that the winding heads are shaped like a circle.
Ohmic losses can be calculated as follows:

b _ 2 P Qo+ Lagy + 2 Laun + 2 Lagwn) Py Ton

ohmic max A

(4.14)

con

The results of the calculations for the selected parameters shall be presented as a diagram of the current ohmic
losses for the developed motor and shall be as specified in Appendix J. It must be pointed out, that the obtained
results agree with those simulated by FEM and presented by Sauerhering et al. [ 145].

In addition to the resistive losses, eddy current losses also occur in the air gap winding and in the stator back
iron. Also, hysteresis losses occur which were determined for the motor with a similar principle using a
numerical calculation presented in [149] and [94]. From this calculation the relationship between the ohmic
losses and other sources of losses by 15% were established. The eddy current losses value in the slot winding
becomes negligible, since it is enclosed by the back iron and thus the eddy currents are limited.

Due to the heat transfer into the circulating coolant, it is very important to know which flow regime is involved.
Slow flow refers to the laminar properties when the liquid particles, which only move in the direction of flow
and different layers of water, slide against each other in the direction of flow. In a turbulent flow, the particles
move in all spatial directions, but the average layer is in the direction of flow. An effective reduction of the
experimental effort by thermal analysis is achieved by applying the theory of similarity. Here it is assumed that
physical relationships can be described by dimensionless indexes or characteristics. Flow regime is determined
by the dimensionless Reynolds and Prandtl number. Another key parameter is the Nusselt number. The Nusselt
number describes the ratio of the thermal resistance of the heat conduction in the fluid to the heat transfer.
Therefore, by determining the capacity of the flow, a minimum coefficient for the heat transfer can be
determined on the basis of a specified maximum temperature increase of the cooling water depending on the
available transfer surface. An approach to define the characteristic parameters of the cooling system of the
developed motor as well as further details on the entire considered system are presented in [145].

One possible path is through the polymer bandage where a part of the heat flows upwards in the form of heat
transfer, then by convection through the air gap to the magnets, and then by heat transfer through the magnets,
or the adhesive between the magnets. For this reason, the demagnetization resistance of the permanent magnets
must also be taken into account in case of overload and heating. Finally, the heat from the rotor flows into the
environment by convection and radiation at the surface of the rotor. A large part of the heat flows downwards
through the back iron into the stator. The next possible way represents the way from the winding heads either
through the polymer bandage into the inner air or into the stator. Most of the heat in the stator is removed from
the system by convection into the coolant. However, convection also occurs on the surface of the stator, so that
the air inside the motor is heated and the heat is also transported to the cover. In addition, the heat flows by
heat transfer from the stator and rolling bearings into the wheel bearing assembly and is transferred by
convection and radiation to the environment at the surface.

Another critical point is a number of internals in the cooling structure because they increase pressure losses, so
that the higher pumping capacity is required for liquid transport. The geometry of the developed motor should
be designed with less elements that could indicate relatively high pressure losses. For this reason, the cross-
sectional widening at the inlet and outlet, the sharp-edged bends of the transitions from end face to outer
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cylinder surface should be minimized and the cross-sectional changes of the cooling channels should be kept
as constant as possible in order to minimize the pressure losses.

In the proposed motor structure, the stator has been designed with an integrated cooling system to manage the
losses and to ensure efficient heat removal. An active liquid cooling leads to a complicated design of the stator
and to an increase of the stator's design volume.

A serious drawback of the cooling system outlines itself, whereby the subsequence of the cooling of the motor
elements has a critical issue. Thus, the subsequence of the cooling is responsible for the driving performance
of the developed motor. According to the cooling system sequence of the developed motor, the developed
cooling structure in the first step ensures the cooling of the power electronics, which are located inside the
stator. For this reason, the front surface of the stator has three cooling channels with maximum possible lengths
for the corresponding circles inside the stator. There are four cooling channels inside the stator bar. They are
connected with each other, so the cooling liquid flows through the outer and inner part of the stator. Through
the geometry of the inlet and outlet it is possible to send the cooler fluid first along the two end faces of the
periphery of the stator. This improves cooling directly at the winding heads, where most of the heat must be
dissipated. Therefore, the geometry of the stator with the circulating cooling channels on the front face uses
almost the full stator volume for cooling. According to the described cooling structure, the CAD model of the
stator with cooling channels as shown in Figure 4.25 was derived.
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Figure 4.25 — Cooling subsequence of the developed motor [145]

The important path of the cooling medium in the channels is marked with red arrows. Due to the developed
stator, the cross-sectional changes over the entire length of the cooling channel were completely avoided. The
cooling channels have a rectangular cross-section and have a large cross-sectional area, so that they can reach
almost up to the winding heads at the edge of the stator. Cooling channels are integrated into the stator very
close to the copper windings to avoid hot spots. It is therefore expected that a significantly larger relation of
the surface of the cylinder is covered by the cooling channels. The important parameters of the cooling system
are presented in Table 4.5. The lengths of the cooling channels are derived from the CAD files and can therefore
differ from real dimensions.

Length, mm Width, mm Height, mm Surface area, m” Volume, m?

5960 8 19 0.307 0.864:1073

Table 4.5 — Cooling channel dimensions of the developed stator

Based on the developed cooling structure, EM analysis of the flow velocities (Figure 4.26), pressure losses
(Figure 4.27) and heat transport (Figure 4.28) are performed.
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Figure 4.26 — Simulation of flow velocities at the mass flow of 80 g/s for the cooling structure [145]

Figure 4.26 shows the flow-through cooling channel geometry. The stream lines are colored according to the
velocity and show rather laminar flow conditions over long distances and an only locally strong turbulence at
transitions and deflections.
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Figure 4.27 — Analytical (pointed) and numerical (full) results of the pressure loss characteristic for the mass
flows 40-180 g/s with a parameter variation of 20 g/s gradations [145]

During the calculation and simulation of the pressure loss curve over the mass flow, a slight non-linearity can
be noticed. This results from the quadratic function of the pressure loss on the flow velocity.

A3

Figure 4.28 — Results of the coupled numerical simulation for a heat load of 8 kW, a cooling water mass flow
0f 200 g/s and a cooling water inlet temperature of 25°C for the developed cooling [145]
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The temperature profiles of the developed cooling system generally show an effective heat removal. The
simulation results indicate that a significantly lower temperature of the components can only be detected in the
inlet area. For the other areas, a relatively homogeneous temperature distribution can be shown, caused by the
design of the cooling channels.

Thus, for the developed motor, power losses of over 8 kW (10% of the maximum required power) exceed the
limits of the stationary cooling capacity and should therefore have a short-time duration or be avoided as far
as possible [145].

4.3. Mechanical Part

This section provides a more detailed description of the basics - a mechanical analysis of the developed in-
wheel motor. The first part of the section gives a more detailed description of the analysis of the bearing system
consisting of wheel hub and supplementary bearing. The second part of the section concentrates on the
computational analysis of the coupling element. To investigate the consequences that result from mechanical
loads on both systems, a finite element model has been derived. The usage of these models offers the
opportunity to analyze the influence on the complete motor under maximal static loads. Thus, a changing of
the air gap is to be derived. The third part provides information on the analysis of the motor shaft according to
its functional area under the motor requirements. The fourth part concentrates on parameters of the sealing
system for the developed motor.

4.3.1. Bearing

According to the kinematical structure of the developed in-wheel motor (see Figure 3.10, (b)), it has two
separate bearings. The main bearing is defined as the wheel hub bearing and the supplementary bearing is
mounted over the wheel hub bearing as it is illustrated in Figure 4.29. Different functions of these two bearings
can have certain positive and negative influences on the motor function.
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Figure 4.29 — Bearing system of the developed motor [189]

According to consecutions presented in 3.3.3, for further research the following assumption is made regarding
the topology of the in-wheel motor: The rigid part in the motor topology is the wheel hub bearing. Wheel hub
bearing BAR 2030 as a structural link between the rotating wheel and the static suspension of a vehicle requires
a functionality with high speed and heavy-duty loads.

The characteristic property in the use of the wheel hub bearing in the developed motor is that it is not directly
connected to the vehicle's suspension. Instead, the main bearing is integrated into the shaft of the motor and is
considered to be part of the motor. The shaft then carries the stator. To increase the integration level, to save
the installation space inside the motor and to save the weight, the static outer ring flange is turned as it is shown
in Figure 4.30. Therefore, the motor shaft and the adapted bearing are connected by the selection of tolerances
between them. For the purpose of an axial fixation, three threaded holes are drilled on the cylindrical surface
of the outer ring of the wheel hub bearing and the fixation itself is implemented with the help of the bolts. In
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this way, the fixed part of the wheel hub bearing is integrated in the shaft of the motor and then into the vehicle's
suspension. Described modifications result in the extremely high level of integration of the wheel hub bearing.

Shaft

Wheel hub bearing

Figure 4.30 — Integrated wheel hub bearing BAR-0230 [174]

According to the manufacturer data, the angular stiffness C; by radial load on the selected bearing is 5500Nm/°
lower, which indicated that the application of BAR-0230 in the in-wheel motor can be interpreted as an
additional stiffness in the area of the main bearing. The values of stiffness are valid for the original mounting
and the possible impact of the wheel hub bearing integration should be analyzed due to a possible influence of
higher wheel mass and axial shifting of the bearing. For this reason, an analysis of the characteristics of the
integrated wheel hub bearing by using FEM modeling according to the method described by Vittayaphadung
et al. [174] was provided. In the case of the simulation by using FEM, the reduction of the rolling elements of
the bearing by geometrical simplification is supposed as it is shown in Figure 4.31, (a). Reduction in the model
means, in other words, a substitution of the geometry and modification of material properties, which results in
a reduction of the contact problem. As a result, the static analysis with the required loads for the wheel hub
bearing can be prepared in a short time and with high accuracy.
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Figure 4.31 — a - Mesh model of the simplified FE model of the wheel hub bearing, b - Results of the FEM
analysis of the simplified model of the wheel hub bearing [174]

Provided angular stiffness of the hub bearing results in the deformation of 0.63° by the application of the
bending moment of 3500 Nm [158]. With the help of the iteration process, the equivalent elastic modulus of
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the bearing ring and deformations in bearing can be calculated. As it is illustrated in Figure 4.31, (b), the
maximum axial deformation of 1.04 mm and it occurred at the wheel mounting flange. The results of the
analysis show that the absorption of high wheel loads can be achieved by the wheel bearing system and that
the weight requirement can be met by an adaptation through a rotation of the suspension side of the wheel hub
as well as through extremely rigid ball bearings.

The supplementary bearings in the developed concept are representing the rotor bearings. The study of
Frajnkovi¢ [54] reports an analysis of the variable physical air gap, which creates uneven magnetic fields as a
result of stator/rotor eccentricity and additionally induces radial forces, resulting in reduced service life of the
bearing. Influences of the static eccentricities discussed in [11] show that a reasonable eccentricity equal to 0.1
mm increase the loads by 40% resulting in a 31% life reduction for a standard bearing. Thus, the loads acting
on the supplementary bearings are the rotor's own weight and the forces generated by the permanent magnets
in the rotor. The supplementary bearing provides a stabilization of the rotor which stands under a magnetic
pulling force and absorbs the loads arising from the rotor rotation. The described functions require a high
precision of the bearing. In addition to the described loads acting on the supplementary bearing, the rigidity of
the bearing is of particular importance for the estimating of the bearing life. The stiffness of the bearing system
must be sufficiently high to minimize the displacements in the air gap, since motor torque stability depends
crucially on the distance between the magnets and the back iron of stator.

The thin ring bearing from the manufacturer KMF (Figure 4.32) was selected as the supplementary bearing for
the motor. The applied bearings are the single row rolling bearings, which have the same square cross-section
within one type series, and the thin-walled bearing rings, which are irrelevant for the bore diameter. This
bearing can transmit loads in all directions — axial and radial loads as well as tilting moments. The rings of the
bearing are simultaneously profiled, hardened by a special manufacturing process. The advantages of the split
bearing are easy mounting and the availability of the characteristics of wire-race bearings.

Figure 4.32 — Thin-section bearing PBXA [99]

The design of this bearing allows the integration of the ball cage strip guided by rolling elements. This enables
the opportunity to implement the design of the raceway system with a larger number and larger dimensioned
balls. As a result, it is possible to achieve higher static and dynamic load carrying capacities compared to
similar thin-section bearings of classical design.

Due to installation space reasons, two sizes of bearings have been selected: For the rim side the PBFA035 and
for the suspension side the PBXA030. The biggest advantage of the selected bearing is the very low weight
compared to the standard bearing of similar size. The weight of a PBXAO030 is only 0.06 kg and of a PBXA035
0.07 kg.

According to the loading condition of the supplementary bearings, only the radial loads can be considered,
while the axial loads during decoupling are neglected. To determine the forces acting on the supplementary
bearing, it is necessary to analyze the maximum bearing load caused by eccentricity in the rotor/stator system.
The value of the air gap was assumed as the maximum value of eccentricity, because when this value is reached,
contact between the stator windings and the rotor magnets occurs, which leads to motor failure. The calculation
was performed in the Ansys Maxwell environment by using parametrical functions for the eccentricity value.
This approach aimed at obtaining valid and consistent results while minimizing the time needed to determine
the loads acting on the auxiliary bearing.
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Figure 4.33 — Characteristic curve of the force and eccentricity value in the stator/rotor system

Figure 4.33 shows the force generated by the eccentricity between the stator and rotor. Focusing on the
maximum value of the arising force for the maximum loading case of bearing, the characteristic is linear
depending on the eccentricity value. Linearity of the arising force is applicable to the calculations of the service
life of the supplementary bearing and further influence on the motor performance can be determined.

After the maximum values of the bearing load have been determined, the main factor for rolling bearings, the
required service life L,, can be calculated according to [160] as:

Ly = (C;f—w>p (4.15)

m

Required service life is measured in millions of revolutions and is significantly influenced by the dynamic load
rating C of the bearing and the load rating of the bearing P, [84]. p in Equation (4.15) represents the life-
equation exponent, which is three for ball bearings. The developed concept assumes that the rotor part is
decoupled from the forces occurring by driving maneuvers. For this reason, load rating of the bearing P,
corresponds to the maximum force acting at the maximum possible eccentricity Py ;45

However, for the vehicle components, a specification of the service life in hours is not typical. According to
approach presented in [161], the value of the required service life can be expressed as mileage Ly by using the
dynamic tire radius 7y, see Equation (4.16).

Lg = 2T Tayn * L1 (4.16)

Palmgren’s approach [130] defines a mileage for the wheel hub bearings of passenger vehicles lasts 100000
km. This value can be also assumed for the researched supplementary bearing. Results of the analysis are
presented in Figure 4.33 and the value of the Lg are calculated according to Equation (4.16), resulting in
264802.9 km, what meets the typical requirement for automotive parts.

Safety against excessive local deformation in the bearing is described by the static load safety. According to
[85], the static load safety factor S, is the relation between the basic static load rating C,, and the highest acting
bearing load P,, see Equation (4.17). The required basic static load capacity C, can be found in the
manufacturer's catalogue.
Co

Sy = a 4.17)
With a static load of the supplementary bearing, the static load safety factor amounts to 2.3. This can be
interpreted as the fact that the bearing can withstand the overload, but under the condition that the load is
homogeneous. Therefore, a constant value of the air gap is needed.
The methods and calculation procedure for the supplementary bearing described above showed that the
bearings can withstand the necessary loads and overloads, so it can serve as the basis for determining the
functionality of the motor topology. To validate the calculations, actual tests on prototypes must be performed
to verify the conformity to specifications and calculations.
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4.3.2. Coupling Element

Braess and Seiffert reported in [25], the deformations in the in-wheel motor system can directly manifest in the
deformation of the air gap. Section 3.3 presents the solution for occurring dimensional changes of the air gap
consistency, whereby the coupling element is designed to reduce the air gap sensitivity to the loads from driving
maneuvers. An elastic coupling element represents a transmission element. The purpose of this element is to
transmit torque from the motor to the wheel, whereby the forces acting on the wheel from driving maneuvers
are decoupled by the elastic element.

The topology of the concepted in-wheel motor plays a key role for the load distribution. In the solution
developed, the loads are not transmitted through the motor parts, but should be transferred from the rim via the
outer and inner ring to the wheel center. The loads are carried by wheel bolts and forwarded to the wheel hub
bearing. Therefore, the bearing is mounted on the hollow shaft and loads are transmitted to the suspension via
the wheel bolts. The described schedule, parts and parameters are shown in Figure 4.34, (a).
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Figure 4.34 — a - Load transfer via the in-wheel motor, b - DOF of the elastic coupling

Because of the loading case, only a bending of the hollow shaft is allowed. Since the stator of the motor is
rigidly connected to the hollow shaft, the bending of the hollow shaft affects the inclined position of the stator.
Due to this, unrequested reductions of the air gap value can occur. The rotor is rotationally mounted on the
shaft and transfers the torque via the elastic coupling element to the rim. The elastic coupling element presents
a ring with cut-outs, further called slots. The insertion of a circular hole is not the best form of such a stress-
reducing notch. For the first time ever, such stress reduction by extra cut-offs is proposed in popular study of
Neuber [119]. The main requirement to the material of the coupling element is high torsional strength caused
by the functional use of the motor. The threadless screw ends engage in these slots and have the function to
connect outer and inner ring. These screws are movable in radial and axial direction in the slots as it is shown
in Figure 4.34, (b). Thus, no deformations from the rim are transmitted to the motor. Additionally, the screws
have a connection on the side surface of the slots in the tangential direction and are able to forward the torque
to the rim. A more detailed concept description can be found in [92], [138].

The threadless screw ends and slots have a similar principle as gear wheels for the torque transfer, shown in
Figure 4.35. Furthermore, for the compensation of displacements in axial, radial, lateral and angular direction,
both elements should provide certain elasticity. The geometrical parameters of the coupling element for the
developed motor are determined by the interface of the three-piece wheel, so the quantity of the slots is
conformed to the quantity of the fixing screws of the wheel. Every load scenario can be a combination of
different load cases, for example the maximum torque can be loaded on the motor while the maximum axial
force from cornering acts. This is why further analysis comprises individual worst case scenarios with regard
to the previous determined load cases in 3.3.2. In order to be able to predict the changing of the air gap under
certain forces and moments, the consequences that result from mechanical loads need to be defined.
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Further analysis is based upon the assumptions, that the contact between slot and screw is without friction and
the contact area between slot and screw builds a line contact. Under these conditions, in case of axial load F,
(see Figure 4.35, (a)), there is only a relative movement between slot and screw, in which the corridor for this
movement is limited by the length of both elements. This circumstance allows to conclude, that there is no
stress between these parts in the non-friction case.

a b C

Figure 4.35 — Load cases by coupling element according to [134]: a - Axial load F,, b - Radial load Fy, ¢ -
Torque load M,

Thus, in case of radial load (see Figure 4.35, (b)) the maximum load occurs on the one side on the slot and
screw surfaces that are lying perpendicular to the force Fy, while the loads on the other slot elements depends
on the geometry of the whole coupling element and decreases to zero when the line of force application and
the center plane of the contact surfaces coincide. Therefore, the critical load case is a scenario, in which the
radial force Fy acts along the slot on one side surface of the slot with a threadless screw end.

The torque analysis is based upon the assumption that torque M; (see Figure 4.35, (c)) has an equal value for
all threadless screw ends and slot elements. The direction of the wheel rotation determines a side of the slot
element for this uniform distributed load. The torque force F;, which acts from one side on the slotted surface
and on the threadless cylindrical part of the screw, could be determined from the bolt circle of the wheel.

The geometrical parameters of the coupling element and dimensions of the slot were analyzed through the
finite element model of the motor in Ansys Workbench. The input data for the simulations were the above
calculated loads acting on the wheel. The 3D-model was imported to the mechanical model component. To
reduce the computing time, the model of the motor has been simplified and the finite element model should
not contain such irrelevant components as windings, electronics, cooling channels, etc. An adopted model of
the wheel hub bearing was implemented into the analysis of the full motor.

In case of the presented load scenarios, the ring with slots is fixed and has a rigid connection to the rotor part
and the motor assembly. The loads are transferred to the wheel by using the force and torque function applied
to the wheel flanges. This allows to realize an equal load on each screw of the wheel assembly. The calculated
model has 135754 elements and 258608 nodes, in which the most usable shape of the mesh element is a second
order tetrahedron element. The contact conditions between the elements of the motor and wheel center are
bonded, while the contact between screws and ring with slots is shrink sliding due to a frictional contact
condition (friction coefficient steel-steel uy = 0.15), because a relative movement between threadless ends of
the screws and slots of the ring should be provided. This allows to receive results under close-to-real conditions
from the FEM-simulation. As expected, equivalent stresses will have areas of contact between slots and ends
as it is shown in Figure 4.36.
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Figure 4.36 — Equivalent stress by load cases: a - Axial load F,, b - Radial load Fy, ¢ - Torque load M;,

The knowledge about the type of the deformation of the motor parts, especially the rotor and the stator, leads
to the possibility of estimating the change in air gap. According to the above described model, the deformations
of the motor assembly were FEM-simulated. Results of the deformations by different load scenarios are
presented in Figure 4.37.
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Figure 4.37 — Deformations by different load cases: a - Axial load F,, b - Radial load Fy, ¢ - Torque load M,

According to the simulated loads, the total deformations of the developed model are presented in Figure 4.37.
For the determination of the main result of the FEM analysis — the air gap deformation, the tool deformation
probe is used, which allows to identify the deformations between the stator and the rotor. The results of the
simulation have shown that the maximum air gap change due to the application of the developed elastic element
can be achieved at 0.083 mm for the worst load scenario — in case of radial load. In reality, the air gap varies
due to the action of wheel loads and the electromagnetic forces induced between the windings, back iron and
permanent magnets. As it was shown above (4.3.1), the maximum value of the air gap changing is important
for the bearing load capacity and also has a huge influence on the electrical motor function. The simulated
values can be interpreted as insignificant for the impact on the motor main function.
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4.3.3. Motor Shaft

The motor shaft is the central component for carrying other motor parts and loads and the further transfer of
loads into the chassis system of the vehicle. The wheel hub bearing and the supplementary bearing are
connected to the motor shaft. The stator should have a solid connection to the shaft so that the motor shaft can
absorb the motor torque built up by the stator. Due to the connections to other components of the motor and
the vehicle, the special connection options have been provided in the design of the motor shaft.

The simulation of maximum loads has shown (see Figure 4.36 and Figure 4.37) that stresses and deformations
of a different magnitude are occurring on the motor shaft. The obtained values have less effect on the strength
and reliability of the shaft, because the shaft section between the wheel hub bearing and the supplementary
bearing is designed to be as stiff as possible in order to minimize the relative displacement of the stator and
two covers of the rotor in radial direction. For this reason, by the design of the shaft, the aspect of the high
integrability of the motor shaft also needs to be considered. The supply lines for power, signal and cooling
must be laid between two motor bearings. Openings for the supply lines are preferably located on the sides,
opposite to the points of maximum bending stress. At the same time, another aspect regarding the weight
characteristic must be considered, because the shaft preferred should be made of high-strength steel because
of the loads occurring in critical load situations. Therefore, the use of steel leads to an undesirable high weight
of the motor.

In the area of the connection to the chassis, the equal flange as by automotive connection was implemented to
ensure the connection options to standard suspension. The supply lines for the cooling are made of silicone
according to the thermal profile of the motor and with the same cross-section of the cooling pipes so that the
pressure losses of the motor do not increase. The cable for energy supply is selected according to the
requirements of EMC shielding and corresponding to the maximum current carrying capacity in the power
supply system of the motor. The size of the CAN cable has been determined according to the requirements
derived in section 3.1 (see e.g. Table 3.2).

All supply lines in the shaft were inserted at the points where the minimum stresses are present. A lightweight
part was designed for the correct positioning, alignment and sealing of the internal motor components, making
further use of the rapid prototyping technique due to the complexity of the part. The isolation of the rotating
parts of the wheel hub bearing and supply lines was provided by an aluminum plate integrated in the motor
shaft. The final version of the design of the motor shaft is illustrated in Figure 4.38.

Figure 4.38 — Final design of the motor shaft

The strength values simulated for the maximum loads applied to the motor are only static values. In order to
receive an acceptable result of the motor shaft, the strength of the designed components must be tested also on
the dynamic loads, as they have an important purpose as a safety component in the vehicle.
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4.3.4. Sealing

The functional demands on the sealing systems of the developed motor require absolute leak tightness. It
presents a great challenge and loads occur during motor operation with mechanical, thermal or chemical origin
and may affect the sealing system [9]. Mechanical loads can arise from deformation and misalignment of the
sealing elements to each other. Thermal loads occur in form of high temperatures by frictional contact between
parts of the sealing system, which in turn leads to changes in the properties of the seal itself. Low temperatures
also have a negative influence on the sealing system and can lead to seal failure. Chemical loads are mainly
caused by ultraviolet radiation and by aggressive environmental products. According to [11], the sealing system
can have an impact on the motor function and lead to its failure, thus to avoid motor failure, it is necessary to
select the seal correctly. Various approaches can be found to solve the issue of sealing in the application of in-
wheel motors according to [101].

The starting point for the development of the sealing system is the determination of the boundary conditions
of its application. The size of the sealing has a direct impact on losses, which in turn influences a lower
efficiency of the developed motor, so that the larger the seal size, the greater the resulting losses. This can
generate unintended torques or result in unreliability of the sealing. Also important is the higher costs by bigger
sealing. On the other hand, a minimizing of the sealing size is limited by the dimensions that are important for
the interface of the suspension and energy/control supply lines of the motor. After a number of iterative steps
with regard to design measures and the resulting changes, a seal system layout and design with the required
seals were developed. According to the decided motor topology, the sealing system is represented by the sealing
of the wheel hub and supplementary bearings. Figure 4.39 illustrates a cross-section of the developed motor
and indicates the seal points.

Sealing of wheel hub bearing

Static sealing Dynamic sealing

Figure 4.39 — Sealing system of the developed motor

The selected wheel hub bearing BAR-0230 is equipped with automotive cassette seals. This type of seal
consists of two components: An insert seal and a counter face seal called flinger as shown in Figure 4.40, (a).
The insert seal is constructed like a metal insert with rubberized lips, one or more of which can be arranged in
radial and axial direction. The flinger is fitted on the inner ring shoulder and uses the centrifugal effect as it
rotates with the inner ring to prevent dust, mud and water from entering the bearing. It is designed to prevent
any corrosion that would result in seal failure caused by excessive seal lip wear. According to [160], reliability
and performance of the main bearing is provided with high-temperature seal material and life-time grease,
which enables it to be used in high-speed rotation with the associated heat generation.

As it can be derived from Figure 4.39, the seal of the wheel hub bearing is fully encapsulated inside the motor.
The left side of the sealing is covered by the static sealing of the supplementary bearing and the right side is
separated from the environment by aluminum disc. The separation disc also enables non-contact between the
inner parts of the shaft and the rotating parts of the wheel hub bearing.
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a b C

Figure 4.40 — Sealings of the developed motor: a - Seal of the wheel hub bearing [160], b - Static seal of the
supplementary bearing, ¢ - Dynamic seal of the supplementary bearing

The seal of a supplementary bearing is not encapsulated and it can be influenced from the environment. The
main function of this sealing is to keep the external environmental influences away from the inside motor parts
and at the same time to ensure a reduction in frictional power.

The results of the simulation of the load torque with elastic elements is shown in Figure 4.37, (c), which
demonstrates that the twisting of the rotor cover in relation to the flange of the wheel hub bearing amounts to
0.052°. This value is negligible and allows the use of a static seal. The construction of the static seal is shown
in Figure 4.39 and Figure 4.40, (b). This seal is fixed on one side by a flange and on the other side by a spacer
sleeve.

The dynamic seal of the motor is realized by a V-ring from Trelleborg AB. The V-ring, shown in Figure 4.40,
(c), provides a low-friction contact seal. There are three components in the dynamic seal of the developed
motor that are responsible for the sealing function: Rotor cover, shaft and V-ring. The shaft carries the actual
sealing element. The cover of the rotor transfers the power out of the shaft. The seal represents an interface
between the standing shaft and the rotating cover of the rotor. According to the manufacturer data [171] this
seal is made of EPDM and offers a wide range of application temperatures from -50°C to +130°C. Due to the
influence of the centrifugal force on the contact pressure of the lip, friction losses and heat are reduced to a
minimum, resulting in a higher wear resistance and extended seal life. Once the layout of the seal has been
selected, the losses of the dynamic seal can be determined. According to the data presented in [53], the power
losses of the V-ring seal at the maximum speed of the developed motor (6.3 m/s by seal) are estimated at 22
W. The power loss chart for the V-ring is presented in Appendix K.

To ensure full product life, the motor assembly design allows for seal servicing, ensuring the integrity of the
sealing process. This solution satisfied the design specification call for the motor to be sealed to IP6k9k and IP
68 compliance, or in other words allowed high pressure jet wash and the usage of the motor in 1m deep water.
As a highlight of the developed motor concept, considerable progress in the reduction of sealing losses can be
achieved through further series application by removing two seals from the wheel hub bearing, since this is
encapsulated in the motor, which is expected to increase the efficiency of the developed motor.

4.4. Conclusion to the Chapter

This chapter focused on the determination characteristics of the electric motor for a vehicle with in-wheel
motors on the basis of the derived requirements of Chapter 3. Starting from the number of the requirements on
the in-wheel motor, an electrical, cooling and mechanical approach has been estimated based on the
geometrical restrictions of the motor and requested motor behavior. In the first part of the chapter, the electrical
profile of the motor was deduced, whereby the analysis of rotor and stator geometry and material design was
simulated by using of finite element models. To fulfil the driving performance requirements, the motor should
contain the combined windings and Halbach array magnetic arrangement. The other motor parts, which have
an important influence on the motor operation, were presented and analyzed.
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In order to guarantee the required electromechanical output characteristics of the developed motor, as well as
to protect the motor from thermal damage and the components installed inside the motor, the analysis of the
active fluid cooling system was presented. The results contain the developed subsequence for the motor cooling
and optimal geometry of the cooling channel, analytical and numerical results of simulation of pressure loss
characteristic, flow velocities and heat transport of the developed motor. The conclusion of the analysis results
in an effective heat removal and homogenous temperature distribution.

Assuming an electric and a cooling profile, the mechanical profile of the motor was presented. Due to the
topological highlights, the substitution model of the wheel hub bearing was presented first. In addition, the
calculation of the supplementary bearing showed that the requirement on the maximum service life of the
bearing is satisfied. Therefore, the decoupling of the loads in the motor is requested. This challenge is
successfully solved by using the developed coupling element. For the evaluation of the function of the coupling
element, the critical load case scenarios on the in-wheel motor were analyzed. The use of the finite element
method delivered information about the behavior of parts of the coupling element under maximal mechanical
loads. Due to the elastic design, a compensation of the forces acting in the in-wheel motor is realized. On the
basis of the presented analysis, methods and calculations, the structural integrity of the motor shaft can be
examined. Finally, the sealing system of the motor is considered, whereby the amount of losses caused by the
sealing is expected to be minimal. Based on the obtained data, a detailed 3D-model of the developed motor
was built (see Figure 4.41). In the next steps, the electric motor has to be produced to realize the presented
approaches in physical prototypes.

Figure 4.41 — 3D-model of the developed motor
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5. Application Specific Design

The production of the electric motor is characterized by the application of a wide variety of manufacturing
technologies. Apart from the conventional manufacturing methods for the production of motor components,
there are also technologies and processes available that can always provide specific know-how in the field of
electric motor production. This chapter focuses on the special factors of manufacturing and determination of
the manufacturing of the full-scale motor in order to further validate the findings of this research. Based on the
simulation results, topology-optimized design and material data, the technological methods for manufacturing
of the developed motor from analyzed materials are defined. In the following, an implementation of the specific
design for the developed solutions of the electric motor according to Chapter 4 is carried out. The application
refers to the following motor components: rotor including magnets montage, stator main body, stator active
parts: back iron, windings for combined winding and its connection.

5.1. Rotor with Magnets

According to the requirements on the lightweight design of the developed motor, the materials of the rotor
were standard aluminum alloy, aluminum foam and sandwich consisting of CFRP plates and aluminum foam.
Within the first step, the rotors made of full aluminum foam were checked to ensure that the rotor cylinder was
concentric (see Figure 5.1). The rotor, which was made completely of aluminum foam plates, proved to be
dimensionally inaccurate due to casting distortions and was therefore not suitable for further processing. The
measured values have shown that the technology must be further improved in order to maintain the application
for the developed in-wheel motor.
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Figure 5.1 — Full aluminum foam variant of the rotor (a) and the results of its run-out measurement (b)

The placement of the necessary magnets (Figure 5.2) to form the Halbach array arrangement with prototypical
devices in the variant made of non-full aluminum foam led to a geometric distortion in the prototype. As a
result, the rotor cylinder of the non-full aluminum foam variant showed deviations in the radial runout.
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Figure 5.2 — Non-full aluminum foam variant of the rotor (a) and the results of its run-out measurement (b)

In addition, it is necessary to perform an optimization loop in the form of a mechanical redesign of the foaming
molds in order to maintain the high tolerances on shape and position while taking into account the production-
related distortion. Both metal foam variants offer a high application potential, whereby the full aluminum foam
variant enables a weight reduction of approximately 25% compared to the standard aluminum alloy version.
Furthermore, in the sandwich variant, the spongy surface of the aluminum foam of the rotor cylinder did not
allow the adhesive to remain on the rotor surface in sufficient quantity. For this reason, the main disadvantage
of using aluminum foam in this variant is the reduction of the surface on which the adhesive material must
provide a carrier film. Therefore, in order to validate the motor concept, the magnets were glued into the rotor
variant made of standard aluminum alloy.

As previously determined, an arrangement according to Halbach was specified for the reduction of the total
weight. Apart from the weight reduction of the rotor unit, however, it is relatively more complicated to
assemble and install than the traditional dipole arrangement. The manufacturing complexity results from the
placement and mounting of the permanent magnets on the rotor cylinder. According to the placement of the
magnets, the developed radial-flux motor uses the principle of surface mounted permanent magnets, in which
the magnets are fixed to the inner rotor surface. The adhesive technique was chosen for fixing the magnets in
the rotor, whereby the different adhesive variants were investigated according to the requirement profile.
During the selection of the glue, the main focus was on the adhesive force on the glued surfaces, the strength
at maximum temperatures and the shear strength. The influence of aging after long-term thermal and dynamic
stress was eliminated. The magnets were glued in a manual way and with the help of special devices. The high
forces that arise between differently polarized magnets have caused the development of the gluing device (see
Figure 5.3, (a)). For this purpose, a series of experiments were carried out, which led to different concepts for
the gluing of the magnets. As a preferable variant, a special device has been developed in which, on the first
step, a simultaneous distribution of the radially magnetized magnets of the first row is realized and the gluing
of the second row of tangentially magnetized magnets is carried out when the glue of the first row is dried, as
shown in Figure 5.3, (b). This device has proven as successful and the further mounting of the magnets was
realized with the assistance of it.
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Figure 5.3 — Gluing device for the Halbach array (a) and subsequence of the gluing of the magnets (b)
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5.2. Stator

This section is dedicated to the most important assembly of the developed motor — the stator unit. The main
parts of the stator unit are the back iron, copper windings and additional accessories and parts for the mounting
and the connection of the active parts of the stator.

5.2.1. Stator Main Body

The design concept of the stator and stator main body have been fundamentally redesigned in order to achieve
the weight reduction targets of the complete motor. The possible manufacturing options and technologies for
the realization of the stator main body component is planned and realized in two variants. After the geometry
of the stator is detailly specified, the following variants of the material combinations are provided: Standard
material variant (aluminum alloy) and hybrid variant (Al-Mg mix).

The challenges in the area of manufacturing of the stators were the connection and closing of the cooling
channels by using suitable joining methods. The stator main body with the Al-Mg hybrid according to Figure
4.9 consists of four parts, which are solid connected to each other and must fulfil a number of specific
connection effects, such as different behavior of the material pairing (e.g. different thermal expansion
coefficients), tightness of connections, corrosion, strength and lightweight design. As Figure 5.4 shows, the
Al-Mg hybrid variant offers the advantage that the joining partners for closing the magnesium cooling ring
with the magnesium sleeve and the aluminum base with the aluminum cover are made of the same material.

@ - welding of Mg-Mg
O - welding of Al-Al

- glueing of Al-Mg

Figure 5.4 — Connection points of the developed Al-Mg stator

For the realization of the welding of Mg-Mg and Al-Al parts, the electron beam welding was selected.
Compared to laser beam welding, electron beam welding is characterized by a higher efficiency of the beam
generation. If the welding process takes place in a vacuum, there is also no need to use the shielding gas. Due
to the higher power of the electron beam, a significantly deeper welding depth can be achieved.

The stator main body presents a material hybrid component. As result, it leads to the development of an Al-
Mg compound technology. The solution approaches defined for this purpose made it clear that an essential
requirement is to find a surface structure in the contact area between the magnesium insert and the aluminum
web base segment that creates a form-fit connection between the two materials, as well as a partial coating of
the magnesium insert to prevent contact corrosion between the magnesium insert and the aluminum web base
segment. This is due to the fundamentally new concept of the AI-Mg lightweight stator body that is necessary
to connect the magnesium insert with an aluminum stator base body segment by using the interlocking method.
With regard to the manufacturing of the Al-Mg lightweight web, a concept for the configuration of the
interlocking pitching in the sinusoidal shape with an additional adhesive connection between the aluminum
web base segment and the magnesium web cooling channel segment was developed. Within the prototyping
process, the adhesive bonding for the connection of the magnesium stator segment with the aluminum stator
base segment played an important role. On the one hand, the adhesive connection ensured a secure bonding of
both segments and, on the other hand, it prevented the contact corrosion between the aluminum and magnesium
material. The SikaPower 493 glue was applied for bonding, because it is classified in the group of crash-
resistant metal glues for the automotive application.

The manufacturing of the stator variant made of standard materials is more simplified because there are no
requirements based on the pairing of different materials and a missing connection between the web base
segment and the insert, because these parts are presenting one solid part. A further simplification in the
manufacture of the variant from the standard materials is the use of the Y-seal on the end faces of the stator for
welding in combination with a press connection of stator and sleeve.
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Figure 5.5 — Variants of the stator: standard material variant (a) and hybrid variant (b)

Design concepts of the developed cooling system were successfully implemented in both stator variants. The
system of connecting the stator web (with cooling channels) and the outer sleeve was implemented as a liquid-
tight solution. As a result, a two-piece stator made of aluminum and magnesium alloy and one-piece stator
made of aluminum alloy were manufactured. The application of the hybrid stator main body allows to reduce
the total weight of the stator by 15% in comparison to the standard material design.

5.2.2. Back Iron

In the following, the mounting of the back iron on the stator is explained. For the safe torque transmission, the
surface pressure by shrinking the back iron was selected. For the stator assembly, a press fit between the back
iron and the stator was selected. It was realized by shrinking during the heating of the back iron and
simultaneous cooling of the stator (see Figure 5.6, (a)). To achieve shrinkage, calculations according to [39]
were performed in the area of tolerances, which makes the joining process technologically more demanding.
Nevertheless, even in these accuracy classes it is considered to be accepted in electrical engineering. The
connection of parts by shrinking is necessary because other methods (e.g. gluing) cannot provide optimum heat
dissipation of defined areas due to the formation of air cavities and relatively low thermal conductivity of glue.

The back iron is produced by conventional processes for electrical engineering — the bounding process. To
increase the active bonding surface for baking the sheets in the back iron, an additional outer ring was attached.
The additional ring is shown in Figure 5.6, (b). It prevents the sheets from falling into pieces when the back
iron is mounted. The function of the ring is to increase the stability of the back iron and to provide the centering
of the sheets by using the holes in the ring during bonding. Therefore, the ring complicates the manufacturing,
because it had to be removed after the back iron is placed on the stator. Due to the switch-off, the partial short-
circuit of the plates are in the tooth head area and a certain increase of the eddy current losses in the plates can
be expected. And the eroding process was used to cut the ring. The cutting by eroding is relatively fine. It
results in less eddy currents losses, because it allows to reduce the number of contact points between the sheets.

a b

Figure 5.6 — Cooling of the stator by shrinking (a), mounted stator and back iron with additional ring (b)
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For the calculation of the undersize for the shrinking process, a temperature of the back iron of 150°C and
temperature of the stator main body of -30°C was assumed. The expansion coefficients of aluminum and NO20
steel are ay; = 23.8:10° 1/K and aygpq = 11-10° 1/K. Thus, for the expansion of the back iron of A,; = 0.50
mm and constriction of stator main body of Ag; = 0.39 mm. The difference equals 0.45 mm, which enables the
assembly of the stator and the back iron using manual devices.

Shrinking as a technology for mounting the back iron has shown that, if the interference fit for torque
transmission between back iron and stator is sufficient, it is also suitable for certain thermal load scenarios.
The validation of the thermal conditions between the stator main body and back iron can be performed after
the mounting of the windings. As a further development, the tolerance which allowed a larger press fit could
be chosen. Another approach that simplifies the thermal load on the back iron is to cool the stator with liquid
nitrogen instead of heating it. The heat conduction can also be improved by the use of heat conducting greases.

5.2.3. Windings

The winding technology can be classified into the manufacturing process of joining through forming. In this
process, a wire is continuously bent to produce a coil. In order to bend the wire into a coil, different winding
types and processes are used. A winding type describes the way the winding material is placed in or on the
back iron. The type of winding depends on the requirements of the product, such as the fill factor or production
costs. Techniques like wild, orthocyclical, helical, cross or toroidal winding are well known for individual and
mass production for various types of electric motors. The meander-shaped combined winding consisting of air
gap and slot winding differs significantly from classic winding forms and provides a cutting-edge technology
for the application in electric motors.

In order to better understand the effects of new winding concepts and the potential of its manufacturing, the
following case of implementation was carried out. The following section represents a new winding concept,
which is associated with a specific design and novel manufacturing steps. For the implementation of this
concept, basic practical work was carried out until the completed laboratory prototypes were provided for
analysis and validation of the motor parameters. The investigations were performed on the process of winding
the slot winding, following closing of the slots in the back iron, winding of air gap winding on the stator and
wiring the windings.

5.2.3.1. Slot Winding

Pyrhonen et al. [140] defines the part of the winding located in a single slot as a coil side, and the part of the
winding outside the slot is termed a coil end.

The windings are realized in such a design (see also below following winding process of the air gap winding)
that the relatively short connection between the individual coil sides and the coil ends of the winding phases is
arranged. The coil ends represent the connection between the coil sides or the phase wires with the shortest
possible path of the spatial arrangement, so that alternating current flows in the adjacent phase can be realized.
Alternating current flows are defined as the current that changes its orientation between the adjacent phase coil
sides, which are connected by coil ends. Thus, all magnets can be used simultaneously for the torque
generation. Short coil ends keep the ohmic losses low and therefore increase the efficiency of the motor.

In case of the developed slot winding, the windings are pre-manufactured as finished elements and can be
mounted into the back iron of the stator. For the winding of the slot winding, a winding scheme has been
developed, which is illustrated in Figure 5.7, (a). According to the developed scheme for a better understanding
of the winding process, the CAD model of the slot windings was established (see Figure 5.7, (b)).
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Figure 5.7 — Winding scheme of the slot winding (a) and CAD of the slot winding (b)

The axial length of the coil ends has been analyzed by the variation in the arrangement of the wires in the CAD
models and the twisting of the wire outside the slot. The following lengths were obtained for the investigated
versions of the coil ends: Strict bended ends of 3.6 mm (Figure 5.8, (a)), twisted ends of 5.2 mm (Figure 5.8,
(b)) and rounded ends of 5.6 mm (Figure 5.8, (c)).

a

Figure 5.8 — Variants of the coin ends: a - Strict bended, b - Twisted and ¢ - Rounded

b C

Although rounded coil ends are the longest, they are the most acceptable in terms of prototype production and
require the minimum of technological complexity in their manufacturing.

For meander-shaped windings, a special device was developed. The device for coil ends represents a board
with 56 slots and 56 pins. The pins provide the shape for the winding end. The free ends of the winding must
be sufficiently long (app. 60 mm) to be able to make the phase connections later. The configuration of the
developed device and an example of the pre-shaped winding is shown in Figure 5.9.
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Figure 5.9 — Device for the pre-shaping of the slot windings (a) and bended windings of the slot winding (b)

In order to provide insulation and prevent the damage of the wires against the sharp edges of the back iron,
the endcap for the front sides have been developed. The endcaps (see Figure 5.10) are made from polyamide
using the Rapid Prototyping technique (SLS) and glued to the front side of the back iron.
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Figure 5.10 — Endcaps of the slot windings: CAD model (a) and realization with SLS technique (b)

The first experiments on the stator have shown that there are technical manufacturing challenges which can
lead to the motor malfunction. The test with placing of the pre-shaped windings into the slots have shown that
especially in the area of the coil ends, bending over the short side of the wire leads to insulation damage and
to further disruptive discharges due to wire compression. This was caused by the massive wire of the slot
winding, which is equal to the wire cross-section as in the simulated model. For this reason, a massive wire
was substituted by two wires with the reduced cross-section. The new pre-shaped winding was produced with
the same principle and adapted device. The cross-section of the winding was reduced by the two insulation
thicknesses of the wire. The results of the both winding processes are shown in Figure 5.11.

S .7

Figure 5.11 — Slot windings with one massive wire (a) and two wires (b)

The advantages of the two-wire version are as follows:
- wire can be bent more readily (coil ends),

- the deformations of the geometry in the area of the 90° bends are relatively low due to the more suitable
height/width relation,

- more compact version in axial direction.

Although the winding variant has the disadvantage of double the production time, the slot windings of the
prototype can be manufactured with the required electrical safety.

Due to the natural twist of the wire and the existing dimensional tolerances, the wires could not always be
secured to the slot bottom, resulting in positioning errors. From another point of view, as already mentioned,
the coil ends are thermally particularly problematic because the coil ends overlap at the stator front face and
thus cannot be attached directly to the cooled stator body. One possibility to solve both problems is a filling
compound. In general, there are different materials available for this purpose. Temperature-resistant epoxy
casting resin was used to fix and improve the heat conduction. The epoxy resin SKresin T4 is characterized by
a temperature resistance up to 120°C, good UV stability and clear, transparent properties in molding
applications. The results on the filling of the front areas of the stator with slot windings can be seen in Figure
5.12.
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Figure 5.12 — Filling of the front areas of the stator

5.2.3.2. Inlays

In the field of inlays for the slots, different approaches for filling were investigated. In terms of geometry and
material, the preferable inlays variant was already defined in 4.1.2.3. The first tests were carried out using the
same material (electrical steel NO20) that was used for simulations and to manufacture the back iron. An
aluminum sheet, as a non-magnetic material, was chosen as the core of the sandwich of the inlay. This sheet
can be easily deformed when the inlay is inserted, thus compensating for shape differences of the back iron is
provided. Tests have shown that this is the best solution for the oversized inlay, i.e. the insertion of the wires.
The insulation of the down surface of the inlay is achieved by inserting the paper strips made of Nomex® as a
cover strip over the wires in the slot.

Subsequent to the manufacturing tests it was determined that the preferred NO20 version could not be
manufactured, as it consisted of five separate metal strips, each of which had to be handled and fixed
individually. After investigating alternative cutting technologies, it was also discovered that the manufacturing
of such fine metal strips is very complicated and the cut inlays have internal stresses and occasionally burrs.
These two aspects make the installation of the inlay extremely difficult and directly affect the main function of
the motor. However, for the series production it offers high potential, especially if the sheet metal strips are cut
off from the sheet or coil.

In the next step, a casting technology was developed as a technologically simpler equivalent for the solid inlay.
In this variant, the filling of the slots was investigated, whereby a compound of iron particles and epoxy resin
was produced in various proportions. The relative permeability p, of the potting in the solid state must be
configured in such a way that the cogging torque is minimized, but at the same time the back EMF is not
degraded. Furthermore, the compound must have the required dielectric strength values. The stator slots were
completely filled with the potting material (see Figure 5.13, (a)). Afterwards, the rests on the stator were
removed by grinding. The measurements of the compounds have shown that the values of permeability p,. are
about 11, which modifies the cogging torque of the motor very slightly.

The further experiment of reducing the cogging torque was investigated by filling the slots with a defined flux-
suppressor film from Kemet. The advantage of the film is its relatively high flexibility, which facilitates the
installation of the inlay. The permeability value y, of such a film according to the manufacturer is about 130,
which should lead to a significant reduction of the cogging torque. The structure of the inlay of the used
sandwich made of the films represents Figure 5.13, (b).
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Figure 5.13 — Filling the slots with compound (a) and structure of the inlay with flux-suppressor of Kemet

After completion of the slot filling, the back iron should be grinded in order to achieve a defined roughness.
This provides a continuous surface which simplifies the implementation of the winding on the stator.

5.2.3.3. Air Gap Winding

In view of the innovation of the technology, the special feature of the motor with air gap winding is the
meandering form of the individual phases of the winding. Therefore, the application of the air gap windings is
a major problem for the implementation of the motor concept. In joining technology, force-fit and form-fit
joining processes are fundamentally excluded, since one of the motor's priorities is to place only the winding
in the air gap.

The wires of the air gap winding have to be applied in one layer around the stator circumference on the outer
surface of the cylinder. This means that each wire must be connected to the stator. The manual application of
the windings on the stator outer surface is a very time-intensive and fault-sensitive process. A large number of
movements around different axes have to be performed to implement this process. For this reason, an automated
process is required for economic use. According to [23], for this purpose a winding machine was developed
and designed. The machine has 13 axes to provide all positioning movements that are necessary for the winding
application process. An application of the machine gives an opportunity of handling a wide range of stator
diameters, stator depths, number of wires, number of phases, wire geometries, and winding connections [23].

The structure of the winding machine can basically be divided into six assemblies, see Figure 5.14:
- table consisting of aluminum fixing profiles,

- coil carrier with threaded rods,

- wire feed mechanism,

- portal with actuators,

- the control system (located under the machine table) with a PC for command input.

Coil carrier ;
/ Wire feed

= )

Figure 5.14 — CAD of assembled winding machine [23]

The operation of the winding machine could be described in the following steps:
- the prepared stator is mounted with the help of the flanges and installed in the portal of the winding machine;
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- the single wires are fed off the coils and passed through the wire feed to the stator. The tension of the
individual wires is adjusted by four bolts on the wire feed, which press the felt mats together;

- at the output of the wire feed, the wires are packaged through the clamps;
- the end of the package is fixed after the portal of the winding machine;
- the wires have to be cleaned before bonding;

- the wire package is pressed onto the surface of the stator with the help of a downholder. Thus, the wire
package is bonded and held;

- on the front side of the stator a pin is placed by a linear drive;
- the coil end will be produced, whereby the stator is rotated by 180° around its vertical axis;

- to obtain the correct shape of the coil end, the overbending process should be provided by an additional
rotation of +30° and then -30° around the vertical axis;

- the second downholder device is driven so that the second winding package is pressed onto the stator surface;
- the coil end can be bent with maximum angle to the stator front side;

- first and second downholders can be raised and the wire packages are relieved;

- the stator can be rotated around its axis at an angle 6,,,. The angle 6,,,, results from the number of the coil
ends of the phase;

- the winding of the one phase contains 112 coil ends (56 left and 56 right). Therefore, the process must be
repeated 112 times.

For every wire of the motor, a voltage is induced due to self-induction. According to Lenz's law, this voltage
prevents the current from flowing through the wire. In the standard wire arrangement, the magnetic fields of
the individual cores are different in magnitude, which means that a compensating current is generated within
the conductors, since they are connected together at the beginning and the end. As a result, an internal cross
current is produced inside the wire package, which cannot be detected from the outside. Cross currents in the
phases are reducing the maximum rated current of the motor. The required maximum of the torque cannot be
achieved. To eliminate these disadvantages, it is necessary to compensate for the unequal potential distribution.
By a selective wire replacement, the wires should be uncoiled in alternating sequence so that the wires are
positioned once at each position in the wire package on the full circumference of the stator. The number of
wire changes depends on the number of wires used in the winding package. For eight wires, the wire exchange
should be conducted seven times. Wire replacement describes the repositioning of the wire in the wire package
from the inside to the outside of the package. The wire replacement must be carried out solely in the area of
coil ends, because the phases must be as flat as possible and parallel to the axis of rotation and are not allowed
to have a higher dimension in the air gap of the motor.

The bending of the coil ends creates the internal stresses in the bended wires. This leads to wire packets or
individual wires being taped off the stator surface. For this reason, the bandaging of air gap winding is
necessary. The air gap winding bandaging could be realized on the winding machine, where the tensioned
bandage band is fixed by a continuous rotation of the stator. The results of the completed air gap winding
before and after bandaging can be seen in Figure 5.15, (a), (b).

Figure 5.15 — Air gap winding before (a) and after bandaging (b)
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5.2.3.4. Connection of Phases

The connection of phases is an important factor for the correct motor operation. The wrong connection can be
responsible for faulty current flows, which results in a crucial motor fault. To realize the combined winding
concept, the ends of the air gap and slot windings should be connected as it is illustrated in Figure 5.16.

Figure 5.16 — Phase arrangement of the air gap winding and slot winding

The “-” sign in the presented arrangement corresponds to the direction to the stator bottom, and the “+” sign is
determined as the direction from the stator bottom.

During the connection, the individual phase windings are connected to each other according to the connection
scheme presented in Figure 5.17. The positions for the start and end of the phase windings are selected where
the terminal clamps have the shortest distance to the corresponding contact points. The various connection
methods can be used to realize this scheme. According to the number of phases of the motor, there is the same
number of terminal clamps needed.

End of the slot winding (-) Start of the air gap winding (+)
Connection to the neutral point rail Connection to the energy source

End of the air gap winding (-)
Connection to the terminal clamp

Figure 5.17 — Scheme of the connections for realization of the combined winding

Basically, all connection elements are composed of electrical conductors that are insulated from each other.
Copper is typically used as the conductor material while the insulation is provided by an insulation coating. If
this method is used, all connections have to be connected directly to the terminal clamps. Due to the relatively
large dimensions of the standard terminal clamps, the special sub-assembly was developed (see Figure 5.18).
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Figure 5.18 — Developed terminal clamps

The main requirements for the development of terminal clamps were:

- the terminal clamps have to realize the series connection,

- the terminal clamps require a good heat dissipating and at the same time insulated contact to the stator surface,
- the clamps also have to keep sufficient distance to rotating parts.

Terminal clamps have a great potential for cost reduction through standardization, but for optimal use of the
working space in the stator, special terminal clamps are required which have an additional development
requirement.

5.3. Conclusion to the Chapter

Chapter 5 concentrates on the application of the motor specific design of the in-wheel motor. The realized
technologies, which have been used as a basis for the manufacturing concepts, have proven to be
technologically successful. In some cases, the concepts which have been revised during the manufacturing
process also showed to be insufficient (e.g. filling of the slots).

In the area of rotor manufacturing, the full aluminum foam variant and non-full aluminum foam variant of the
rotor versions could not be used due to dimensional inaccuracies during production process. The used rotors
showed different dimensional faults before and after the assembly phase. Furthermore, the quality of the inside
surface is not satisfactory to ensure the fixation of the magnets. The presented light-weight technologies have
considerable advantages in weight reduction, but not sufficient for further application in the in-wheel motor
under test, because the accuracy of the produced parts is not achieved. The manufacturing of the prototypes
was performed with the standard materials. The adhesive bounding was applied for the mounting of the
magnets, whereby the special device for the gluing was developed.

In comparison to the rotor assembly in stator manufacturing, the application of the lightweight design variant
achieved the required result. The applied combination of materials results in a weight reduction of 15% in
comparison to the standard materials.

In the area of the stator manufacturing, the application of the back iron on the stator main body as well as the
production of both windings in particular were a technological challenge. The method of winding
manufacturing, which was developed using the corresponding devices and tools, proved to be fundamentally
applicable, but time-intensive. On the one hand there are partly neither existing technologies nor corresponding
experience on the market in the area of winding technologies, on the other hand the assembly technologies
were found which do not limit the technical properties of the winded stator in its performance (cooling of the
windings). Both requirements were successfully solved by the development of the range of special devices.
The derived method of the mounting of the back iron ensures optimum heat dissipation. Furthermore, the
problem of the electrical insulation of both windings was solved by the intended use of special manufacturing
processes. The solution in the field of connection firstly was presented as the special designed terminal clamps,
which can be optimized by the requirements of higher manufacturing needs.

However, it also became apparent that due to the novelty of the development, a number of questions and
problems could not be clarified with absolute precision in advance. The unknown factors were so significant

94



Application Specific Design

that in some cases, second or third attempts had to be conducted, as by the filling of the slots by different kinds
of inlays.

Based on the experience and results of application steps, the respective prototypes were built and assembled

(see Figure 5.19). The prototypes can be used for tests as the physical model to validate the theoretical
approaches presented within this work.

Figure 5.19 — Assembled variants of prototypes: a - Standard materials, b - CFPR
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6. Experimental Validation

Despite the diversity of existing approaches and the availability of simulation programs, no universal
methodology is being developed that allows a combination of complex processes to be considered by
simulating motors. In accordance with requirements for the efficient manufacturing of the motors, it is
necessary to use validated analytical methods to estimate the important parameters of the motor.

Chapter 6 concentrates on a validation of the developed in-wheel motor as well as on the impact of boundary
conditions and assumptions determined in this study. For this reason, the prototypes were metrologically
evaluated and the measured properties were analyzed. The prototypes were measured in special test stands
regarding their electrical, magnetic and mechanical properties.

In the first part of the chapter the influence of the forces acting on the wheel on the air gap in the special test
stand was presented for validation. Afterwards, the losses due to existing cogging effects are presented and
analyzed, whereby the proposed filling principles for the validation of different possibilities of minimizing the
cogging effect were tested with the help of a specially developed test stand. The motor parameters represent
the essential and important knowledge about its function before the test of the motor on the test stand began.
After the preliminary tests of the prototypes were carried out, the measurements on the motor test stand are
presented. In the final section, the validation of the required parameters regarding the weight of the in-wheel
motor and potentials of the lightweight design are introduced.

6.1. Air gap changing

This section presents the validation and comparison between analytical results and test results using the
approach that uses a specially designed test stand.

6.1.1. Approach of validation

To inspect the mechanical structure of the developed motor and the principle of decoupling the forces, a special
test stand was developed to assess the static load cases according to the requirements.

As illustrated in Figure 6.1, the test stand consists of the following subassemblies: clamping unit, frame, angle
support, hydraulic cylinder and 6-axis force sensor. The wheel alignment on the developed test stand is
horizontal. The load is generated hydraulically and is applied to the wheel by the hydraulic cylinder via the
clamping unit. The clamping unit holds the wheel flange, it also should be complied with the shape of the
wheel and equally distribute the load over the contact surface. The load can be determined approximately by
comparing a pressure measurement. The precise measurement of the forces is performed by the 6-axis force
sensor, which is installed directly in the clamping unit. The lifting forces can be generated with corresponding
hydraulic cylinders up to 100 tons [111]. The oil pressure required for the hydraulics can be applied via a hand
pump. The measurement of the oil pressure is carried out via the pressure gauge. The frame construction
consists of the profiles connected with each other with screws, which enables quick rebuilding for different
modifications of the test objects. With the help of this test stand, it is possible to test the in-wheel motor wheels
with different diameters and widths (see Appendix L for details). This can also be done by the stroke of the
cylinder or by the sliding of the hydraulic cylinder. In the frame base plate, there are guide rails on which the
hydraulic cylinder can be adjusted according to the wheel diameter. In addition, different load cases can be
realized by rebuilding the hydraulic cylinder. With radial load, the hydraulic cylinder directly loads the shaft
of the clamping unit. Figure 6.1 shows the case of radial load, in which the direction of force is radial to the
wheel axis.
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Clamping unit Hydraulic cylinder

Angle support

f
Force sensor /

Frame

Figure 6.1 — Explanation of the main parts of the test stand and scheme of the radial load

During the torque load, the angle support is displaced from the axes of symmetry of the wheel. This results in
a lever arm and a torque can be applied to the wheel via the translational action of the hydraulic cylinder. The
torque load is depicted in Figure 6.2, (a).

The axial load presents a simulation of the lateral forces during cornering. The direction of force is parallel to
the wheel axes of symmetry. This is achieved by mounting the hydraulic cylinder on the frame base plate, see
Figure 6.2, (b).

a b
Figure 6.2 — Scheme of the testing of the torque load (a) and axial load (b)

A laser sensor is used to measure the change in the air gap. Due to the limited space, it is not possible to install
the sensor directly in the motor. Therefore, for the indirect measurement on the stator, an extension was
mounted and the laser sensor was fixed directly on the rotor. The measuring principle described is illustrated
in Figure 6.3.

Figure 6.3 — Extension for the measuring of the variation of the air gap

6.1.2. Measurement Results

By the measurement on the prototype of the developed motor on the shaft flange and on the rotor cover, the
rotation lock device was attached to provide the symmetrical application of the loads.
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The measured courses of force generation were carried out according to the required load characteristic. Since
the static load was measured, the load was stopped after reaching the maximum required value. At the same
time of loading the change of the air gap was recorded. The results of the measurement for all three required
loading cases are shown in Figure 6.4, Figure 6.5 and Figure 6.6.
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Figure 6.4 — Development of force (a) and corresponding air gap variation under the axial load (b)
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Figure 6.5 — Development of force (a) and corresponding air gap variation under the radial load (b)
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Figure 6.6 — Development of force (a) and corresponding air gap variation under the torque load (b)

The values of the corresponding air gap variations have to be correlated, because the measurement was not
directly performed in the air gap. The values shown in Table 6.1 are calculated by eliminating the lever impact
of the extension keeping the rule of the proportionality of the triangle.

98



Experimental Validation

Variation of the air gap, um
Type ofload Results of the simulation R%:SEI‘[Zl of the measurement
Axial load 70 62
Radial load 83 53
Torque load 58 51

Table 6.1 — Comparison of the simulated and measured values of the air gap variation

The results of the measurement of the air gap variation are 62 um by axial load, 53 um by radial load and 51
um by torque load, which do not strongly align to the simulated results with a maximum error of 36.1% for the
radial load case. The reason for this discrepancy can be caused by a higher level of the wheel hub bearing
mounted in the prototype.

According to the presented loading cases, it can be seen that the motor is deformed in symmetric relation to
the load. Furthermore, it is apparent that the air gap is more sensible in case of axial load. The reason for this
is the lower stiffness of the hub bearing in axial direction.

The measured displacements between the stator and rotor under the applied loads are larger than the calculated
values. It is caused by the calculation of the motor model with different simplified approaches (e.g. model of
the bearing), which lead to the occurrence of this discrepancy.

6.2. Cogging Torque

The validation of the analytical method is carried out using the specially developed test stand, which allows to
determine the cogging force. The practical value of validation is that during the development of the test stand,
the shortcomings of the motor active parts can be detected in the early stages of the design and it is essential
to improve the validation procedure. In addition, this method allows the use of interchangeable parts with
standard mounting methods, which allows rapid modification of motor parameters and measurements of
various geometric parameters of the motor active parts.

6.2.1. Validation Approach

The test stand has been designed to simultaneously record the values of the detent force depending on the
variable air gap between the stator and rotor parts of the motor or an application of different materials to fill
the slots. The test stand model was created in the CAD package of Autodesk Inventor and was used to determine
the required geometric parameters of the test stand and for implementation in research.

To simplify the design of the test stand, a linear model of the stator and rotor parts was adopted. Thus, the
measured value was not the value of cogging torque, but of the cogging force arising and acting along the
active parts of the motor. In the following, the part of the rotor refers to the magnets and the part of the stator
is a piece of its back iron (see Figure 6.7).

Rotor — magnets of rotor

Stator — back iron

Figure 6.7 — Principle of the test stand with the motor active parts
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The test stand has a portal design. In this design, a relative displacement of the rotor relative to the stator takes
place by the piece of the back iron. An important condition for an accurate measurement of the cogging force
is the deficiency of any effects from the possible slip of the moving parts of the motor and the guided stand
parts. The relative motion between motor parts requires a smooth, stable, precise, and linear characteristic.
Therefore, the air bearing of the Pl-glide RB series linear air bearings was adopted for the test stand
implementation, because air bearings are inherently frictionless, they do not exhibit breakaway or running
friction, even under their maximum load. A noncontact design between bearing parts means that they do not
need maintenance and their accuracy will not degrade over time. For the supply of the compressed air in the
air bearing, a standard air preparation module is used.

The relative movement of the parts is realized through an application of stepping motor with threaded spindle
from Nanotec company. The stepper motor works by switching the power supply. Furthermore, it was ensured
that no ferromagnetic materials were used in the area of the measurement in order to avoid measurement
distortions. Due to the limited space of the air bearing for the test stand application, the usage of five poles
according to the Halbach arrangement was chosen.

The measurement of cogging force occurs by the loading of the load cell, that is mounted between the spindle

of the motor and an extension to the movable platform with the test sample. To evaluate the possible variations
of the air gap between active motor parts, the laser sensors are mounted on both sides of the portal.

Laser sensors

Load cell
Stepping motor

Threaded spindle

Power supply

Air preparation module

Figure 6.8 — Parts and units of test stand

For the measured value acquisition during an experiment, the software package LabVIEW and the associated
NI-DAQmx data acquisition software was used, whereby all installed sensors were evaluated simultaneously.
The result of the measurement is the measurement protocol that was generated in LabVIEW.

6.2.2. Measurement Results

Within the first phase of the measurement, the verification of the test stand was realized with an idle condition.
During this test, all disturbances caused by the motor were detected. These values are important for further
measurements, because the disturbances could be subtracted from measured values of the cogging force.

The measurement investigation was performed sequentially on the same test sample. Thus, the possibility of
discrepancies in the results, which may be caused by geometric inaccuracy of the sample itself, was excluded.
The material that was used for the manufacturing of the test sample is NO20 electrical steel, which is equal to
the simulated material. The test sample represents a flattened piece of the stator back iron with the same
geometry parameters as it was used for the simulation of the cogging effect.

For the manufacturing of the test sample, the sheets were lasered with the same contours as by the back iron,
stacked in a special press and pressed together. The test sample was then baked in an oven. The burrs were
removed manually before the measurement was performed.
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The measurement of the test sample without filling in the slots is shown in Figure 6.9. From the force
distribution it can be seen that very high forces of up to 35 N occur at the beginning and at the end of the
measurement. The reason for this high force level is obviously clear and can be explained as follows, since the
area before and after the magnets is not sufficiently investigated. The simulation model is restricted by the
master-slave boundaries, so the magnetic field dispersion is completely missing in the areas before and after
the magnets. Therefore, the forces occurring during the entrance and leaving of a test sample in the magnetic
field are of high importance. And this is why the simulation results in these areas have a very large difference
compared to measured values. Thus, the range of interest by the measurement presents the area which is marked
in Figure 6.9 with “A”.

For the correct positioning of the filling the copper wires were used, which were planned for the slot winding.

For the filling the sandwich (see Figure 5.13, (b) for details) from the in 4.1.2.3 presented material from Kemet
was used.
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Figure 6.9 — Force distribution during measurement of the test sample without filling
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Figure 6.10 — Force distribution during measurement of the test sample with filling

The most intriguing areas of the measurement are presented in Figure 6.11. From the acquisition of the force
distribution it is definite that the alternating force variation occurs at the same time as for the test sample with
and without a filling of the slot. A further important implication from Figure 6.9, Figure 6.10 and Figure 6.11

is that the filling plays an important role in the reduction of cogging force, as the peak-to-peak values are lower
than in a non-filled test sample.
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Figure 6.11 — Comparison of the range of measurement of the cogging force associated by the slots

The evaluation of the measurement results was performed by finding the minimum and maximum values over
the apparent range of the cogging torque action. The values of interest represent the mean of the peak-to-peak
values for both measurement cases — with and without slot filling. The average mean value of the cogging force
can be calculated according to the following expression (6.1):

TP Fo
Fema = 1—1;) e 6.1)
ptp

Where n,,, stands for the number of peak-to-peak amplitudes per measurement and F,y, ; is the value of each
peak-to-peak amplitude. For both variants of filling it a remarkable effect can be identified, because the mean
value of the filled test sample amounts to 3.42 N in comparison with the non-filled test sample of 5.65 N. This
demonstrates just how important the filling of the slots is and has a positive effect against cogging force. The
mean value of the cogging force can now subsequently be used to calculate the cogging torque.

The cogging torque for the full motor is estimated by the empirical formula given in Equation (6.2):

Teog = Fem " Tst=Fema - :_Z “Tst (6.2)
The individual cogging torque value of the both test samples eventually resulted in 21.01 Nm for the non-filled
test sample and 12.7 Nm for the filled sample. The motor with the filling of the stator has an almost 39.5%
lower cogging torque compared to the non-filled variant.
A clear trend in the results of the measurement bears a close resemblance to the simulation proposed in 4.1.2.3.
Therefore, the measured values of the cogging torque have certain differences to the simulated model. The
reason for this is, firstly, the differences in the geometry and tolerances of the test sample, and secondly, the
differences in material properties.
In addition, measurements on the test samples were used to track the position of the moving platform with the
signals of the laser sensors. The high stability provided by the air bearing has prevented the keeping of the
movable platform and the measured values of the relative displacements are in the range of less than 0.001.
These values are comparable or lower than the degree of roughness of the measured surfaces and therefore not
considered in the analysis.

6.3. Motor Parameters

In this section an analysis of the motor parameters presented and examined in the previous chapters is carried
out. The prototypes and measuring equipment used for the different tests, settings and parameters are presented
and discussed. Finally, the results of the validation are shown and the achieved motor characteristics are
compared to the simulation results.
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6.3.1. Preliminary Motor Measurements

6.3.1.1. Resistance and Inductance

The purpose of measuring the resistance of motor windings is to identify defects such as defective connections,
errors in the connection scheme, as well as to clarify the parameters used in the calculation and adjustment of
operating modes, regulators and the verification of the calculated motor parameters. Furthermore, the
adjustment of the resistance of each phase is necessary for further evaluation of the ohmic losses and induced
voltages, for this reason the measurement of resistance was carried out separately for all phases, clamping
elements and additional cables. During the measurement of resistance, the temperature of the winding has a
particular importance. For this purpose, the measurement of phase resistances is performed with the GOM-805
measuring device, which also provides the temperature compensation function during the measurement. The
measured values of the three phase resistances are summarized in Table 6.2.

Phase / Winding A B ¢
Slot Air gap Slot Air gap Slot Air gap
) 124.4 113.9 123.3 115.1 121.6 115.0
Resistance, mQ
235.36 240.76 236.81
% from average 0.95 -1.31 0.34

Table 6.2 — Phase resistance measurement results

The importance of the inductance measurement is caused by the aspect of control. A very low inductance of
the developed motor demands a very high switching frequency for the direct PWM control of the motor. This
causes a higher power dissipation and makes it difficult to use standard motor control methods [57]. For this
reason, the inductance must be precisely measured for stable development and taken into account in further
validation. The inductance measurement was carried out similar to the resistance measurement with the help
of the measuring device Sourcetronik ST2827, whereby the phase inductance can be determined by connecting
phase and neutral point. The measurement accuracy of the used device is 0.05% with a resolution of 10 MHz
and allows to perform very precise measurements. It is therefore conceivable that the measurement was carried
out under the hypothesis that the developed motor could be operated at the maximum frequency of 100 kHz,
so that the measurement was carried out at this frequency. The results of the inductance measurement are
collected in Table 6.3.

Phase / Winding A B ¢
Slot Air gap Slot Air gap Slot Air gap
21.85 7.79 20.89 7.86 25.96 7.89
Inductance, pH
44.42 43.97 44.39
% from average -0.36 0.65 -0.29

Table 6.3 — Phase inductance measurement results

Table 6.2 and Table 6.3 show that the motor has a very balanced winding. The manufacturing of the motor
however leads to some notable compromises, which affected the way the windings were wound, the slot
openings closed and the phase resistance measured. For example, the design performed in the simulation has
one wire with a cross-section of 2.34x1.0 mm and in the prototypes two wires of 1.1x1.0 mm was used. This
change was caused by manufacturing difficulties and reduces the cross-section of the wire for slot winding of
6% from the expected value. An additional aspect of the minor variation of the measurement values is that the
phase winding was produced in manual and semi-automatic form. However, both measurements demonstrate
negligible differences within the range of up to 1.5%, which can be assumed as an insignificant deviation.
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6.3.1.2. Disruptive Strength

The reliability and safety of an electrical motor depends on the quality of insulation between its windings and
the housing of the electrical motor. Any vehicle is operated under relatively difficult conditions. Vibrations,
extreme temperatures, and harsh environmental conditions have a negative impact on the insulation quality and
are increasing the risk of insulation damage. Especially high potential hazards present systems in which the in-
wheel motor is used. In this case, the phase conductors of the motor are significantly affected by vibrations
generated by the suspension. However, failure areas associated with poor insulation quality can occur at any
point in any phase.

The well-known detection method for insulation fault location is based on measuring the voltage between the
neutral point and the motor body. The potential of the neutral point in case of an insulation fault will change
so that an insulation fault can be detected. With this method, insulation faults that may occur in one of the
motor phases cannot be localized, but only the presence of an insulation fault can be determined. Therefore, it
is a common approach to detect defective winding components using serial search. The windings by this
method are disconnected from the DC source and then re-connected one after the other. The appearance of a
common insulation fault signal during the connection of the next phase or phase wire indicates a fault.

This approach can only be used in the verification process of a small number of prototypes, as the method has
several disadvantages. For example, it cannot be successfully applied if an insulation fault occurs only in a
certain stator position relative to the rotor (e.g. radial winding contact of the magnet). Another disadvantage of
this approach is that it takes significant time to reassess all phase wires. The test device must be connected
every time the wires are connected. If the next phase conductor has proved to be correct, the power is
disconnected again and the next phase wire is connected. Hence, it is almost impossible to determine an
emergency lead in a reasonable time, especially for air gap windings with a large number of wires.

For the manufactured prototypes, the phases were checked for a short circuit to the stator already during the
winding processes. After assembling the motor, the inspection was repeated. The inspection was carried out
with a high voltage supply. The stator and phase contact were connected to the DC voltage source. With the
requirement according to [41] at a test voltage of 2300 V, no current from the phase may enter the stator. With
this method not only the disruptive strength according to the requirement for all phases of the two windings to
the stator and against each other was measured, but also all wires under each other were tested. All dielectric
strength measurements were completed positively, as shown in Figure 6.12.

Figure 6.12 — Test on disruptive strength

6.3.1.3. Maximum Temperature

Since the ohmic losses make up the largest part of the total power dissipation of the motor and the liquid cooling
only runs through the stator, only the stator is examined in the thermal measurements, see Figure 6.13, (a). To
heat the winding as evenly as possible, all three phases are connected in parallel and supplied simultaneously.
Thus, the winding is used as a heating resistance in order to simulate the power loss for the real operation
scenario. This approach assists the validation of the expected values for the developed motor. To determine the
power losses and the actual electrical resistance, the input of the current and voltage was measured and
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documented. It should be noted that the winding generates much higher ohmic power loss in real operation and
that the current is never applied constantly to all phases, but always only for one phase of the air gap and one
phase of the slot winding at the same time. During the tests, the coolant constantly passed through the stator at
25°C and at 0.16 kg/s. During the thermal measurements, the current parameter is varied stepwise and changed
every 90 s. Because some components of the stator are only thermally resistant to approximately 125°C, this
temperature should not be reached.

The temperature measurement was realized with two methods. Firstly, the temperature was measured contact-
free with an infrared thermal imaging camera (see Figure 6.13, (b)). This measuring device belongs to the
group of color pyrometers. A model of the TI105 from Fluke was used as the thermal imaging camera. The
second method of temperature measurement comprises the usage of the PT100 temperature sensors at the
winding heads and terminal clamps as feedback for temperature monitoring in the area of the windings and
connections. The winding heads are usually warmer than the winding on the stator because the heads overlap
each other at some points. In the case of combination winding, there is also an additional factor that the slot
winding is already under the air gap winding. This additionally increases the temperature of the winding heads.
The test measurements have shown that the warmest spots in comparison to the winding heads are the terminal
clamps. For this reason, it makes sense to install temperature sensors at the connections of the various windings
to measure the temperature at the stator.

40.3°C 9%

a b

Figure 6.13 — Thermal measurements: a - Test setup for thermal measurement, b - Infrared camera image at a
current of 150 A and a cooling water inlet temperature of 25°C

During the thermal measurement of the prototypes some errors were discovered, which led to the incorrect
water cooling. The main reason for the incorrect water cooling is assumed to be a manufacturing error during
the mounting of the back iron. It is assumed that the geometrical errors of the back iron do not connect the
stator and the back iron correctly and can cause air layers up to 0.1 mm thick between the stator sleeve and the
back iron. Thus, the contact resistance plays a more important role than the actual thermal resistance of the
material, and this parameter depends on the motor layout and manufacturing technology. Due to this problem,
measurements are always carried out at the hottest spot. As a result, the maximum current intensity for the
three phases must not be exceeded. At a cooling water inlet temperature of 25°C, the maximum current of 240
A was achieved. The increase of the measured temperature at the hotspot in the winding on the stator surface
and on the terminal clamp, as well as the varied parameters are shown in Figure 6.14.
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Figure 6.14 — Development of the temperature and corresponding current

The warmest part of the motor was measured with the temperature sensor mounted on the terminal clamp. The
higher thermal load on the terminal clamps is mainly caused by the prototype phase ends, which are partly
standing around in the air and are not connected to the cooling surfaces of the stator. The temperature
characteristics are generally homogeneous over the surface of the stator, but the underside of the stator shows
a delayed heating process, which could be attributed to a gap between the aluminum and back iron. However,
the cooling surface of the stator leads, with further interpolation, to the conclusion that the cooling system can
withstand the most difficult operating conditions of the developed motor in terms of heat generation. However,
the measurement has shown that the cooling system is working correctly and the heat dissipation corresponds
to the expected simulation results.

6.3.1.4. Mechanical Losses

To separate the losses with mechanical origin, the mechanical losses were measured. Here it was ensured that
no iron losses were implemented in the test. In order to determine the losses of the mechanical components,
the electrically active components of the prototypes were completely or partially removed.

For the measurement of the mechanical losses, a special measuring set-up was assembled. Figure 6.15 shows
the test set-up used to determine the bearing friction. A DC motor is used to drive the in-wheel motor. The DC
motor is connected to the in-wheel motor by two torsionally stiff compensating couplings and a torque
measurement shaft. The couplings ensure a vibration-free operation of the torque measurement shaft. A light-
reflecting strip on the coupling enables the measurement of the rotational speed using a digital speedometer.
More detailed description regarding, for example, the measurements on the test set-up are presented in [189].

W torque ~
}\ ¥ measurement shaft
- v

compensating
coupling

Figure 6.15 — Set-up for the measurement of mechanical losses [189]
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According to the measurement setup, the losses of the wheel hub bearing were measured separately in the first

step. The run-in and non-run-in curve in Figure 6.16 represents the dependency of the frictional torque from
the rotational speed.
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Figure 6.16 — Frictional torque vs. rotational speed for the wheel hub bearing with and without run-in

For design reasons, the measurement cannot be carried out separately for additional bearing and seal. Therefore,
in the second step of the measurement, the additional bearing and the seal were measured together. Figure 6.17
summarizes the results of the measurement of mechanical losses for the developed motor.
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Figure 6.17 — Frictional torque of the individual components

The measurements have shown that the frictional torque of bearings and seal is significantly dependent on the
speed. The measured values correspond to the manufacturer's specifications. From the measurement with and
without run-in, it has become clear that the other influences not taken into account also have the temperatures

of the motor parts. Therefore, the friction of the motor bearings must always be assessed in connection with
the operating conditions.

6.3.2. Test Stand and Approach

For the basic investigations of the behavior of the manufactured prototypes, the motor test stand WEKA was
used (see Figure 6.18).
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Figure 6.18 — In-wheel motor without the entire wheel (only outer ring) installed on the test stand

The test stand equipment for the motor layout validation includes DC motor, torque sensor, cardan shaft,
incremental encoder, prototype and holders. The load machine of the test stand is a DC motor, which keeps the
speed of the prototype motor at constant values. The in-wheel motor and the DC motor are coupled by a torque
sensor DR 2212 to measure the torque. The measurement principle of the torque sensor is based on strain
gauges. If a torque is applied, the shaft is subjected to torsion and thus the strain gauges are deformed. Strain
gauges change their electrical resistance even with small deformation. Since in this electrical path the voltage
from the supply to the display unit changes only as a function of the strain gauge resistance, a measuring
voltage proportional to the torque results at the display unit. The torque sensor has a measuring range of £500
Nm, whereby the maximum expected measuring error is 0.5 Nm.

A cardan shaft connects the torque sensor to the prototype motor via another shaft. The acquisition of the
rotational speed of the motor is measured with an integrated incremental encoder of the type A02H, which can
also be used to determine the relative position in addition to the angular velocity. For stabilization there is a
bracket mounted to the encoder. The speed can be externally monitored with a PC by using the software
LabView.

The motor is attached to a console by a flange connection and fixed with four bolts. The torque is transferred
from the wheel to the prototype as it was conceptualized through the decoupling element mounted on the
prototype and outer ring of the wheel. Cables for the signals of the sensors are led out of the flange connection
and the phase and star point connection cables. The prototype still needs an external cooling water circuit. This
requirement was met with an external, temperature-controlled cooling system from Lauda T7000.

The motor is loaded behind the holder through a three-phase bridge VS-130MT of Vishay. An oscilloscope
with a differential probe and a current clamp is provided to measure the electrical phase parameters.

Therefore, all the relevant equipment is available for measuring the basic characteristic diagrams of the
prototype. The assembled prototypes are first subjected to the basic functional tests of the in-wheel motor. The
further reconstruction of the expected power and torque values during the operation were carried out at the test
stand. For initial operation and testing, the prototypes were tested without power electronics.

6.3.2.1. B-Field

The magnetic field distribution plays an important role in defining the working conditions in the developed
motor, and directly influences the torque performance of the motor. To this end, it is decisive to outline the
experimental results to validate the numerical models.

For this experiment, Chen-Yang CYSJ302C linear Hall effect sensors were used to measure the magnetic field
strength. The Hall effect sensors were glued on the stator cylinder surface. Since the mechanical gap between
the magnets and the winding is only 0.5 mm with applicated air gap winding, measurements were taken on a
stator that was not equipped with an air gap winding. The sensors were positioned on the different places of
the stator surface: on the teeth, on the slot inlay or somewhere between the teeth and slot inlay. No contact
relation between the pins of the sensors and surface of the stator was provided by adhesive foil with Kapton as
an insulating layer. After the sensors are connected and checked, the prototype can be assembled. The
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measurement procedure assumes that the prototype is mounted on a test stand. After setting a constant
rotational speed on the load machine, the measurement can be carried out. The sensor output voltage is
measured with an oscilloscope and differential probe. The used Hall effect sensor has a sensitivity of 50 mV
per 0.055 T. The experimentational set-up of the measurement is shown in Figure 6.19.
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Figure 6.19 — Experimentational set-up for the B-field measurement
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Due to the almost identical air gap size and sensor height, two of the sensors were damaged after the prototype
was assembled. The remaining four sensors showed a pair of very similar signals, so it is reasonable to use
only two signals from the sensors by the evaluation. Figure 6.20 shows evaluated B-field waveforms observed
for the manufactured prototype respectively.
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Figure 6.20 — Graphs of the motor B-field waveforms

The results of the experiments are consistent with the results obtained by numerical modeling in the Ansys
Maxwell environment. The difference between the results of the numerical modeling and the calculation is
about 2-4% depending on the location of the sensor. The possible causes for the differences of the results could
be the varying distances between the magnets due to the manufacturing tolerances or non-homogenic material
properties.

6.3.2.2. Non-load Test

During the non-load test, the proper interaction between the motor parts can be controlled. The correct
operation of the motor will confirm the operation of individual parts, the condition of the friction surfaces, and
the right connections of the windings.

In the generator non-load measurements, the induced voltages at the motor clamps were determined using a
neutral point in dependence on the rotational speed. In this measurement, both the magnitude and the waveform
for the individual phases for each speed presents a useful data. The measurement was made when the load
machine was operated in engine mode and the prototype was tested in generator mode. During the
measurement, the speed controller of the test stand was activated. Therefore, the control unit of the test stand
allows a comfortable starting of the required speed. The setpoint value for the speed was entered over the
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potentiometer. The measurement was undertaken for each phase between the terminal and start point for the
speed vector of 100 rpm to 1000 rpm in 100 rpm steps.

Results of the measured values are presented in Figure 6.21. According to Figure 6.21, the full motor speed
vector and the corresponding induced voltages of the prototype has a linear relationship.
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Figure 6.21 — Induced voltages vs. rotational speed

The results show that the amplitudes of the induced voltages in general correspond to the simulated results.
After the comparison of the measured values, it was detected that the difference between the measurement on
the prototype and the simulation is a maximum of 4.7%. The higher value of the induced voltage means that
in the speed range of the motor there is a lower current requirement for the required torque.

As an example, the waveforms of induced back-EMFs at 100 rpm of all three phases were measured with
subsequent evaluation in LabVIEW (Figure 6.22). The digital signal of the incremental encoder was used for
this purpose. According to the method presented by Schmidt [150], this approach reduces the amount of the
data and guarantees an angle-related measurement of the back-EMF for every rotation without any
discretization error.

—— phase A —— phase B = phase C

Voltage [V]

Time [ms]
Figure 6.22 — Measured waveforms of induced voltages at 100 rpm

The results of the measured waveforms on the prototype motor appear to be quite close to the sinusoidal.

The reason for the difference between the measurement on the prototype and the simulation can be reasonably
assumed with the configuration was carried out using 2D-FEM simulation. Therefore, the influence of 3D-
effects on a prototype is not negligible. Another possible reason for the differences in induced voltages can be
an asymmetric shape of the rotor or stator. The manufacturing tolerances could be reflected by the asymmetry
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in the run-out of the rotor or stator. Due to the concentricity, a different voltage magnitude can be induced in
the phases. Manufacturing tolerances of the wires also have a direct influence and should not be excluded.
The last test that can be conducted on the test stand in non-load measurement is the experimental result of the
cogging torque value. As it can be seen from the measurement sample in Figure 6.23, the measured value of
the cogging effect is non-smoothed and vice versa very jagged. It can be noticed, that every peak-to-peak part
of the measured signal corresponds to the area of one filled slot.
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Figure 6.23 — Cogging torque versus relative rotor position (sample from the measurement)

An absolute result of the measurement is a cogging torque value with a maximum of 9.8 Nm. The experimental
value for the cogging torque differs from the value previously measured on the test stand by 22.8%. This
significant difference between the two measurements can largely be explained by the fact that the
measurements on the full prototype are more precise, since the number of simultaneously measured filled slots
is the highest possible. However, the measured value of the cogging torque is 53.3% less than the original
calculated cogging torque value.

The final conclusion considering the cogging torque is that the cogging torque can be further improved to be
under the required value of the motor and the usage of the flux suppressor as a filling of the slots provides a
reduction of the cogging torque value as expected. The probable explanation for the difference between the
measured results and simulation results is inequality in the geometrical accuracy and in the material
configuration.

6.3.2.3. Load Measurements and Efficiency

The most effective test method for an electric motor is the one that is as close as possible to the operation
condition. In other words, a full overview of the performance of an electric motor can be provided by testing
the motor under load. For this reason, to measure the motor it is required to run the motor under load and
measure its power usage.

The measurement was performed with the help of the methodology presented in [150]. The ends of the phases
were supplied by the rectifier, which itself was supplied by the power supply unit. The power supply by this
method is used in a four-quadrant operation and has the function as a pure current sink. Thus, for one rotational
speed, different load points can be inspected using the current sink. The power supply for the motor was
provided by two Regatron power supply units. The use of the two power supply units is conditioned by the
necessity to cover the voltage and current level with the help of two power supply units. The test stand allows
to measure the prototype up to a maximum torque of 300 Nm. The maximum torque was limited because the
load machine which was used to measure the prototype was not able to provide the required 600 Nm nominal
torque. During the measurement, the values of the average torque, the rotational speed, the phase current, and
the voltage at the rectifier are obtained. With the help of these measured variables, it is possible to determine
a complete characteristic diagram of the prototype. The selected resolution of rotational speed and current
variation enables to determine the values with the requested accuracy.
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The test plan included the stationary measurement of the speed-torque characteristic of the motor, which was
tested in selected points. To guarantee a high level of accuracy, the current was varied up to 50 A in different
steps (5-10 A). The load current reached a maximum value of 50 A, which is related to the thermal instability
of the terminal clamp connections. The speed was varied from 100 rpm to 900 rpm in 100 rpm increments. It
was not possible to run the power over the full speed/torque range due to the voltage and current limits of the
power supply units. The voltage was measured with a differential probe and current using a current clamp. The
measured values were monitored using a LeCroy digital storage oscilloscope. Figure 6.24 illustrates a range of
measured torque versus phase current for the simulated and experimental variant.
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Figure 6.24 — Graph of results of the experiment and simulation of motor torque vs. phase current

The maximum torque produced by the prototype motor was 240 Nm which is 5.1% less compared to the
simulated value of the torque. Thus, an expected motor constant value is 5.06 Nm/A will not be achieved and
an experimentally defined value is dissimilar with a difference of 7.1% to one simulated earlier. Thus, this
value can be extrapolated by the availability of a more powerful power supply and energy source with higher
current/voltage value.

The measured values from the experiment allow to determine the efficiency. Here, the input power is measured
by measuring the current and voltage at the power supply. Concurrently to this measurement, the resulting
mechanical power is captured using a torque measurement shaft and an encoder. The temperatures in the motor

are measured by temperature sensors installed in different critical places of the stator. The measured efficiency
map for a prototype motor is shown in Figure 6.25.
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Figure 6.25 — Efficiency map for a prototype motor

In the course of the measurement it was detected that the measured temperatures in the area of the terminal
clamp are higher than expected, therefore the value of the maximum phase current was limited. Figure 6.25
shows that the highest efficiency was achieved with 92.8% in the full load range at a high torque of 125 Nm.
It can be noticed that the reached efficiency at high speeds (>600 rpm) is 89-90%. The reason for the lower
efficiency in this speed range are the load-independent losses that were dominant here due to the lower torque
level.
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As it can be seen from Figure 6.25 and Figure 6.24, the developed motor can fulfill the required characteristics
that were specified in Chapter 3. Unfortunately, the most commonly used speed ranges of vehicles are indicated
as high torque and are in the middle range of speed. This means that the developed motor will be operated in
lower efficiency regions.

Tests have confirmed the motor's high energy performance. The motor's efficiency of 92.8% was measured in
the generator mode under load. However, the measurements also identified a specific heat dissipation problem
of the motor. The "paradox" of the situation in this case is that the developed motor has the maximum
permissible temperatures of the terminal clamps with a rather high efficiency. The reason for this situation is
the concentration of the main part of losses in the stator and a lack of coolant surface development of in a
particular technical design of a prototype — especially in the design of terminal clamps. In the future, possible
technical solutions to increase the cooling surface and reduce overheating of the motor terminal clamps should
be considered more precisely for the developed motor.

6.3.3. Validation of the Weight, Torque and Power

The total weight is a quality feature of the light motor in particular. As it was mentioned above, the weight is
also relevant for the mechanical behavior of the motor. The initial scientific objectives of this work focused on
the fulfilment of an extremely high torque and power density of the motor with low weight. The power and
torque density present a corresponding relation between the nominal value of power or torque to the weight of
the motor.

Within the first step, it is necessary to analyze the total weights of the different units and material variants of
the developed motor. The other parameters are the generated nominal torque value and the nominal power of
the developed motor variant. Using the results of the weighing of the real prototypes and data from the CAD
models, Table 6.4 was completed to compare the weights and designs for the developed motor parts using
lightweight technologies.

Motor assembl Weights, ke
/ Variant J Standard Stator: Rotor: Rotor: Light weight
materials Al-Mg Al foam+CFPR full Al foam variant
Wheel hub 2715 2.715 2.715 2715 2715
bearing
Rotor 3.858 - 3.262 2.850 2.850
Additional parts 3.236 3.236 3.236 3.236 3.236
of the rotor
Stator body 4.100 3.450 - - 3.450
Additional parts 6.319 6.319 6.319 6.319 6.919
of the stator
Total weight, kg 20.228 18.570

Table 6.4 — Weights and designs for the motor parts using lightweight technologies

According to the results for lightweight motor parts showed in Table 6.4, the weight of a variant made of
standard material is 20.228 kg. This is the biggest value of weight caused by using standard materials. The
lowest value of weight delivers the variant in which the full aluminium foam rotor with hybrid stator of Al-Mg
is combined. The weight of the lightest motor variant is 8% lighter resulting from the use of light weight
techniques. Therefore, the torque and power density can be calculated (see Table 6.5).
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Ratio / Variant Standard materials Lightweight hybrid
Torque / weight 27.93 Nm/kg 30.42 Nm/kg
Power / weight 3.46 kW/kg 3.77 kW/kg

Table 6.5 — Torque and power densities

As it was expected, the presented results of torque and power densities demonstrate more satisfactory values
for the variant made with the application of lightweight techniques. The relatively small difference of 8.9%
between standard material and lightweight variant is also contingent on the fact, that the in Table 6.4 and Table
6.5 presented weights are referring to the motor inactive parts like housing (rotor) or main body (stator). The
weight of the motor active parts like magnets or back iron were also reduced or was completely neglected.

6.4. Conclusion to the Chapter

The chapter started with the mechanical test on the variation of the air gap during the required loads on the in-
wheel motor. For this reason, the special test stand was developed that allows to reconstruct the loads acting
on the in-wheel motor during its operation in the vehicle. The measurement results show clear advantages when
using the developed topology and decoupling element with only 0.062 mm or 12.4% of the air gap change at
the maximum load. This provides stability for the essential motor parameters such as the consistency of the
torque, which also affects the smoothness of the vehicle. Therefore, an experimentally determined air gap
changing correlates well with the theoretical approximations calculated in Chapter 4.

The next important motor operation parameter is the cogging torque, which was measured on the specially
developed test stand. An integration of the non-friction air bearing in the test stand enabled precise
measurements without any friction influence. As a result of the experimental studies, a data on the values of
cogging torque for a test sample were obtained. The results of the measurements correlate very strongly with
the simulation, which is presumably due to the differences in the geometry and tolerances of the test sample or
caused by the differences in material properties of the test samples.

Preliminary measurements of the phase parameters showed negligible differences in the range of up to 1.5%,
which can be noticed as an insignificant deviation. These differences are caused by the technological challenges
in the area of the slot winding. Nevertheless, the measured parameters are acceptable considering the manual
and semi-automatic methods of the motor windings manufacturing. The next parameter that was examined is
the disruptive strength, whose maximum value according to [41] was successfully passed. The continuous
power rating of a motor is generally limited by the rate of heat building due to a non-efficient operation and
increase of the heat dissipation. For this reason, the thermal test was conducted. Results of the test are also
applicable for a further load simulation, because several places of the motor still donot have an optimal cooling.
However, the measurement has shown that the cooling system is functioning correctly and the heat dissipation
is in accordance with the expected simulation results.

Subsequently, the measurement of the mechanical losses is presented. The measured values correspond to the
manufacturer's specifications. The results show that the mechanical components as an undesirable side effect
cause the losses, which are much lower than the ohmic losses, though the effect on the motor losses is apparent.
The mechanical losses, which vary over time, must therefore be taken into account at the design stage of the
motor. Otherwise it can lead to the failure of important motor components such as the seal and bearing system.

The absence of complete electronics with the required parameters made it impossible to carry out a full range
of experiments. For this reason, non-load tests were performed in generator mode. In the course of experimental
studies, the calculated values of electric motor parameters were fully confirmed, the dependence of induced
voltage vs. rotational speed, and the expected value of the magnetic field in the air gap was determined. The
induced voltage described in this chapter shows differences of 4.7% compared to the design.

Further measurements of the cogging torque were also carried out, and the results showed a higher reduction
in the cogging torque. This phenomenon can be explained by the fact that the prototype has a much larger
number of filled slots, which results in a more homogeneous torque distribution and less field dispersion,
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compared to the results obtained on a relatively short sample on the test stand for the cogging torque
measurement.

With the measurement on the test stand with load, the functional verification of the prototype of the developed
motor was performed. In order to determine the torque-speed characteristic curve, motor operating data for
different speeds and with different motor loadings on the test stand were obtained. However, despite the
differences in motor geometry, the tested motor prototype was found to have very similar speed and torque
characteristics. For load measurements, the efficiency was determined directly from the impressed power and
the mechanical output power. Based on this data, the efficiency was determined, the maximum of which was
92.8% for the developed prototype. The measurements on the test stand have shown a very good accordance
of the results obtained in previous chapters. In some areas, there are some differences between the simulated
and measured values. Nevertheless, the deviations are relatively small when the tolerances of the
manufacturing process evaluate different components.

The final result of the chapter was firstly the weights of motor prototypes and secondly the values of torque
and power densities. The lightweight construction technologies used to realize the designed in-wheel motor
make it possible to achieve the goal and reduce the total weight of the in-wheel motor to up to 18.57 kg. This
know-how enables to reach the 30.42 Nm/kg torque density and the 3.77 kW/kg power density on the measured
prototype.

The functional verification of the developed motor concept was tested exemplarily with the prototypes. Thus,
the methodology presented in this thesis was successfully validated. The results presented in this chapter
confirm the concept of this research.
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7. Summary

To provide a clear structure of carried out research, this dissertation is divided into seven chapters which are
summarized as follows.

Chapter 1 considered the reasons and progression of the reactions of climate protection and presents a short
history of the development of the electrified vehicle.

In Chapter 2 the general drive techniques of the electric vehicle achieved at the present moment with a special
interest on the in-wheel motor is described. A brief overview of the different types of electrical machines and
possibilities of their integration of existing electrical power train concepts are described here, with reference
to the possible solutions using wheel motors. Additional consideration to principal characteristics of the in-
wheel motor and the boundary conditions of the application are discussed and the relevant requirements are
derived. To analyze existing in-wheel motor concepts, a comparison with regard to the gravimetric power and
torque densities and their presentation date are evaluated. Based on the outlined state of the art, the chapter
closes with a problem statement and objective of this work.

In Chapter 3, the requirements on the in-wheel motors are determined. The fundamental requirements for the
development include the step-by-step analysis of requirements for the vehicle, requirements of the topology of
the in-wheel motor, requirements on the elastic coupling, requirements for the electric motor and requirements
on the motor weight. The results of received requirements present a basis for further development.

Chapter 4 is devoted to the development of the in-wheel motor. The development strategy is segmented
between an electrical, cooling and mechanical approach based on the geometrical restrictions of the motor and
requested motor behavior.

Chapter 5 concentrates on the application of the specific design and focuses on the special factors of
manufacturing and determination of the manufacturing of the full-scale motor in order to further validate the
findings of this research. The realized technologies, which had been used as a basis for the manufacturing
concepts, have proven to be technologically successful.

Chapter 6 includes a validation of the developed in-wheel motor as well as the impact of boundary conditions
and assumptions determined in this work. For this reason, the prototypes were metrologically evaluated and
the measured properties were analyzed. The prototypes were measured in special test stands regarding their
electrical, magnetic and mechanical properties.

Summarizing Chapter 7, the aim of the work was to develop innovative solutions for electrified powertrains in
order to further increase the attractiveness and spread of electric vehicles. Technological advances and
increased energy efficiency were achieved by optimizing the main component of the drivetrain — the in-wheel
motor. Important objectives were defined such as mass reduction, compact designs and reduced material use.
Further great potential was found in the structural optimization and the new motor architecture, whereby the
requirement for a compact design was successfully implemented. Due to the relatively small iron content in
the stator, the motor losses are accordingly reduced, which contributes to a very high degree of efficiency and
thus meets the demands for an increased energy efficiency and range. It can be added that in this dissertation a
considerable technological progress was worked out in detail and as a whole, which, through a significant
increase in competitiveness, provides the basis for the development of new technologies in the field of the
electric drive train.

As one of the final statements in reference to the development of the concept of a novel type of winding, the
technical advantages of the lightweight motor were significantly improved. In addition to its low weight, a
major advantage of the motor in terms of compactness is the reduction in the dimensions of the stator. For
example, the motor has a comparatively large interior space and could thus contain various components (e.g.
control system). Based on the experience and results of the application steps, the respective prototypes were
built and assembled. Thus, the practical results of the dissertation are prototypically manufactured and tested
in-wheel motors with reduced weight, a more compact design and performance data that meet the requirements
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of the market. The prototypes were used to test the theoretically proposed solutions. According to the
requirements on the motor, a series of the test was carried out. The results of the mechanical tests showed clear
advantages in the application of the developed topology and decoupling element with only 0.062 mm or 12.4%
of the air gap at the maximal load. This provides stability of the essential motor parameter such as the
consistency of the torque, which also affects the smoothness of the vehicle. An electro-mechanical parameter
for the motor, the cogging torque, was successfully reduced with the help of special material and geometric
adjusting. Based on the data from the measurements of the prototypes, the maximum efficiency was determined
to be 92.8%. As the final result of the work, the used lightweight technologies for the realization of the
concepted in-wheel motor were evaluated. An achievable value of torque/weight ratio reaches 30.42 Nm/kg
and the value of power/weight ratio is 3.77 kW/kg. Thus, the methodology presented in this thesis was
successfully validated. The overall system of the in-wheel motor works according to the expected results of
the calculations and simulations on which the concept was based.

Looking ahead, a benchmark analysis with world-renowned and competing in-wheel motors has shown, that
the developed motor technology can replace existing in-wheel solutions and traditional drive systems in the
automotive sector in the future.
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Appendix A

Parameters of Modern-Line single section and modular wheel
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Appendix B

Parameters of Goodyear Vector 4 Seasons tire

Parameter Value

Tire width 205 mm

Aspect ratio 60%

Wheel diameter 16”

Load-capacity index 92 (max 630 kg)

Speed index H (max speed 210 km/h)
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Appendix C

Parameters of N45SH material

Characteristic Units min. nominal max.
Gauss 13,200 13,500 13,800
BI', Residual Induction
@ mT 1320 1350 1380
E Oersteds 12,300 12,750 13,200
=3 HcB- Coercivity
E kA/m 979 1015 1050
2 Oersteds 20,000
[T HcJ‘ Intrinsic Coercivity
£ kA/m 1,592
[+
= MGOe 43 45 46
BHmax, Maximum Energy Product
kJ/m® 342 354 366
Characteristic Units cl cL
Reversible Temperature Coefficients "
»
.FE’ of Induction, a(Br) %/°C -0.120
é’. of Coercivity, a(Hcj) %/°C -0.535
E Coefficient of Thermal Expansion AL/L per°Cx10®| 7.5 -0.1
[}
g |Thermal Conductivity W/ (m « K) 76
)
£ |Specific Heat J/ (kg * K) 460
Curie Temperature, Tc °C 310
psi 41,300
o |Flexural Strength
_ 9 MPa 285
ot - 3
g ‘é’_ Density glcm 75
o |Hardness, Vickers Hv 620
Electrical Resistivity, p uQ » cm 180
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Appendix D

Properties of the NO20 electrical steel

Werkstoffdatenblatt Elektroband

N020'15 nach EN 10303

Material data sheet Electrical steel strip

Magnetische Werte
Magnetic values

Mittelwert
mean value

max.

Mittelwert
mean value
Mindestwert/min.value

Mechanische Werte
Mechanical values

Mindestwert
min. value

enen Kennwerte sind als typische Produktionswerte an,

The here vical product

4 properties should be considered only o:

Anisotropie max. [%)]

Anisotropy max. [%]

Stapelfaktor min.

Stacking factor min.

Biegezahl min.

Number of bends min.

Dichte [kg-dm?]

Density [kg-dm?]

Wirmekapazititit [k)/(kg*K)] bei 298K
Heat capacity [ki/kg*K] at 298K

1 und kon

es, and can not be quaranteed.

7,65

0,46

NO20-15 acc. EN 10303

P 1050, P 15504, P1,0s00n P 1,0700m
[W/kel [W/kel [W/kgl [W/kgl
1,10 2,72 14,13 29,69
1,16 2,86 15,00 31,17
J 2500 J 5000 J 10000
[T [T [T]
1,55 1,65 1,75
1,48 1,59 1,69
Rm Rp0,2 A80 HV
[N/mm?]  [N/mm?] [%]
440 330 18 160

\nen nicht garantiert werden

Wirmeleitfihigkeit [W/mK]

Thermal conductivity max. [W/mK]
Wirmeausdehnungkoeffizient [10-6 K-1]
Coefficient of thermal expansion [10(-6)/K]
Spez. elektrischer Widerstand [pOhm*m)]
Specific electric resisitivity [uOhm*m]
Elektrische Leitfshigkeit [S/m]*(10)°
Electric conductivity [S/m]*(10)

P 1r01000Hz

[W/kgl
52,66

55,29

21,56

12,015

0,47

Bl
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Appendix E

Parameters of the foil 70984

Adhesive Carrier film Adhesive
Type Transfer adhesive Kapton 100MT Transfer adhesive
Acrylat Acrylat
Article CMC 15581 Kapton 100MT CMC 15811
Adhesive strength 5.5 N/cm 1.0 N/cm
Thickness 0.050 mm 0.025 mm 0.020 mm
Width 140 mm
Appendix F
Parameters of the copper wire and insulation for air gap winding SFT-AIW 0.31x0.94
Conductor Thickness of . . Dielectri
. . . ) Overall dimension ielectric
Item dimension insulation Pinhole | breakdown S;I;iz;t:er
Thickness | Width | Thickness | Width | Thickness | Width voltage
Unit mm mm mm mm mm mm Pcs/m kV Q/km
- 0.31 0.94 0.025 0.025 - -
max 0.319 1.0 0.04 0.04 0.38 1.045 3 3.0 68.131
min 0.301 0.88 0.02 0.02 - -
Parameters of the copper wire and insulation for slot winding SFT-AIW 1.0x1.1
Conductor Thickness of . . Dielectri
. . . ; Overall dimension ielectric
Item dimension insulation Pinhole | breakdown (rjeosrilizflt:;
Thickness | Width | Thickness | Width | Thickness | Width voltage
Unit mm mm mm mm mm mm Pcs/m kV Q/km
- 1.0 1.1 0.025 0.025 - -
max 1.03 1.16 0.04 0.04 1.08 1.08 3 3.0 20.84
min 0.97 1.04 0.01 0.01 - -
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Appendix G

Properties of bandaging electrical tape 1339

Properties

Typical value

Thickness

6.5 mils (0,165 mm)

Breaking Strength

275 Ib./in (481 N/10 mm)

Elongation

5%

Adhesion to Steel

35 0z/in (3,81 N/10 mm)

Dielectric Strength

5,500V

Temperature Class

130°C

Insulation Resistance

1x105 megohms

Electrolytic Corrosion Factor

1.0

Appendix H

Typical Electrical Properties of DuPont™ Nomex® 410

Property
0.05(2) 0.08(3)

Dielectric Strength
AC Rapid rise,

V/mil 460 565

kV/mm 18 22
Full Wave Impulse,

V/mil 1000 1000

kV/mm 39 39

Dielectric Constant at
60 Hz 1.6 1.6

Dissipation Factor at
60 Hz (x 103) 4 5

0.10 (4)

525
21

900
36

1.8

0.13 (5)

715
28

1400
55

2.4

865
34

1400
55

2.7

Nominal Thickness, mm (mil)
0.18(7) 0.25(10) 0.30(12) 0.38(15) 0.51(20) 0.61(24) 0.076 (30)

845 870 850 810
33 34 33 32

1600 N/A 1400 1400
63 N/A 55 55

2.7 2.9 3.2 3.4

810
32

N/A

3.7

680
27

1250
49

3.7

Test Method

ASTM D149t

ASTM D3426
ASTM D150

ASTM D150
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Appendix I

Properties of the material PA 3200 GF

PA 3200 GF

PA12-GB EOS GmbH - Electro Optical Systems
Mechanical properties Value Unit Test Standard
Izod notched impact strength (+23°C) 4.2 k1/m?2 IS0 180/1A

Izod impact strength (+23°C) 21 kJ/m? IS0 180/1U

Shore D hardness 80 - ISO 7619-1

Ball indentation hardness 98 MPa IS0 2039-1

3D Data Value Unit Test Standard

The properties of parts manufactured using additive manufacturing technology (e.g. laser sintering, sterealithography, Fused Depasition Modelling, 30 printing) are,
due to their layer-by-layer production, to some extent direction dependent. This has to be considered when designing the part and defining the build orientation.

Tensile Modulus IS0 527
X Direction 3200 MPa
Y Direction 3200 MPa
Z Direction 2500 MPa
Tensile Strength IS0 527
X Direction 51 MPa
¥ Direction 51 MPa
Z Direction 47 MPa
Strain at break 1S0 527
X Direction 9 %
¥ Direction 9 Yo
Z Direction 5.5 %
Charpy impact strength (+23°C, X Direction) 35 k1/m?2 IS0 179/1eU
Charpy notched impact strength (+23°C, X Direction) 5.4 k1/m?2 1SO 179/1eA
Flexural Modulus (23°C, X Direction) 2900 MPa 1SO 178
Flexural Strength (X Direction) 73 MPa 1SD 178
Temp. of deflection under load 150 75-1/-2
1.80 MPa, X Direction 96 eC
0.45 MPa, X Direction 157 °C
Thermal properties Value Unit Test Standard
Melting temperature (20°C/min) 176 °C 1SO 11357-1/-3
Temp. of deflection under load 150 75-1/-2
1.80 MPa 96 °C
0.45 MPa 157 °cC
Vicat softening temperature IS0 306
50°C/h 10N 179 ec
50°C/h 50N 166 °C
Other properties Value Unit Test Standard
Density (lasersintered) 1220 ka/m? EQS Method
Powder colour (ac. to safety data sheet) White = =
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Appendix

Appendix J

Determination of the copper losses for various currents
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Appendix K

Power loss chart for the V-rings
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Appendix

Appendix L

Characteristics of the test stand for the measurement of the air gap variation

Testing Maximal load Wheel diameter Wheel width
Radial load 10 kN 13"-22" 5"-12.5"
Axial load 10 kN 13"-22" 5"-12.5"
Torque load 2000 Nm 13"-22" 5"-12.5"
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