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Kurzfassung

In  Protonenaustauschmembran-Brennstoffzellen kann  Wasserstoff  in
Verbindung mit Sauerstoff zu Wasser reagieren und elektrische Energie
gewonnen werden. Um die Leistungsdichte von diesen Brennstoffzellen zu
steigern, wird der Sauerstoff diesen mit erhhtem Druck zur Verfiigung gestellt.
Dazu konnen elektrisch angetriebene Radialverdichter verwendet werden, da sie
eine besonders hohe Effizienz aufweisen. Hierzu werden permanentmagneter-
regte Synchronmaschinen verwendet. Die Auslegung und Dimensionierung
eines solchen Systems ist eine gebietsiibergreifende Aufgabe und beinhaltet
die Auslegung der Stromungsmaschine, die Festigkeitsberechnung des Ro-
torverbandes, die elektromagnetische Auslegung der elektrischen Maschine
und die thermische Berechnung. Dazu wird in dieser Arbeit ein effizienter,
multiphysikalischer Ansatz fiir die Auslegung von permanentmagneterregten
Synchronmaschinen vorgestellt. Die aerodynamische Auslegung beruht auf
einer Skalierung von bestehenden Systemen und umfasst sowohl die Skalierung
des Radialverdichters als auch die Skalierung der Turbine, welche genutzt
werden kann um Energie aus dem Abgasmassenstrom der Brennstoffzelle zu
gewinnen. Weiter wird ein analytischer Ansatz vorgestellt zur Festigkeits-
berechnung der Rotorbandage. In der elektromagnetischen Auslegung wird
ein Ansatz entwickelt, der die Besonderheiten einer Hochdrehzahlmaschine
abbildet. Der Ansatz nutzt neuronale Netze, welche mit Finite Elemente
Berechnung erzeugt wurden, um die groflen Luftspalte und die Kriimmung
der Maschinen effizient zu beriicksichtigen, welche in den bekannten Ansitzen
aus der Literatur nicht beriicksichtigt werden. Die Auslegung wird damit
vervollstindigt, dass die Maschinenverluste bestimmt werden. Dazu sind
analytische Ansitze beschrieben, die unter anderem die Stator Eisenverluste
und die Wirbelstromverluste im Rotor beriicksichtigen. In einer thermischen
2D Finite Elemente Berechnung werden die Bauteiltemperaturen der elek-
trischen Maschine bestimmt. Der vorgestellte Modellbildungsansatz wird
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mit einer entwickelten und gebauten Maschine validiert. Es kann gezeigt
werden, dass der Modellierungsansatz sehr gute Ubereinstimmungen mit
den Auslegungsergebnissen der Referenzmaschine zeigt. Im Anschluss wird
der Modellierungsansatz fiir verschieden Studien genutzt. Dabei wird unter
anderem der Einfluss des Bandagenmaterials untersucht, welchen Einfluss
die Rotorumfangsgeschwindigkeiten auf die Auslegung haben und wie sich
zusdtzliche Optimierungskriterien auf die Auslegung der Maschine auswirken.



Abstract

In proton exchange membrane fuel cells, hydrogen can react with oxygen to form
water and generate electrical energy. In order to increase the power density of
these fuel cells, the oxygen is supplied at increased pressure. Electrically driven
radial compressors can be used for this purpose, as they are particularly efficient
as they are driven by permanent magnet synchronous machines. The design and
dimensioning of such a system is an interdisciplinary task and includes the de-
sign of the turbomachinery, the strength calculation of the rotor assembly, the
electromagnetic design of the electric machine and the thermal calculation of
the machine. For this purpose, an efficient, semi-analytical, multi-physical ap-
proach for the design of permanent magnet synchronous machines is presented
in this work. The aerodynamic design is based on a scaling of existing systems
and includes both the scaling of the centrifugal compressor and the scaling of
the turbine, which can be used to recover energy from the exhaust gas mass flow
of the fuel cell. An analytical approach for calculating the stresses in the rotor
sleeve is also presented. In the electromagnetic design, an approach is developed
that models the properties of a high-speed electric machine. The approach uses
neural networks trained with results from finite element analysis to efficiently
consider the effect of the large air gaps and the curvature of the machines, which
are not considered in the known approaches from literature. The magnetic do-
main is completed by determining the machine losses. Analytical approaches are
described for this purpose, including the stator iron losses and the eddy current
losses in the rotor. The component temperatures of the electrical machine are
determined in a thermal 2D finite element calculation. The presented modeling
approach is validated with a developed and built machine. It can be shown that
the modeling approach is in very good agreement with the design results of the
reference machine. The modeling approach is then used for various studies. The
influence of the sleeve material, the influence of the rotor circumferential speeds
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on the design and the influence of additional optimizing criteria on the machine
design are investigated and presented.
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Chapter 1

Introduction

In the beginning of this thesis the motivation, to investigate the design of high-
speed electric compressors for hydrogen Fuel Cells (FCs), is described. Briefly
the function of an electric compressor in a FC is explained. The two most pop-
ular FC technologies, Proton exchange membrane (PEM) and Solid Oxide Fuel
Cell (SOFC) are briefly introduced and the application dependent need for an
air compressor is explained. More in detail the effect of pressurizing the cath-
ode side of the PEM is explained. Based on the results, the current development
status of PEM in mobile applications is discussed and the advantages and dis-
advantages of Fuel Cell Electric Vehicles (FCEVs) are discussed. A literature
review of centrifugal fuel cell compressors is presented. This leads to the ob-
jectives of the thesis. Finally, the structure of this thesis is presented and each
chapter is briefly outlined.

1.1 Motivation

In the quest for a sustainable and resilient future, the need to transition away
from conventional fossil fuels has become more urgent than ever. Fossil fuels,
the main source of the world’s current energy landscape, have powered human
progress for centuries. However, their adverse environmental impact, finite
availability, and contribution to climate change have prompted a global paradigm
shift towards cleaner, more sustainable alternatives. As stated in the results of
the COP28 [1], the world wants to step away from fossil fuels for the future to
keep the global warming of 1.5 °C within reach. Many countries have released
their own goals and actions to reach the goal to become climate-neutral. Europe
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therefore, wants to be the first climate-neutral continent by 2050 and reduce
the yearly emitted greenhouse gases by 55 % by 2030 compared to 1990 [2].
The fleet of newly registered passenger cars must now reduce their emissions
by 55% by 2030, an increase from the previous target of 37.5%. By 2035,
the objective is to reach a 100 % reduction compared to 2021. For new light
commercial vehicles, the fleet reduction target for 2030 is increased from 31 %
to 50 %. From 2035, the EU-wide fleet targets for both vehicle classes of newly
registered vehicles is 100 % zero emission drives. The EU Regulation lists the
targets for the development of hydrogen charging and refuelling infrastructure.
The regulation aims to extend the hydrogen refuelling and charging network
along the trans-European road network for all vehicle classes. Other countries
like India have released their own plans to be climate-neutral by 2070 and
set up a dedicated hydrogen mission. The Indian government plans to set
up regulations and infrastructure to use hydrogen among other uses in heavy
commercial vehicles and long-haul operations [3]. The focus of the work is
on the use of hydrogen in a fuel cell in which the hydrogen is converted into
electricity. Fuel cells have a large advantage in comparison to hydrogen internal
combustion engines and sustainable fuels, in terms of efficiency.

Different types of fuel cells have been developed. The two most common types
are the PEM and the SOFC. A PEM is operating at low temperatures with 60 °C
to 80 °C compared to the SOFC with an operating temperature of 500 °C to
1000 °C. Operating temperature limits the applications in which each type can
be used. High-temperature FC will be used in applications which have a long
continuous operating time. SOFCs may be employed in situations where there is
a projected long-term deficit in renewable energy sources within the electricity
grid. This could be achieved by utilizing green hydrogen as a fuel source. It
should be noted that this technology is not well suited to address immediate
power shortages due to the extended ramp-up period required for its deployment.
In contrast, a PEM can be brought to the required operating temperature in a
relatively short period of time. This enables the delivery of variable power.
In principle, both systems can be used in conjunction with an air compression
system on the cathode side. As explained below, this increases the power
density of the fuel cell. This is particularly important for mobile applications.
For this reason, low overpressure air compression systems are primarily used
for PEM and SOFC systems in stationary applications. In mobile applications,
where the power density must be high, higher pressures are required from an
air compressor. Therefore, this work focuses on applications in PEM systems
for mobile applications, as the power density is particularly high here and the
demands on a charging system are high. [4, 5]
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Hydrogen fuel cells have a wide range of applications [6—8]. They can be used
in the power grid as energy generators if surplus renewable energy is stored in
hydrogen with electrolyzers. Fuel cells can also be used in the transportation
sector. In road transport, the fuel cell is in direct competition with the battery.
Until recently the advantage of fuel cells in comparison are the high energy
density of 33.3kWhkg™' of hydrogen and the resulting greater range with
a lower overall weight [8]. As the battery technology is further evolving the
advantage of the fuel cell system energy density descreases. Main weight driver
in the fuel cell system is the vehicles or applications power requirement. The
current system power density, including the external parts like hoses, valves and
pumps, is 650 Wkg_1 [9]. Besides that the tank has a specific weight of 17.5 kg
per kg hydrogen stored. In addition to that new solid state battery systems have
an energy density of 260 Whkg '[10, 11]. Current vehicles like the Toyota
Mirai or the BMW iX5 Hydrogen have a stack power output of 114 kW and
125kW. The battery in the Mirai and the iX5 Hydrogen have only a capacity
of 1.2kWh and 2kW h. The tank capacity is 5 kg and 6 kg respectively. Based
on the mentioned specific weights the fuel cell system weight can be estimated
for the two example vehicles. For the Toyota Mirai the weight is 268 kg and
305kg for the BMW iX5 Hydrogen. The overall Worldwide Harmonized
Light-Duty Vehicles Test Procedure (WLTP) reach is 504 km for the BMW and
650 km for the Toyota. That leads to an overall specific energy storage weight of
0.61kgkm™" and 0.41 kgkm ™.

On the Battery Electric Vehicle (BEV) side, the Nio ET7 has a range of 580 km
(WLTP) with the 100 kW h battery and a battery system weight of 555 kg, which
is equal to an energy density of 180 Whkg™'. With the 150 kW h solid-state
battery, the energy density increases further to 260 Whkg ™', and the WLTP
range increases to 860 km with a battery weight of 575kg. This results in a
specific energy storage weight of 0.67kgkm™!. [10, 11]

One other important point in this comparison must be noted. The aerodynamic
performance of the Nio’s is much better with an advertised drag coefficient
of 0.21, compared to BMW’s SUV and the Mirai’s with a drag coefficient of
0.29. Nevertheless, it shows that the weight advantages of the fuel cell vehicle
are not as significant as the energy density of the energy source indicate. With
the assumption of a stack efficiency of 56 % the energy density of a hydrogen
storage is about 1 kg kW' h. With this separation the fuel cell system has its
advantage in systems with a high energy demand and low output powers.

Fuel cells are not only used in road transport. Hydrogen can also be used on
the railway as a replacement for diesel locomotives. There are now a number
of pilot projects in this area [12]. One area that is currently attracting more and
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more attention is its use for the electrification of aviation. For electric aircraft
the average power demand is rather low compared to the take-off power demand.
Therefore, a combination of hydrogen fuel cells and batteries might be of
interest. More details on the load collective for a regional aircraft can be found
in [E1]. In this area, the weight and range advantages are decisive factors in
favor of using fuel cells. On the other hand, the disadvantages of the technology
cannot be denied. The energy efficiency of fuel cell systems from tank to
wheel is in the range of 54 % for road vehicles. In contrast, a battery-electric
powertrain has an efficiency of 86 % [13]. In addition, the production of green
hydrogen is less efficient compared to the charging process of a battery. The
efficiency for a FCEV then reduces down to 25 % to 30 % compared to 70 %
to 80 % for a BEV [14]. Furthermore, installation costs for hydrogen refueling
stations are usually significantly more expensive than charging stations [12].
Details about the production of hydrogen and its origin will not be considered
further here, but it should be noted that sustainable use in terms of Carbon
Dioxide (CO,) neutrality is only possible with green hydrogen. Hydrogen use
in road transport increases by about 45 % in 2022 compared to 2021 to an
estimated 32 000 000 kg of hydrogen. FCEVs have had the earliest success in
terms of vehicle sales, in the car and bus segments, but as sales of heavy-duty
fuel cell trucks increase, their share of total consumption is growing. China’s
focus on heavy-duty vehicles and its prominent role in the deployment of fuel
cell trucks means that although only 20 % of all FCEVs are in operation in
China, they consume more than half of the hydrogen used in road transport.
Hydrogen use in transport is expected to remain predominantly in the road
sector for the near future. Besides the road segment, several fuel cell ferries are
set to begin operation in 2023, which will further diversify the use of hydrogen
in transport applications. [12]

The total number of registered FCEVs in the world have reach around 80 000
vehicles in June 2023. This includes passenger cars, buses, and commercial
vehicles. Passenger cars account for the largest share and are sold in China and
Korea in particular. In 2022, 15000 FCEVs passenger cars were sold in the
world. In contrast, 7.3 million BEVs were sold in the world in the same time
period. Within the commercial vehicle segment, 58 000 BEVs were sold in
2022. Worldwide, about 15000 buses and commercial vehicles were sold as
FCEVs in the same period. While BEVs have a market advantage over FCEVs
in the passenger car segment, the trend for commercial vehicles is not yet equally
clear. Many national resolutions suggest the use of FCEVs for long-distance
commercial vehicles due to their short refueling times and greater range. Based
on the available numbers the Asian market is most likely to adopt the FCEV in
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the long haul truck segment. Nevertheless, too many uncertainties are not yet
clear, and therefore, it can’t be concluded which technology will become which
market share. [12]

For the fuel cell in mobile applications usually the PEM fuel cell is used. The
PEM fuel cell is used due to its high power density and the resulting small
construction volume [8, 13]. This is achieved by pressurizing the supplied air on
the cathode side. Air compressors are typically used for this purpose. Different
compressor technologies have been used in the development of hydrogen fuel
cells. On the one hand, research has been done on positive displacement com-
pressors, which include rotary and screw compressors. Dynamic compressors
have also been studied [15, 16].

As a dynamic compressor, centrifugal compressors are more suitable for PEM
fuel cells than positive displacement compressors. The centrifugal compressor
generates air pressure at high speeds, has a low noise level, and is more efficient
than positive displacement compressors [15, 16]. This makes the centrifugal
compressor currently the most used solution for PEM fuel cells [17]. One
of the challenges is that the system must be oil-free to meet the cleanliness
requirements of the hydrogen fuel cell. In addition, high rotational speeds are
required for the electric machine. An overview of the different technologies
used in commercially available vehicles is given in Table 1.1. It can be observed
that the trend for centrifugal compressors has been adopted by most of the
available FCEV manufacturers. The individual fuel cell systems have a range of

Table 1.1: Compressors used in FCEV to supply air to a PEM fuel cell [17-19].

OEM Toyota  Honda  Daimler GM Hyundai SAIC
Model Mirai FCX FCV Chevro- FCV Roewe
Clariry A-Class, let ix35 950
B-Class, Equinox
F-Class
Air Roots 2-stage  Cen- Cen- Blower Cen-
supply Cen- trifugal trifugal trifugal
trifugal
H, 700bar 700bar 700bar 700 bar 700bar 700 bar
pressure

applications, from a few kilowatts to around 150 kW of output power, which is
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also analyzed in this work. For a 150 kW fuel cell, the compressor power falls
within the range of 20 kW to 25 kW.

This work presents an approach for the holistic modeling of the centrifugal com-
pressor, with a focus on the electric machine and its modeling. The unique
aspects of the fast-rotating machine and the high circumferential speeds are also
discussed.

1.2 Hydrogen Fuel Cell Applications

For optimal fuel cell systems in mobile applications, power density and system
efficiency are essential. Power output is determined by the product of voltage
and current, both of which are affected by internal system pressure. Fig. 1.1 (a)
shows that increasing the air supply pressure in PEM fuel cells results in higher
cell voltages and current densities [20]. It can also be seen in Fig. 1.1 (b) that
the power output per surface area increases and therefore the power density. It
is observed that an increase in pressure from 1 bar to 2 bar leads to an increase
in power of 29 % at the optimum operating point. A further increase to 3 bar in-
creases the power output by another 10 %. Increasing the supply pressure further
to 4 bar results in an increase of 7.3 % compared to a supply pressure of 3 bar.
It is clear that increased pressure can increase voltage and current output, and
therefore power output. Pressures beyond 3 bar have limited effect in further in-
creasing power density. Pressurized operation can also help reduce the size of
the humidifier and heat exchanger, thereby improving the power to volume ratio
of the stack system. However, the pressure of fuel cell stack operation must be
balanced against the effort required for compression and bonding technology to
achieve stack tightness. For this reason, the ideal pressure range for fuel cell stack
operation is between 2 bar to 3 bar [21-24]. In addition, the compressor must be
capable of achieving the appropriate pressure ratios while taking into account
the high altitude and high temperature conditions in which the FC will oper-
ate. Actively pressurized fuel cells have an advantage over naturally aspirated
systems in that the compressor can compensate for low inlet pressure (altitude)
and high inlet temperature conditions. In Fig. 1.2, the FC setup shown includes
an electrically driven compressor, a fuel cell FC, and other necessary compo-
nents. The electric compressor is driven by a permanent magnet synchronous
motor (Permanent Magnet Synchronous Machine (PMSM)) with a Compressor
(C) mounted on the shaft. The optional energy recovery device shown here is a
Turbine (T), which can be replaced by another compressor if a higher pressure ra-
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(a) Voltage characteristics (b) Power characteristics

Figure 1.1: The effects of air pressure on fuel cell performance [20]

tio is required. The blue arrows indicate the airflow, which enters the compressor
through a filter to prevent contamination that could damage the fuel cell. When
the airflow leaves the compressor, it is typically at a temperature above 80 °C
and must be cooled by an Intercooler (IC). The airflow then passes through a
Humidifier (HU) to increase the humidity and thereby improve the efficiency of
the fuel cell [20]. The air reacts with hydrogen from a tank as it enters the fuel
cell. The outgoing mass flow then contains water, which is then removed in a
Water seperator (WS) to remove water droplets to prevent damage to the turbine
stage. At the high circumferential speeds of more than 300 ms~?, a droplet hit-
ting a turbine blade would otherwise cause damage to the turbine. The output
voltage of the fuel cell is low compared to a high-voltage battery, so a DC/DC
converter is used to charge a battery and store the energy temporarily. From the
battery, the electric compressor is driven by an inverter (DC/AC). In total, the
electric compressor typically consumes 10 % to 20 % of the electric energy gen-
erated in the fuel cell. Inverters with high switching frequencies are used for the
high-speeds of the PMSM. To keep machine losses low, three-level inverters or
output filters are used in some applications. The load is then supplied from the
battery. For a FCEV this would be the identical drive train as for a BEV.
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As already mentioned, the electric compressor is using a significant amount of
the produced energy of the fuel cell. Due to the isentropic efficiency of the com-
pressor, which is usually below 80 %, the efficiency of the compressor is the
critical component for the overall fuel cell efficiency. In [25] the authors in-
vestigated on how the compressor needs to be designed for an electric fuel cell
turbocharger. Overall, the results show that not only the compressor efficiency is
relevant but also the whole operating range of the compressor and the fuel cell.
The work has shown that a good control method can lead to a better system ef-
ficiency in the WLTP compared to a compressor, which has a higher maximum
efficiency, but is not optimized to the requirements. The author concludes that it
is necessary to design an optimized compressor geometry for a FC application.
In this research, it is seen that common exhaust gas turbochargers have a ratio of

Ho
IC F} HU F} FC J—> WS F De-HU

e-compessor _ _ _ _ _ _ _ _ __ __ o

|

|

1

|

! DC/DC
|

|

|

DC/AC Battery

Load

Figure 1.2: Fuel cell setup
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[__1Exhaust turbocharger band A Compressor 1 (ICE)
Compressor 2 (ICE) [l Compressor 3 (FC)
0.85 T T T T

0.8 |~ -

0.75 |- |

7C.is

0.65 |- |

0.6 I | | |
0.4 0.5 0.6 0.7 0.8 0.9

d

dy

Figure 1.3: Compressor isentropic peak efficiency 7c,s influenced by the ratio of inlet to
outlet diameter (%) and the comparison of the exhaust gas turbocharger
[25].

compressor wheel inlet to outlet diameter of 0.6, to 0.85, as shown in Fig. 1.3.
This ratio is also known as the trim of a compressor. A large trim results in a
high efficiency because the airflow is not diverted as much compared to a wheel
with a small trim [25]. In order to obtain the required air mass flow, the inlet
cross-section is relevant. The mass flow is scaled with the inlet area and there-
fore with the free inlet cross-section [26]. Therefore, the cross-section for two
compressors with the same mass flow requirement will have a similar large inlet
diameter, but the outside diameter will vary depending on the trim and pressure
ratio requirement. To achieve the required pressure ratio, the following correla-
tion is known from the non-dimensional representation of the compressor map

[26]: ( )
o \IJU22 ﬁ
HC’[_[ — < CpTl + 1) (1.1)

It can be seen that the circumferential speed at the tip diameter d, of the wheel,
uy correlates to the square of the pressure ratio IIc¢. ¥ denotes the pressure
head coefficient, which is a dimensionless description of the pressure ratio. The
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isentropic exponent is given by x. Furthermore, ¢, describes the heat capacity
at constant pressure of the medium and 7 the inlet temperature. Therefore, the
compressor with the large trim will have a higher rotational speed compared to
the compressor with the smaller trim to achieve the same pressure ratio. This
can lead to different challenges for the electric machine as seen in Section 2.2.2.
On the one hand, the increased speed will reduce the efficiency and on the other
hand, it increases the thermal challenges in the system. It is therefore concluded
that the design of an electric driven compressor is highly dependent on the design
of the compressor as it defines the speed of the system and most importantly the
efficiency of the system.

1.3 Research on High-Speed Machines for
FC-Applications

The use of high-speed machines for FC applications has been the subject of many
works, as summarized in Table 1.2. As mentioned in [27], it is an interdisci-
plinary design topic that includes the design of the aerodynamic components,
the structural design, the magnetic design and the thermal design of the system.
The published articles were subjected to a comparative analysis with respect to
the listed topics, and the areas covered were noted. As observed, only a limited
number of topics have been addressed in the published resources. The majority
of the work has focused on the aerodynamic design of the compressor. The mag-
netic design represents the second most studied topic in the research of FC air
compressors. In contrast, thermal design has been the least studied area. Com-
mercial air compressors are shown in Table 1.3. Using the available information,
it is possible to identify the operating range of a fuel cell compressor by consid-
ering the mass flow and pressure ratio given in the compressor specification. It
is important to note that not all information may be available for all systems,
resulting in incomplete data. Additionally, in cases where stack power was not
available, an estimate of mass flow was made using [28]:

-4
e = 338107 e P 1)
Ucell

In here Agc is the air stoichiometry, the value is usually about 1.7; Pgc is the
power of the PEM fuel cell system in kW and wu.; is the average cell voltage, and
the value of it is 0.65 V. Since it is a summary of the available compressors, the
applications for the compressors are not known. Two systems stand out from the
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rest due to their significantly lower or higher speeds. The first system, operating
at 15900 min~"! includes a gearbox that allows the motor to operate at lower
speeds [29]. The second system has speeds exceeding 250 000 min~—!, making
it suitable for small fuel cells. All other systems operate within the range of
50000 min~! to 135000 min~" [30].
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Table 1.3: Overview of public data for fuel cell air supply compressors. (*) FC stack
power has been estimated with eq. (1.2).

Pc n Prcs oy m  Reference
kW 1 x 103 min kW - gstt
12 135 100 2 110 [27]
14.4 110 92* 2.3 102 [42]
10 100 40 2.3 60 [43]
12 120 - - [35]
15 120 - - - [37]
- 100 72.5% 2.2 80 [17]
- 50 272% 2.2 300 [34]
- 15.9 150 2.4 150 [29]
- 100 36* 3 40 [41]
- 110 69* 3.2 76 [32]
32 92 150 to 260 2.5 320 [49]
22.5 120 70to 150 2.6 150 [49]
5 150 30to 70 2.1 77 [49]
- - 10 to 15 2.6 15 [50]
- - 15 to 30 2.5 40 [50]
- 110 30to 50 2.5 58 [50]
- 95  50to 100 2.5 108 [50]
- 95 90 to 150 2.8 144 [50]
- - 100to 130 3.3 144 [50]
- - 120to 140 3.2 180 [50]
- - 250 to 280 3.6 360 [50]
1 280 5to 15 1.6 13 [30]

1.4 Structure of the Thesis

The first chapter introduces the work, focusing on hydrogen fuel cells for mobile
applications and why an electric compressor is needed. It also explains the need
for an electric compressor in a FC system. An overview of the research on elec-

tric compressors in the application is given.

The second chapter covers the basics of high-speed electric machines, including

13
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different applications and machine types, as well as the challenges in their de-
sign.

The third chapter deals with the modeling of the compressor, including its scaling
and the dimensioning of the turbine. In addition, the mechanical design of the
rotor shaft is described, including the strength calculation of the retaining sleeve
and the magnet. The magnetic design of high-speed machines is also described,
and a new approach to calculating air gap flux density is presented. Losses of the
machine are calculated and the temperature distribution in the electric machine
is determined by a 2D FEA.

After modeling, the reference machine that was designed and built as part of this
work is presented in the fourth chapter. It was not designed using the modeling
presented here, but using conventional FEA. Therefore, this machine can be used
as a reference for validation of the presented methodology.

Chapter 5 describes the validation of the machine, which is compared to all as-
pects of the modeling in Chapter 3 to verify its quality.

Chapter 6 transfers the developed system modeling to a wide range of ap-
plications by extending the application range and analyzing systems with a
compressor power of 10kW to 40kW. The study demonstrates the trade-off
between minimizing losses and minimizing footprint using a two-parameter op-
timization approach. In addition, the effect of circumferential speed on system
characteristics is analyzed.

The final chapter provides a summary of the work and suggests areas for future
improvement.

14
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High-Speed Electric
Machines

This chapter provides an overview of high-speed electric machines. As will be
shown in the further sections of this work, high-speed is used synonymously with
high circumferential speeds. This definition was proposed in [51]. There, high-
speed starts at a circumferential speed of 100ms~! and goes up to 250ms~!,
The limit of 250 ms—! was exceeded in some publications, induction machines
(IMs) and synchronous machines (SMs) were designed, which have higher cir-
cumferential speeds. The basics of electric machines can be found in the works
of [52, 53]. In addition to the applications of high-speed electric machines, this
chapter discusses the design challenges associated with higher speeds. The de-
sign aspects described cover magnetic design, mechanical design, and thermal
design.

2.1 Applications of High-Speed Electric
Machines

High-speed electric machines are of interest in a number of applications. One
reason for using electric machines instead of conventional drives, such as internal

combustion engines or hydraulic drives, is the demand for a small CO, footprint.
[54].
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2.1.1 Oil and Gas Applications

As already mentioned, high-speed does not imply a high rotational speed. Gas
compression is required at many points in the chemical, oil and gas industries,
primarily for gathering, transmission and downstream processing of the gas. To
reduce the carbon footprint, electric drives are used instead. Other benefits of a
high-speed electric drive include an oil-free application when magnetic bearings
are used and the ability to connect directly to the compressor. This eliminates
the gearbox and the entire lubrication system, resulting in increased efficiency,
availability and safety. [54, 55]

In [55, 56] the power range for this application is given from 3to 15 MW and a
speed range from 6000 to 15000 min~!. IMs are mainly used for these applica-
tions, but SMs with permanent magnet rotors are also used with a retaining sleeve
to hold the magnets in place. For the IMs, a laminated rotor design is possible
as well as a massive solid rotor design. The maximum tip speed of a laminated
rotor is approximately 180 ms~!, while it can be increased to 250 ms~" for a
solid rotor design. In the solid shaft design a technology is used, which forms
a bond on atomic base between the rotor squirrel cage and the steel body of the
shaft. Thus, the shaft can be considered as one piece. Another option for a solid
shaft design is to mill open slots into the steel rotor and no copper is used [56].
More details on the rotor design of high-speed electric IM and SM are provided
in Section 2.2.1.

2.1.2 Air Compressors and Blowers

The use of electric driven air compressors is a fast growing market for high-
speed machines. In 2011, air compression for industrial processes consumed
about 60 TW h per year in the EU [57]. At the same time, net electricity gener-
ation in the EU was 2789 TW h and therefore air compression is responsible for
2.2 % of total consumption [58]. For the US, [57] mentions figures of up to 16 %
of net electricity consumption. Various studies give different ranges, which are
summarized in [59]. It is also mentioned that one way to increase the efficiency
of these systems is to use variable speed drives and high efficiency electric ma-
chines.

One application that is coming into focus is the use of electric air compressors to
supply oxygen to a hydrogen fuel cells. The application is described in detail in
Section 1.2. The use of compressed air increases the efficiency and power density
of the overall system, which is especially important for mobile applications [20].
In addition, energy can be recovered by feeding the fuel cell exhaust gas into a
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turbine on the other side of the rotor [25]. Directly driven compressors are able
to run oil free and therefore prevent any pollution in the process air if necessary.
Applications like this could be in the food and beverage industries, pharmaceuti-
cal industries and high quality painting industries [54]. The power requirement
varies from up to 400 kW and 65000 min—! to 15kW and 150 000 min~!. For
lower pressure ratios, centrifugal blowers can be used. Blowers are usually de-
fined by their lower pressure ratio, which is in the range of 1.2 to 1.8 [60]. They
can be used, for example, in wastewater treatment plants. When using centrifu-
gal blowers, the drive requires a high-speed machine. Direct driven centrifugal
blowers therefore offer the highest efficiency compared to conventional blower
systems.

2.1.3 Spindles

Spindles are used in cutting processes. High tool speeds are required to ensure
high volumetric material removal. Belt drives have been used for low-cost solu-
tions, but this solution is limited by the maximum rotational speed. The focus of
research and development has shifted to the development of directly driven tools
using high-speed motors. Drilling, grinding, and milling are the main spindle
applications. The different speeds required for milling applications in different
materials are shown in Table 2.1. As can be seen, the speed for milling is highly
dependent on the material that is being machined. For grinding, the speed is
much higher and can be higher than 100 000 min~—".

Three types of motors are used for spindle applications. IMs are the most
common due to their simplicity and robustness. Switched Reluctance Machine
(SRM) are also in use but their power factor is low in comparison to PMSM
which are the solution of choice for higher speeds. The total power and speed

Table 2.1: Typical milling applications speed [61].

1

Applications n in min~

Metal 4500 — 12000
Stones 8000 - 12000
Glass/Marble 8000 - 12000
Wood 18000 — 25 000

Aluminium 30000 — 40000
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Figure 2.1: Rotational speed of spindles and their power requirement. [61]

requirements can be seen in Fig. 2.1. The maximum power requirement is 24 kW
at 9000 min~! and reaches 180 000 min~! and 1 kW. Demands for higher speeds
are already known and published by [62] with the goal to reach 1 x 10° min~!.

[61]

2.1.4 Turbo Molecular Pumps

Turbomolecular pumps are used to create and maintain the high vacuum lev-
els required for many research and industrial applications. The creation of a
vacuum environment by a Turbomolecular Pump (TMP) is essential in the pro-
duction of semiconductors, dye chemicals, plastics and solar cells. Vacuums
of up to 1 x 10! mbar can be achieved with TMP [63]. To meet the require-
ments of TMP applications, motors are needed that can achieve high speeds up to
90000 min~" at relatively low power levels. Achieving this requires a sophisti-
cated machine design. During the operation of a TMP, the rotor is subjected
to high-speeds in a deep vacuum, which can lead to potential heat exchange
problems [64]. These heat exchange problems arise because heat dissipation is
limited to radiation due to the vacuum environment. In addition, the high-speeds
within the TMP result in the accumulation of frictional heat, further constraining
the design. Magnetic and/or ceramic shaft bearings are used to minimize friction
and prevent oil contamination. However, the use of these high quality materials
comes at a cost. Due to the high-speed and low power of the pump, the mar-

18



Chapter 2 High-Speed Electric Machines

ket is predominantly dominated by PM brushless DC motors as the preferred
choice for TMPs. The choice of PM machines has become very noticeable as
manufacturers offer magnetically levitated shaft bearings, which are either per-
manent magnets for small pumps or a combination of dynamic and permanent
magnetic fields for contactless shaft support. These TMP provide bearings that
never degrade and ensure a true absence of oil vapor backstreaming. [54, 65]

2.1.5 Micro Gas Turbine

A Micro Gas Turbine (MGT) refers to a compact gas turbine that integrates a
high-speed electric generator on a single shaft. It can reach speeds of up to
120000 min~!, while typical power ratings range from 30 kW to 1 MW. These
turbines are primarily used in stationary power generation scenarios where space
is limited. They can be fueled by a variety of fuels such as natural gas, biogas,
propane, butane, diesel, and kerosene. Microturbines have few moving parts,
high efficiency, low emissions, and have waste heat recovery capabilities to max-
imize efficiency to achieve overall efficiencies above 80 %. [66]. MGT operate in
a narrow speed range and require high power density, making Surface Mounted
Permanent Magnet Synchronous Machine (SPMSM) the preferred choice. The
microturbine system consists of several components, including a compressor,
combustor, turbine, alternator, and optionally a heat exchanger and generator.
In non-recovery systems, the process involves mixing compressed air with fuel,
which is then combusted under constant pressure conditions. The resulting hot
gas expands through a turbine, generating useful work. Simple cycle microtur-
bines offer advantages such as lower cost, higher reliability, and a greater amount
of heat available for combined heat and power (CHP) applications compared to
recuperated units. Recuperated MGT incorporate a sheet metal heat exchanger
that recovers some heat from the exhaust stream. This recovered heat is then
transferred to the incoming airflow. The preheated air is used in the combus-
tion process. By preheating the air, less fuel is required to reach the desired
temperature at the turbine inlet. Recuperated units have higher efficiencies and
thermal-to-electric ratios than nonrecuperated units. In addition, they result in
fuel savings of approximately 30 % to 40 % due to the preheating process. [65,
67]
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2.2 Design of High-Speed Electric Machines

In this section, the various machine designs for different types of applications
are introduced. The designs of the two main machine types, IM and SM, are
shown and compared. Further, the design challenges of high-speed machines
are explained.

2.2.1 State-of-the Art

As seen in Section 2.1, the variety of applications and power ranges for high-
speed drives vary a lot. Different types of machines are used in a wide range
of applications. Published data is summarized in Table 2.2 and Table 2.3. All
machines have a circumferential speed v, greater than 100ms~!. The speed
range for IM goes up to 367 ms~!, while the speed range for SM reaches a limit
earlier at 306 ms~—!. In Fig. 2.5 all machines are compared in terms of speed
n and output power Py, The data set is divided into four groups. IM and SM
are separated, and also the speed range is divided into v, < 200ms~! and v, >
200 ms~'. IMs are mainly used for lower speeds (rn < 100 000 min~!) and high
power requirements.

2.2.1.1 High-Speed Induction Machines

In Figs. 2.2 (a) to 2.2 (d) the four different rotor designs used in high-speed IM
are shown. A solid metal shaft, shown in Fig. 2.2 (a), is the simplest rotor design.
It has its advantages at the highest circumferential speeds due to its mechanical
robustness. The disadvantage of the design is the relatively high resistivity of the
shaft material and therefore a low efficiency of the machine [68]. At the rotor
surface, the harmonic flux components are concentrated and cause significant
losses. Thus, the rotor losses limit the overall power density of the machine.
In addition, the eddy currents counteract their cause and push the time-varying
magnetic field out of the rotor.

The axially-slitted solid rotor, shown in Fig. 2.2 (b), represents an advancement
over the smooth solid rotor configuration by incorporating axial slots into the
rotor surface [69]. The purpose of this slitting technique is to direct the funda-
mental flux component into the rotor while providing a higher impedance path
for eddy currents flowing along the rotor surface. However, it is important to
note that slitting results in an increase in air gap friction losses, which can po-
tentially outweigh the benefits of reduced eddy current losses, especially at the
circumferential speeds being considered. In addition, the mechanical strength of
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the rotor is compromised by the presence of slots and the resulting notch stresses.
Another advancement in rotor design is the application of a copper alloy coat-

Table 2.2: High-speed IM in literature, sorted in order of circumferential speed. [65]

v, Rotor OD Type Pyt n  Ref.
ms~! mm kW 1 x 10% min

367 70  solid coated 60 100 [70]
342 109  solid coated 300 60 [71]
290 369 laminated 2000 15 [72]
283 90 solid coated 60 60 [73]
250 398 laminated 8000 12 [74]
236 90 solid caged 50 50 [73]
204 325 solid slitted 8000 12 [69]
193 330 solid caged 2610 11.16 [75]
185 118 laminated 100 30 [76]
182 348 laminated 6000 10 [77]
180 39 laminated 10 90 [78]
177 28 solid 6.3 120 [68]
176 24 laminated 0.63 140 [79]
168 80 laminated 35 40 [80]
153 195 laminated 350 15  [81]
144 90 solid coated 0.7 24 [73]
140 89.1 laminated 200 30 [82]
138 50 laminated 65 30.6 [73]

ing to the solid rotor, resulting in electromagnetic anisotropy [83, 84], as shown
in Fig. 2.2 (c). This copper alloy coating serves the dual purpose of acting as
an infinite number of rotor bars and end rings. Such a design not only main-
tains mechanical robustness, but also achieves higher efficiencies compared to
the simple solid rotor configuration. In [71] a 300 kW, 60 000 min—* IM with a
copper-coated solid rotor used in an air compressor application is shown. This
particular topology is commonly used in machines with the highest circumfer-
ential speeds, as indicated in Table 2.2. However, it should be noted that the
presence of the coating results in a significantly larger magnetic air gap between
the stator iron and rotor iron compared to induction machines with copper bars,
resulting in a poorer power factor. In [73, 85] the authors have conducted a study
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(a) Solid rotor (b) Axially-slitted rotor
(c) Coated solid rotor (d) Caged rotor
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Figure 2.2: IMs solid rotor designs for high-speed applications. Only one half of the
rotor is shown.

exploring the use of a solid rotor combined with a squirrel cage as shown in
Fig. 2.2 (d). This innovative rotor design aims to utilize the mechanical strength
of a solid rotor while taking advantage of the electromagnetic performance as-
sociated with a squirrel cage rotor. The research highlights certain challenges in
manufacturing this particular topology in terms of drilling slots in solid steel. As
a result, the designs feature open rotor slots. The authors compare the squirrel
cage solid rotor to an existing copper coated solid rotor in a 60 kW, 60 000 min~!
machine. The results indicate that squirrel cage rotors improve power density and
efficiency compared to the coated rotor. It is important to note, however, that this
improvement comes at the expense of reduced mechanical robustness. In [74],
different solid rotor designs are compared against a laminated rotor topology.
The results show the laminated configuration’s higher efficiencies and higher
power factor. So, laminated technology is preferable when mechanical loads can
be handled.

2.2.1.2 High-Speed Permanent Magnet Machines

Permanent magnet machines are mostly used to achieve higher efficiencies com-
pared to IMs and higher power densities. In Table 2.3 a selection of different
machines found in literature are sorted by circumferential speed. Compared
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Figure 2.3: Yield strength over the core losses at a magnetic flux density of 1T and a
frequency of 400 Hz for various core materials. [65, 86]

to the IMs shown before, the rotor outer diameter has a maximum of 150 mm
compared to almost 400 mm. The speed range goes up to 306 ms~'. Surface
Mounted Permanent Magnet Synchronous Machines (SPMSMs) are typically
used in preference to IPMs for high-speed applications. Two reasons explain
this phenomenon. First, loads in high-speed machine applications often require
more torque at higher speeds, which SPMSMs meet well since they provide con-
stant torque. Second, a non-magnetic, high-strength sleeve can withstand the
high loads typically encountered in such applications. This increases the air
gaps in high-speed machines. To reduce the air gap length and improve mag-
netic performance, IPM could be considered. An IPM’s design in [87] relies on
the strength of its core material. Notch stresses in the rotor limit its high-speed
performance. Another limitation is the relationship between yield strength and
core loss shown in Fig. 2.3. Material strength generally decreases as core losses
decrease, except for high silicon steels like 10JNEX900, 10JNHF600 and amor-
phous metals. This causes high rotor losses and the risk of too high temperatures
at the magnet. High-strength electrical steel sheets can’t match the performance
of the sleeve material in SPMSMs because they lack the specific strengths needed
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(a) Solid magnet rotor (b) Ring magnet
(c) Segmented magnets (d) Internal Permanent Magnet [87]
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Figure 2.4: Main rotor concepts for High-Speed Permanent Magnet Synchronous
Machine (HSPMSM)), sleeve is not shown in the drawing for designs in
(a)-(c). Design of the Internal Permanent Magnet Synchronous Machine
(IPM) does not require a sleeve.

for this purpose. As the comparison shows, three main groups of materials are
used as sleeve materials: Inconel, titanium, and fiber-reinforced plastics, which
can be reinforced with glass or carbon fibers. According to [56], SMs have some
disadvantages compared to IMs, for example, material availability, handling of
the rotor, a reduced lifetime and also cost [54].

In the rotor design of HSPMSMs the four designs shown in Figs. 2.4 (a) to 2.4 (d)
are used. The sleeves are not shown in the sketches, but are mandatory for high
speed applications, except for the solution shown in Fig. 2.4 (d). The first design
in Fig. 2.4 (a) uses a solid magnet. It maximizes the magnet material per rotor
volume and increases the demagnetization strength of the machine [88]. The
ring magnet (Fig. 2.4 (b)) and the segmented magnet (Fig. 2.4 (c)) have the same
magnetic performance, but the segmentation reduces the sleeve stresses.

All machines shown in Tables 2.2 and 2.3 are compared in Fig. 2.5. Dividing
the data into two groups of v, shows that increasing v. allows for higher perfor-
mance. For v, < 200m s~ the maximum speed limit is at n. < 150 000 min—".
Higher speeds can only be achieved with higher circumferential speeds. For
SMs, the vast majority of machines in these applications are designed with sur-
face mounted magnets.
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Table 2.3: High-speed SM in literature, sorted in order of circumferential speed. [65]

v, Rotor OD Type Sleeve Py n Ref.
ms~! mm Material inkW 1 x 103 min
306 39 SPMSM titanium 15 150 [88]
294 47 SPMSM titanium 22 120 [89]
292 37.2 SPMSM glas fibre 15 150 [88]
288 25 SPMSM carbon fibre 2 220 [90]
261 10 SPMSM titanium 1 500 [91]
251 20 SPMSM Inconel 5 240 [92]
233 89.4 SPMSM SiFe 11 50 [77]
230 22 SPMSM titanium 2 200 [93]
213 34 SPMSM Inconel 718 15 120 [37]
200 24.5 SPMSM carbon fibre 1.5 150 [94]
192 24.5 SPMSM glass fibre 1.5 150 [95]
175 83.6 SPMSM carbon fibre 40 40 [96]
172 16.48 SPMSM titanium 2 200 [97]
161 77 SPMSM carbon fibre 40 40 [98]
130 20 IPM Amorph. metal 15 125 [87]

2.2.2 Design Challenges

In the next section, design challenges of HSPMSM will be explained. First, the
mechanical challenges will be discussed. Second, the electrical challenges, in-
cluding losses, are discussed, which leads directly to the third topic, thermal
management of the machine.

2.2.2.1 Mechanical

This section describes the loads on the rotor assembly. First, the basic loads
are explained. Second, the material selection for the sleeve and the magnet is
discussed. Finally, the overall challenges are briefly addressed.

Rotor Loads
The rotor assembly faces a number of different loads that add up. The loads are
independent of the rotor design of the SPMSM. The magnet requires a support
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Figure 2.5: High-speed machines compared to each other in reference to rotational speed
and power output.

sleeve because it is not capable of withstanding high tensile loads. Therefore, the
most important design consideration is to ensure that the rotor assembly is rigid
and that the magnet is held in place under all conditions. It is also necessary to
prevent the magnet from being overloaded in the tensile direction. The cylindri-
cal coordinate system is used for these calculations. Therefore, compression is
in the negative radial direction. Strain is in the positive radial direction.

The load cases can be divided into two main types. The first is the static load
and the second is the dynamic load. The static load describes the load due to the
interference fit required to create a compressive load on the magnet. The outer
diameter of the magnet is larger than the inner bore diameter of the sleeve. For
assembly, the sleeve is thermally joined by heating the sleeve and cooling the
magnet. Then, the two parts can be assembled due to their thermal expansion.
As the two parts are assembled and have reached similar temperatures again a
compressive load is created on the magnet. The sleeve, on the other hand, is
stretched in a positive radial direction.

The dynamic load case considers the loads resulting from the rotation of the shaft.
Due to the centrifugal forces acting on the parts, both materials will elongate.
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Since they are not materially bonded, the two components elongate separately.
The elongation and stresses are proportional to the angular velocity w?. In addi-
tion to the two loads, the temperature dependent elongation has to be considered
for both load cases. The magnet materials of Samarium Cobalt Alloy (Sm,Coy7)
or Neodym iron boron magnet (NdFeB) have different temperature expansions
compared to the available sleeve materials. For example, NdFeB is often associ-
ated with thermal expansion rates smaller than 0 W m~—! K~1, perpendicular to
the magnetization direction. In these cases, material selection becomes difficult
because the operating temperature can cause significant elongation of the sleeve
material if metallic materials are used. Fiber-reinforced sleeves therefore have
lower coeficients of expansion.

Sleeve Materials

As seen in the previous part, the material selection for SPMSM sleeves comes
down to four materials. These four materials can be divided into two main
groups. Firstly, non-magnetic metals and secondly, fiber reinforced plastics. The
metals typically used are Titanium and in particular TiAl6V4 or Inconel 718. The
choice of material is limited to non-magnetic materials for obvious reasons. In
addition, the material should have a high electrical resistivity to minimize eddy
current losses. The main focus on the material is the specific strength. Just look-
ing at the stresses caused by the rotation of the shaft, it can be deduced that the
ratio of the yield strength oys and the material density p (%) must be maximized
to minimize the sleeve thickness. With a minimal sleeve thickness the influence
on the magnetic performance is reduced. The result of this design approach is
a sleeve with minimal sleeve thickness. In Fig. 2.6 a material selection diagram
of non-magnetic materials is shown. The x-axis shows the derived parameter
% and the y-axis shows the resistivity of the sleeve material. The resistivity is
the second important parameter to include in the material selection to reduce the
losses in the sleeve. Besides the resistivity, the thickness of the material also af-
fects the amount of losses, since they are proportional to & P . Therefore, materials
on a line with a slope of —1 will have equal performance in terms of thickness
and losses. Moving the line further to the upper right corner will eliminate the
least fitting materials first. There are four major groups of materials in the fig-
ure. In brown are the fiber reinforced plastic materials, in purple are the titanium
materials, in red are the nickel based materials and in turquoise are the stain-
less steel materials. The most often used materials are summarized with specific
parameters in Table 2.4.

27



Chapter 2 High-Speed Electric Machines

Table 2.4: Mechanical properties of Inconel 718, TiAl6V4 and Carbon Fiber Reinforced
Materials (CFRP) and Glas Fiber Reinforced Materials (GFRP) [99, 100].

Material p E v « oys Pel

|
kgm~2 GPa mmm-© K MPa uQ2cm™!

a/H
Inconel 718 8221 203 0.296 13.1 1090 120
TiAl6V4 4430 114 0.342 8.9 880 170
CFRP 1550 135 - 0.2/30 2200 3030
GFRP 1900 45 - 8/35 1200 —00

Besides material strength, sometimes also expressed as %, thermal conduc-

tivity has a significant impact on machine performance [101]. Fiber-reinforced
sleeves have lower losses due to their high resistivity, but they also have lower
thermal conductivity. Therefore, most of the rotor losses are in the magnets of the
rotor. The thermal conductivity is not as high as for metal sleeves and therefore
the resulting magnet temperature can be higher.

Magnet Material

HSPMSMs are selected when the application requires high power densities. The
most common material is SmyCo17 due to its high temperature capability. The
second material with even higher energy density at room temperature is NdFeB.
The disadvantage of NdFeB is the lower temperature resistance. The operating
maximum is at Tjy = 180 °C compared to Ty = 250°C for SmyCo;7. The
temperature gradient for the remanence flux density of NdFeB is 0.12 % K1
compared to 0.035 % K 1. From a mechanical point of view, both materials have
high compressive strength, which is usually sufficient for all load cases. The main
disadvantage of both materials is their low tensile strength. The Sm,Co;7 has a
tensile strength of 35 MPa to 40 MPa compared to a tensile strength of 75 MPa
for NdFeB. The choice of material must be carefully considered and is always
specific to the application of the electrical machine. The thermal expansion of
NdFeB can become negative perpendicular to the direction of magnetization,
which can cause problems with the compression of the magnet at high temper-
atures. Both material properties are summarized in Table 2.5. In Fig. 2.7 the
magnetization and demagnetization characteristics of NdFeB and Sm,Co;7 are
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Figure 2.6: Material selection diagram for a hollow rotating disc. Y-axis showing the
electric resistivity and the specific yield strength on the x-axis. Four material
groups are shown which are suitable for sleeves: Nickel based alloys,
stainless steels, titanium alloys and fiber reinforced plastics. Fiber reinforced
plastics are the best suited materials with High-strength (HS) carbon fibers in

the upper right of the graph,
specific strength.

which indicates a high resistivity and a high

Table 2.5: Comparison of magnet materials NdFeB and Sm,Co,7. Thermal expansion

factor o in || and L direction

relative to the magnetization direction,

temperature coefficient of induction «(Br), Young’s modulus E, Poisson’s
ratio v, tensile strength o, compression strength o, density p, and maximum
operating temperature Tiax. [D1-D4]

Material a a(Br) FE v oy o p Tinax
—1g-1
umm™ - K 1 -3 o
% K GPa - MPa MPa kgm C
(VS §
NdFeB -1 —0.12 150 0.24 75 1050 7600 180
Sm,Coy7 11/13 —0.035 160 0.27 40 800 8300 250

29



Chapter 2 High-Speed Electric Machines
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Figure 2.7: Magnet Material Magnetization Curves for NdFeB of the type N45UH and
Sm,Coy7 of the type 32H. [D1, D5]

shown under different temperature conditions. The horizontal axis represents
the magnetic field strength H., while the vertical axis shows the magnetic flux
density B. The curves corresponding to NdFeB and Sm,Co; are plotted for
temperatures of 20 °C, 150 °C, 180 °C, and 200 °C, with each material and tem-
perature condition distinguished by specific line styles. For the NdFeB there is
no demagnetization curve above 180 °C. It can be noticed that the knee point
of the NdFeB magnet is visible in the quadrant shown and there is a risk of de-
magnetization during operation. This area is not visible for the Sm,Co,7 for
temperatures up to 200 °C.

2.2.2.2 Losses

The limitations of HSPMSM are mechanical. High rotational speeds also lead
to high frequency dependent losses and therefore challenges to the thermal man-
agement of the machine. The losses that occur in the machine are described in
the following section.

Copper Losses
A major component of total losses are copper losses. This loss contribution can
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be divided into three main parts. First, the direct current (DC) losses or ohmic
losses that occur due to the winding resistance. Second, the losses due to skin
effect and proximity effect. And third, the current displacement caused by an
external field. The skin effect is a phenomenon in which high-frequency AC
currents tend to flow near the surface of a conductor rather than through its en-
tire cross-section. The proximity effect is a phenomenon in which the magnetic
fields of adjacent conductors carrying high-frequency AC currents interact, caus-
ing a distortion in the distribution of current within each conductor. Both effects
result in an increase in resistance and a corresponding decrease in current car-
rying capacity at higher frequencies. Both of these effects are important in high
frequency applications. For electric machines with electric frequencies below
3 kHz, the skin effect will play a minor role since the skin depth is still 1.2 mm.
The frequency dependent skin depth is calculated with:

5= ,/ﬂ 2.1)
WO e

In the equation given, p.; is the conductor resistivity, w is the speed of rotation,
L is the relative permeability of the conductor, and i is the permeability of free
space. The diameter of a single winding is expected to be significantly less than
twice the skin depth. Regarding the DC losses, a notable property is that a large
fraction of the losses occur in the winding head, especially for distributed wind-
ings. Due to its configuration and the fact that there is typically only a single pole
pair, the winding head forms a large arc. Consequently, it is possible for more
than 50 % of the losses to accumulate in the winding head. This phenomenon
is critical to consider in the design of electric machines, as cooling the winding
head is typically more challenging than cooling the windings in the slots.

Eddy current losses are primarily influenced by the external magnetic field. The
conductors in the slots and the permanent magnets generate a magnetic flux in
the stator core. While this flux is primarily concentrated in the core material, it
also extends into the slots, resulting in what is called leakage flux. The leakage
flux in the slots produces an alternating magnetic field, which in turn causes eddy
currents in the conductors. These eddy currents increase the current density on
the side of the conductor facing the slot opening. According to Ampere’s law,
the leakage flux near the slot opening increases, resulting in a concentration of
current toward the slot opening. These effects are illustrated in Fig. 2.8.

Such phenomena are of particular importance in automotive applications, where
hairpin windings characterized by large conductor cross sections are increasingly
used [102, 103]. These effects have also been studied in [104] for high-speed
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(a) Conductor placement (b) Flux through the slot (c) Current displacement

Figure 2.8: Leakage flux through a stator slot, illustrating the influence of the current
displacement in the conductors (c).

machines operating at electric frequencies up to 2kHz. In certain applications,
stranded wires are used. However, litz wires are generally suboptimal because
they have a relatively low fill factor and poor thermal conductivity due to the
substantial amount of insulation material required [105, 106]. In general, losses
can be effectively predicted using finite element analysis (FEA), as demonstrated
in [107].

Core Losses

The second major component of the total losses in HSPMSMs are the core losses.
These are generally calculated using the Bertotti model. The core losses, denoted
as P, are given by the following expression:

Pre = knf (3)2 F ke (fB)2 ¥ ke (fB)l'5 : 2.2)

The core losses depend mainly on the electric frequency, f, and the amplitude
of the flux density, B. [108]. These losses are divided into three components:
hysteresis losses, characterized by the pre-factor &y, eddy current losses with the
pre-factor k., and excess losses with the pre-factor k.. These factors are assumed
to be constant over the operating range and are specific for each core material.

The electric frequency of a drive is determined by its speed and the number
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of pole pairs. Typically, a pole pair number of one is picked for HSPMSM to
minimize the frequency. As aresult, it is advantageous for the machine to operate
at lower rotational speeds in order to reduce these losses.

The eddy current losses can be expressed as follows:

20 B2d? f2

= (2.3)

where o denotes the electric conductivity of the lamination material and d repre-
sents its thickness. Two factors must be considered when selecting materials for
HSPMSM: sheet thickness (d) and material conductivity. Reducing the thickness
of the core material will reduce losses. Materials are available with thicknesses
as low as 50 uym. Standard materials typically have a thickness of 0.35 mm. For
high performance applications, thinner materials are more commonly used, par-
ticularly those in the non-oriented material class, with thicknesses ranging from
0.1 mm to 0.3 mm. Reducing the sheet thickness results in lower core stacking
factors, which in turn increases the flux density in the core material. The second
factor in reducing eddy current losses is to reduce the conductivity, ¢.This is
typically achieved by increasing the silicon content of the core material. While
this results in a significant reduction in conductivity, it also affects the magnetic
properties of the material. Soft magnetic steels typically contain about 3 % sil-
icon, which increases the resistivity by a factor of four. JFE Steel, for example,
is able to increase the silicon content to 6.5 %, which further increases the re-
sistivity. A non-oriented NO20 material has a resistivity of 52uQcm™! [D6].
In contrast, a JFE material, 10JNFH600, with a silicon content of 6.5 % has a
resistivity of 82 uQ2cm =1 [D7].

The differences in the magnetization curves of these materials can be observed
in Fig. 2.9, where measurements were made using the Epstein frame. The NO20
material has a significantly higher permeability at lower field strengths compared
to the high-silicon material, which has a lower permeability. The resulting dif-
ferences in losses are shown in Fig. 2.10, with measurements taken at 400 Hz
and 2000 Hz for both materials. It can be observed that the NO20 material has
higher losses in both cases, although the deviation is minimal at 400 Hz. The
most significant difference in performance occurs at higher frequencies, such as
2000 Hz, where the losses at a polarization of 1.2T are 176.5 Wkg ' for the
NO20 material and 91.7Wkg ™! for the 10JNFH600 material. This compari-
son highlights the advantages and disadvantages that must be considered when
selecting materials for HSPMSM.
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Another material not included in this comparison is amorphous metal, which
has been studied in [87]. This material has even lower losses than the materi-
als discussed here and has a higher yield strength, making it suitable for rotor
applications. A more detailed comparison between amorphous metals and high
silicon steels can be found in [109].

e NO2() e ]0JNHF600
1.5 T T T
1 | ]
H
g
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Figure 2.9: BH-curves of a NO20 silicon steel from Tata Steel compared with a
10JNHF600 from JFE, measured on an Epstein frame.

Windage Losses

Windage losses in electric machines refer to the power dissipation due to aero-
dynamic effects associated with rotating components. In particular, the rotor
surface plays a significant role in these losses. Windage losses are primarily
caused by the friction between the rotor and the surrounding air, as well as the
high velocity in the narrow air gap between the rotor and the stator. These losses
can significantly affect the efficiency and performance of electric machines and
are therefore a critical consideration in the design and operation of such systems.
Windage losses can be expressed by:

Pying = kcfﬂpairw3TS4ZFe 24

In this equation, k is a roughness factor that assumes a value of 1 for an ideal
smooth rotor and stator surface. The term C; represents the coefficient of friction,
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Figure 2.10: Power Loss of a NO20 silicon steel from Tata Steel compared with a
10JNHF600 from JFE at 400 Hz and 2000 Hz, measured in an Epstein
frame.

which is further explained in Section 3.2.7.4. In addition, the speed w, the sleeve
or outer rotor radius 7s and the length of the axial air gap [ are integral parts
of the equation. Depending on the design of the shaft and the winding head, the
length of the air gap can be longer than [g.. It is particularly noteworthy that the
air gap losses have a cubic dependence on the circumferential speed, v, = w rg,
and a linear dependence on the rotor area, 27rg - lp.
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Chapter 3

Multi-Physics Modeling of
High-Speed Electric
Machines

This chapter presents and explains in detail the modeling of a high-speed elec-
tric machine. The chapter is divided into three parts. First, the scaling of the
turbomachinery is described in 3.1.1, and the strength of the rotor assembly and
the bending eigenfrequencies are discussed in 3.1.2. Next, in 3.2, the magnetic
properties of the synchronous motor are modeled according to a one-dimensional
radial field. A new approach is presented to determine the air gap field for
HSPMSM, which uses machine learning and static finite element analysis (FEA)
results to train the models. Variations in air gap permeability due to slotting are
accounted for by the air gap relative permeability function. The thermal design
of the motor is verified with a 2D FEA simulation and details are described in 3.3.
The chapter concludes with a description of the overall design process, which is
the combination of the steps presented.
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3.1 Aerodynamic Components and Mechanical
Shaft Design

3.1.1 Scaling of Compressor and Turbine

As described in Section 1.2 a fuel cell requires pressurized air to increase the
efficiency and power density of the system. According to [18, 110, 111] the
centrifugal compressor is the most suitable compressor technology to fulfil the
requirements of a PEM fuel cell. According to [111] the centrifugal compressor
has its main advantages in the small size, low weight, the oil-free bearing system
and the well fitting operating pressure. In addition, the centrifugal compressors
require the smallest amount of space [18]. Furthermore, an electric compressor
has the option to apply a radial turbine to recuperate energy which is left in the
cathode exhaust air stream of the fuel cell. Depending on the aerodynamic op-
erating point the turbine can provide up to 40 % of the compressor power [112].
These two aerodynamic components define the required torque and speed of the
electric machine. Compared to an electric turbocharger, the recuperated power
of the turbine will always be smaller compared to the input power of the com-
pressor. This is because both components use the same air flow and the turbine
inlet temperature is in a range of 70 °C to 85 °C and therefore contains less en-
ergy than the compressor outlet air flow [110]. The required machine will always
be operated as a motor and never as a generator.

3.1.1.1 Centrifugal Compressor Design

A centrifugal compressor, also called a radial compressor, transfers energy from
a spinning compressor wheel to a working gas. This causes the gas to accelerate
and gain kinetic energy. Centrifugal compressors have the benefit of providing
higher pressure ratios when dealing with lower flow rates compared to axial com-
pressors. They are widely utilized in various industries such as oil and gas, power
units, turbochargers, and gas turbines. As shown in Fig. 3.1, the compressor is
build of five main parts: the inlet duct, the wheel, the diffuser, the volute, and the
outlet duct. The inlet of the compressor is usually a straight pipe. The wheel is a
rotating set of blades, which gradually transfers energy to the working gas. The
gas enters the compressor in an axial direction, accelerates, and is discharged in
a radial direction in the radial diffuser. The exit flow velocity of the gas from
the wheel can reach transonic speeds. The radial diffuser plays a crucial role in
converting the kinetic energy of the working gas into potential energy, especially
pressure. It accomplishes this by increasing the cross-sectional area, which leads
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Inlet
Outlet pipe

Compressor wheel Radial diffuser

Figure 3.1: Components of a centrifugal compressor and its build up [113]

to a gradual reduction in flow velocity. There are two main types of diffusers:
vaneless and vaned, each suitable for different application scenarios. The volute
serves as a component that collects the flow from the diffuser and redirects it
in a circumferential direction, ultimately delivering it to the compressor outlet
pipe. As the flow enters the volute, its velocity is further reduced within the flow
channel, resulting in an increase in static pressure. [113]

A compressor map provides a graphical representation of the performance char-
acteristics of a compressor. For this study, the selected compressor served as a
baseline due to its excellent performance in fuel cell applications, particularly in
the power range of 90 kW to 130 kW. Its compressor map is shown in Fig. 3.2, in
which the x-axis represents the volumetric flow rate V;OU, while the y-axis shows
the pressure ratio IIc (., defined as:

e = ——, 3.1

where p; 1o and pj (o are the total pressures at the compressor outlet and inlet, re-
spectively. Total pressure is a thermodynamic property that reflects the combined
energy content of a moving gas and includes both static and dynamic pressure.
The compressor map also shows critical operating limits. On the left side, the
surge line marks the limit below which low flow rates and high pressure ratios
cause flow instability, potentially leading to high thrust loads and system failure.
On the right side of the map is the system characteristic, which indicates the up-
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per flow capability of the compressor. At a corrected flow rate of 0.16 m3 s—1, the
throttling limit is reached where the inlet flow reaches sonic speeds. Dashed lines
within the map represent contours of constant corrected circumferential veloc-
ity measured at the compressor wheel outside diameter d,. In addition, colored
lines are included to indicate the constant isentropic efficiency. The isentropic
efficiency of the compressor is defined as

HC,t—t (NTA) -1

Tiot.out _ 1
71(ol.in

, 3.2)

Tlcis =

where & is the isentropic exponent of the working gas, and Tiotin and Tior out are
the total temperatures at the inlet and outlet of the compressor, respectively.

nc,is = 0.65 necis = 0.7 nc,is = 0.75

I

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

3 1

Vcorr inm3s~
Figure 3.2: Compressor map showing the operating range of a centrifugal compressor.
Lines of constant corrected speed and constant isentropic efficiency are
shown. The compressor map is limited by the surge line on the left and by
the system characteristics on the right. Maximum corrected peripheral speed
Ue,corr defines the mechanical limit.
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Compressor Map Scaling

Compressor scaling is a common practice in the design process of new compres-
sors. A validated and robust design is typically used as a baseline to determine
the performance characteristics and operating range of a new compressor. Sev-
eral basic assumptions are taken from the existing literature. It is assumed that
the trim, defined as the ratio of the inlet diameter to the outlet diameter, denoted
by %, remains constant. Consequently, as the outer diameter increases, the inlet
diameter also increases proportionally. The following scaling relations are used,
taken from [26]:

) ) d 2
View = Vold <d2’“e]:> (3.3)
,0

1_Inew = Hold (34)

Where Ve is the scaled volumetric flow rate, Vyyq is the base volumetric flow
rate, and d new and dp o1q are the new and old outer wheel diameters, respectively.
It is further assumed that the characteristics of the diffuser and the volute remain
identical. The pressure ratio of the compressor and the circumferential speed
are described with eq. (1.1). It is seen that the pressure ratio II¢ . is a function
of f(uccorr?). Regarding efficiency, which is crucial to determine the required
input power, this study uses the approach proposed in [114, 115]. These authors
analyzed compressors with similar characteristics but different sizes, using dif-
ferent data sets to correlate the external wheel diameter d, with the maximum
isentropic efficiency 7cw.max. The proposed scaling relationship has the form

o new
Ancwaew = ¢ In < d22’ m) (3.5)
,0
NCW,new = A77CW,new + TIcw,old (36)

where the factor ¢ ranges from 0.032 to 0.036. The variation of ¢ for different
wheels is illustrated in Fig. 3.3, showing only a small influence between cases.
Since no specific database is available for the reference compressor wheel in this
study, a value of ¢ = 0.034 is chosen, as shown in eq. (3.6).

In general, larger outside diameters result in reduced relative gap losses within
the compressor, leading to an overall increase in efficiency [116].

The above correlations for compressor wheels of different sizes allow the deter-
mination of the maximum efficiency under the new boundary conditions of Vcorr
and Ilc ., based on the specified wheel. Consequently, the output will include
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Figure 3.3: Comparison of the different scaling approaches suggested by [114, 115].

danew- To calculate the compressor power Fc, the required shaft power is given
by:

Pe = p1Veorcy T (HC,H(:) - 1) Newnew 3.7

Here the mass flow of air is represented by p; ch, and T is the compressor
inlet temperature. Together, these factors provide a comprehensive framework
for determining the performance characteristics of the compressor.

3.1.1.2 Turbine Dimensioning

The goal of the turbine sizing approach is to obtain the turbine wheel dimensions
and a good estimate of the turbine efficiency, since this defines the nominal oper-
ating point of the electrical machine. It is well known in turbocharger design that
radial turbines have their optimum efficiency at a blade speed ratio %* of about
0.7. This ratio can be derived for ideal conditions and is given in [117]. The blade
speed ratio is determined by the circumferential speed of the turbine wheel uy.
This speed ratio is influenced by factors such as the speed of the electric ma-
chine, the turbine wheel diameter and the isentropic outflow velocity cy. The
latter represents the speed obtained when the total to static enthalpy Ahr g s is
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completely converted into kinetic energy by an isentropic process. This velocity
can be expressed by:

002
7 = AhT,t—st,is (3.8)
The enthalpy difference can be calculated by:
(5
AhT,t—st,is =6 Ty [ 1- I . (3.9
T™W

In here the turbine inlet temperature is denoted with 7, and the turbine pressure
ratio with IItw, which is defined as the ratio of inlet pressure ps o to outlet
pressure p; ot

My = —= (3.10)

For this work the blade speed ratio is assumed to be in the theoretical maximum
of
Uy

1
o= \/g @3.11)

although in reality the maximum efficiency is reached at a lower ratio [117].
With Ahrt, s the isentropic spouting velocity and the circumferential speed of
the wheel can be determined for a given speed n, which also determines the outer
diameter of the wheel. The pressure ratio across the turbine is derived from the
operating point of the compressor and a pressure drop across the fuel cell divided
by the atmospheric pressure. To scale the turbine diameter with the wheel size,
the maximum efficiencies of different turbines were used. The following relation
was derived:

Nris = 0.102 - In (dy4) + 0.283 (3.12)

Therefore, the outer dimension of the turbine wheel and the efficiency are deter-
mined. The turbine power Pr is calculated:

Pr = mrAhgisisnmis- (3.13)

Here mr describes the turbine mass flow. With both power and speed, all other
parameters such as shaft torque can be determined.
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3.1.1.3 Wheel Dimensions

For the later analysis of the natural frequency of the shaft, the mass, and volume
of the compressor and turbine wheel must be known. It is assumed that these
dimensions are scaled with the same ratio as the outside diameters. The scaling
of the compressor wheel length is therefore determined by

d new
lewnew = dzie lewold (3.14)
2.0ld

Where the old compressor wheel length is denoted by Icw,oid-

3.1.2 Shaft Design with a Cylindrical Magnet

This section presents an analytical description of the deformation and stress be-
havior of the two primary components of the electric machine rotor. Ensuring the
mechanical integrity of the rotor assembly is critical for safe operation. The focus
is on the rotor design with a cylindrical magnet and a protective sleeve, as shown
in Fig. 3.4. At the center of the shaft is a cylindrical magnet made of Sm,;Coy
because of its high energy density at elevated temperatures. The magnet is con-
tained within a sleeve made of either Inconel 718 or TiAl6V4, materials known
for their high specific strength and electrical resistivity. Fiber-reinforced plastics
were excluded to ensure manufacturability. The strength and stability of these
components are at the core of the rotor design. In addition, natural frequency
calculations, including estimation of airfoil bearing dimensions, are presented.
The sleeve design is a critical aspect of the rotor assembly. Due to the low tensile
strength of the magnet material, the sleeve provides structural support to prevent
rotor failure due to centrifugal forces at high angular speeds. The magnet, which
can withstand compression up to 800 MPa, is highly susceptible to tensile failure
at only 40 MPa. To mitigate this, the sleeve is designed with an interference fit
that creates a compressive bias on the magnet. This compressive stress coun-
teracts the centrifugal forces and ensures safe operation. Thermal effects are
also considered, as the differential thermal expansion between the sleeve and the
magnet changes the joint pressure. These aspects are analyzed in the following
sections.

3.1.2.1 Load Cases

Stability is ensured by analyzing six load cases, outlined in Table 3.1. Load
cases 1 and 2 are based on standstill interference, and cases 3 and 4 are based on
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Figure 3.4: Schematic of the rotor configuration, showing the compressor wheel (blue),
turbine wheel (green), and cylindrical magnet (red) contained in a sleeve.
The shaft (gray) includes the sleeve and radial bearing seats, while the thrust
bearing disc is colored magenta.

operation at maximum speed. For these cases, a safety factor of 1.2 is applied.
Load cases (5, 6) simulate overspeed conditions where the sleeve is required
to prevent catastrophic rotor failure, with a reduced safety factor of 1.0. In all
scenarios, the joint pressure must remain above 0 MPa to prevent uncontrolled

magnet movement.

Table 3.1: Load cases and design criteria for sleeve design

Speed Temperature SE oy

Case No. min~! °C - MPa
1 0 20 1.2

2 0 TR max 1.2

3 Timax 20 1.2

4 TMmax TR max 1.2 >0
5 1.2 - npmax 20 1.0

6 1.2 Nmax  TRomax 1.0

3.1.2.2 Approach

The effects influencing the load on the magnet and sleeve are analyzed below.
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Thermal Elongation

Thermal elongation, the tendency of materials to expand with temperature, is
described by eq. (3.15). A linear and isentropic behavior is assumed, and the
thermal elongation is described by:

er=ly-a (I -T), (3.15)

where [y is the reference length at room temperature, « is the coefficient of
thermal expansion, 7 is the reference temperature, and 75 is the operating tem-
perature.

Rotational Elongation

The rotational strain is assumed to have linear material behavior and no plastic
deformation. Since the design goal is to keep all stresses below the yield strength,
this assumption is valid for the materials considered. For the rotor design con-
sidered, two geometries must be considered. The magnet can be described as a
solid rotating disc. Furthermore, the sleeve can be described as a rotating ring.
The application is considered as a plane axisymmetric problem:

Ouy Uy
Er = or’ €pp = Py grg =0 (3.16)

where u, describes the displacement of a material point in radial direction, &,
€y are the radial and tangential strains. The shear strain ¢, can be neglected in
the plane problem. The axial directions are shown in Fig. 3.5, where the stresses
are marked with . The indices correspond to the strains €. To model the disc,
a thin rotating disc with constant angular velocity w is considered. The accel-
eration acting on an element is —w? . This results in an internal acceleration
per unit volume of F, = —prw?. This force causes stresses in the disc. The
equation of motion for a plane axisymmetric problem is:

0oy
or

1
+- (o — o) + prw® =0 (3.17)

With Hooke’s law that problem can be described as a static problem:
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Figure 3.5: Stress components in a plane axisymmetric problem

E
Oy = 12 (srr + V&'oa) (3.18)

E
opp = 1.2 (599 + Z/Err) , (3.19)

where E is Young’s modulus and v is Poisson’s ratio. The differential equation
is derived from eq. (3.17) with the formulation of Egs. (3.18) and (3.19) and is
given by:
Pu,  1du, 1 1—v? 9
i e 3.20
a2 T rar 2t g " (3.20)

The general solution for the strain and stresses of eq. (3.20) is given by:

1 1
O = AT—2 +2C — §(3 + 1) pw?r?, (3.21)
1 1
opp = _Aﬁ +20 — g(1 + 3v) pw?r?, (3.22)
170 A 3
Err = o) (1+l/)ﬁ +2(1-v)C - 3 (1_’/2) pw27"2} ) (3.23)
1T A 1 2\ 2.2
9 =% —(1+v)5+201-v)C - < (1=27) pwr?|, (3.24)
L r 8
10 A 1 2\ 2.3
ur:E —(1+V)ﬁ+2(1—V)CT—§(1_U )pw - (3.25)
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The boundary condition of zero radial stresses at the outer diameter r, of the
disc:
Urr(r = To) =0 (326)

To ensure finite stresses and strains at » = 0 for a solid disc the solution for A
and C becomes:

1
A=0, C= 1—6(3 + 1) pw?r,? (3.27)
Further, the stresses and displacements for a solid disc are

_3+v

onl(r) = —3 pw? [re® — 7], (3.28)
3+v 14+ 3v
ogo(r) = P [nf - r2] , (3.29)
3+v 1—v 14+v
u(r) = 3 prTr [7”02 - 3_’_1/7'2} . (3.30)

For a hollow disc the same general solution is applied, but the boundary condi-
tions change as,

on(r;) =0, ox(r,) =0, (3.31)

where r; is the inner radius of the hollow disc. Therefore, the terms A and C'
from the general solution in Egs. (3.21) to (3.25) leads to:

1

A= - =
16

1
3+ I/)pw2ri2r02, C

~3 3+ l/)p(.u2 (ri2 + roz) (3.32)

From that the stresses and displacements follow for the hollow disc as

3+I/ i2 02
on(r) = S pw? {7’12 +ryl—1r? — r Tg ] , (3.33)
3+v 14 3v ri27,2
agp(r) = = pw? {7’1'2 + 72— 5 r2 4+ = } , (3.34)
3+v 1—v 1+v 1+ vri3r,?
ur(r) = —g pr—E r [rf + 12 — " VrQ 3 } . (3.35)

With this set of equations, the stresses and strains for both rotor components can
be calculated. The two parts are therefore considered separately. The solution for
the two parts is shown in Figs. 3.6 (a) and 3.6 (b). To understand which positions
of the two parts need to be calculated and analyzed, it is important to look at
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the results for the single part. In Fig. 3.6 (a) the solid disc is shown. The stress
maximum occurs in the center of the disc. Both radial and tangential stresses
have their maximum in the center. The radial stresses become zero at the outer
radius because it was already defined in the boundary conditions. The tangential
stresses will not be zero, but will also decrease outward. The maximum strain
will occur at the outer radius. For the hollow disc in Fig. 3.6 (b), the stresses
and strains are different from the inner radius to the outer radius. The maximum
stresses are the tangential stresses at the inner radius, which then decrease toward
the outer radius. The radial stresses are zero at the inner and outer radius, but
reach a maximum in between depending on the given geometry. Strain is more
constant along the radius, but also reaches a maximum near the outer radius. It
can be concluded that for the investigated case the radial and tangential stresses
of the solid disk reach their maximum at » = 0 mm and for the hollow disk the
tangential stresses reach their maximum at r = ;. In the later results, the stresses
are calculated at these two locations.

Cylindrical Interference Fit

In general, interference fits are divided into elastic, elastic-plastic, and fully
plastic fits [118]. For the following design, only the elastic interference fit is
considered. Due to the high rotational speeds, the influence of the fit must be
taken into account in order to calculate the actual joint pressure in all operating
conditions. The interference fit between the magnet and the sleeve is calculated
using [118]. To determine the contact pressure for n = 0, the support variable
K is defined as:

K

Eo /1402 1+ Qo2
_ 0<+QI I>++Q°+uo. (3.36)

TEA\T-Q2 )T 1=
For a solid inner part K simplifies to

Eo 1+Q0°
-5

1—-Qo?

where Eo, Ey describe the young’s modulus of the outer and inner part, vg, 11
are the Poisson’s ratio of the outer and inner part. Further,

K (1—1)+ + 10, (3.37)
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Figure 3.6: Nominal stresses of a solid rotating disc (a) and a hollow rotating disc (b)
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Qo = j‘” (3.38)
Oo
_dy
Q= (3.39)

are defined where dg; and dj; equals the joint diameter dy, do, the outer diameter
of the sleeve and dj; the inner diameter of the magnet. If the magnet is a solid
disc given by d; = 0, Q1 becomes 0. The joint pressure p is

Pro(w =0) = Swbo i (3.40)
K
= 2 (3.41)
J

in which &, is the related effective overlap of the joint and Uw the geometrical
effective overlap of the two parts.

Rotating Interference Fit

High rotational speeds and high circumferential speeds result in higher stresses
and loads due to centrifugal force. The outer part of the interference fit usually
expands more than the inner part of the joint due to the higher centrifugal force.
The joint pressure decreases and the load that can be transferred between the
two parts decreases. Therefore, this load case must be considered. The effective
overlap &, as the rotor spins is given in [119],

1 Eo (14 Q) 1+ Qo Kdy? pow?
b= Eo <{EI (1 Q2 " 1 - Qo? Yol Pt 16Q0?
(3.42)
in which K is defined by:
Eopr

K =3+vo+(1-10)Qo° — Qo* [1—u+@B+u) Q. (343)

Eipo

To determine the joint pressure pj , the lift of speed wys needs to be known which

is described by:

4@0 EO&W
dy '\l Kpo

(3.44)

Wiift =
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Further, the joint pressure py, is defined as

2
w
Din = ll - ( > ]pJ,o- (3.45)
Wiift

The joint pressure introduces stresses in the two components. As the magnet is
a full disc, the two stress components o, and opy are

O = 0pg = —DPin (3.46)
and therefore independent of the radius. For the sleeve the stresses are defined
as:

Qo* doo \
= ————— -1 - 3.47
o 11— 002 |\ 2r Dy, (3.47)

_ Qo” doo\”
opp = —1 — Qo2 o + 1| prn (3.43)

For the sleeve o,(do,) = 0 MPa and 0,,(dy) = —pya. To determine the equiva-
lent stress for plane stresses, the von Mises stresses are calculated by:

Oeq = \/O’rr2 +0pp? — on - Ogp (3.49)

In Fig. 3.7 the results are shown for an exemplary geometry with a solid inner
shaft with dj = 40 mm and a hub with dg, = 70 mm and p;, = 10MPa. It
shows that the stresses in the shaft are constant for radial and tangential stresses
and have a negative sign, indicating a compression of the shaft. The equivalent
stress is also indicated by pj,. The stresses in the hub reach their maximum at dy
and decrease until they reach py, atr = % This completes the determination
of the different load cases a shaft of a HSPMSM is exposed to during operation.
The next step is to combine all the loads.

3.1.2.3 Superposition of Shaft Loads

As mentioned above, a linear elastic material behavior is assumed and therefore
a superposition of loads can be considered. The calculation is completed for all
six defined load cases described in Table 3.1. It is important to determine the
stresses for the minimum and maximum overlap of the two parts, since the max-
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Figure 3.7: Radial, tangential and von Mieses stresses for an exemplary geometry with a
contact pressure of 10 MPa at 0 min~*

imum overlap is critical for the sleeve and the minimum overlap is the critical
overlap for the magnet. In addition, the minimum and maximum operating tem-
peratures must be considered. Depending on the thermal expansion factor, the
main overlap will increase or decrease as the temperature increases. For exam-
ple, Inconel 718 has a higher coefficient of thermal expansion than Sm,Co,7, so
the overlap decreases with increasing temperature. Titanium, on the other hand,
has a smaller coefficient of thermal expansion than Sm,Co17, so the overlap in-
creases with increasing temperature.

3.1.2.4 Failure Hypothesis for Magnets

For magnetic materials such as NdFeB and Sm,Coy7, the equivalent stress hy-
pothesis is not valid because of their imbalance in compressive and tensile
strength. Therefore, the modified Mohr-Coulomb theory is used [120]. Since
the problem is two-dimensional, the maximum allowable stresses are shown in
Fig. 3.8. The radial stresses oy, are plotted on the x-axis and the tangential
stresses opg are plotted on the y-axis. The colored area in the plot shows the
safe operating range for the material. It can be seen that the absolute values of
the maximum allowable tensile stress oy and the compressive strength o, are very
different. In Table 2.5 the properties for the two studied magnetic materials are
shown. For Sm,Co;7 the compressive strength o is about 20 times higher than
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for 0. Therefore, the maximum principal stress in the tensile direction that can
be tolerated for the magnet is the yield stress.

T
Ot |- —

900

Orr

Figure 3.8: Mohr-Coulomb failure envelope for a plane stress condition, showing the
safe stress region (shaded in red) defined by the tensile strength (o) and
compressive strength (oc) in the -0y plane.

3.1.3 Aerodynamic Gas Bearings

In the application of a hydrogen fuel cell electric compressor, there is a require-
ment to be oil-free due to the cleanliness requirements of the fuel cell. Therefore,
gas bearings are used. Gas bearings can be divided into two functional groups.
First, the self-acting (hydrodynamic) type and second, the externally pressur-
ized (hydrostatic and hybrid) types. In a self-acting bearing, the load capacity
is generated by the relative motion between the rotor and the stationary part
of the bearing. The viscous shear in the fluid film draws the lubricant into an
aerodynamic wedge, creating a pressure gradient. Only the pressure gradient is
responsible for the load carrying capacity, rigidity, and damping of the bearing.
As a general effect, increasing the rotor speed increases the load capacity [121,
122]. In the market of electric compressors, the hydrodynamic type is used. Two
different designs are used. On the one hand, herringbone grooved journal and
thrust bearings, which belong to the subcategory of rigid gas bearings. On the
other hand the foil bearings as shown in Fig. 3.9, which belong to the compliant
bearings [121]. Foil bearings have the advantage of high load capacity, tolerance
to misalignment, manufacturing error and thermal gradients. These are the main
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Bearing Sleeve

Figure 3.9: Components and build up of an air foil bearing [123].

disadvantages of herringbone bearings. As seen in Fig. 3.9, the bearing consists
of a stationary sleeve, a bump foil, a top foil and the rotating shaft.

Bearing design is not a major topic of this thesis. Since the bearing design affects
the natural frequency of the shaft, it is necessary to dimension the bearings with
the focus on the bearing diameter and length. Therefore, the bearing design of the
developed electric compressor is used as a baseline design. The circumferential
speed of the bearings is kept at 200 ms~!. The ratio of width to diameter is kept
at 1.25. For rotor designs with a sleeve circumferential speed above 200 ms ™1,
the diameter of the bearings is reduced by 1.5 mm. The thrust bearing, which
carries the axial load of the system, is scaled only in the outer diameter and has
the same diameter as the outer diameter of the compressor wheel.

3.1.4 Modal Analysis of the Rotor

The modal analysis is done with a FEA simulation in ANSYS Mechanical. For
this purpose, a simplified and fully parametrized 3D model is set up, which can
be scaled according to the previously derived dimensions, shown in Fig. 3.4.
The objective of the study is to find the maximum allowable active length of
the machine. Therefore, the first bending eigenfrequency must be determined.
The first bending eigenfrequency should be 1.2 times higher than the maximum
operating speed, which is a common value for electric machine designs. To find
the maximum active length efficiently, the natural frequency is calculated for four
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different active lengths of the rotor. From these four solutions, the maximum
active length is interpolated and used as the maximum allowed active length.
The maximum speed is already defined by the maximum compressor operating
point and therefore the compressor and turbine wheel dimensions are defined.

3.2 Magnetic Domain

This section describes the modeling of the magnetic domain. The focus is on the
modeling of the rotor field.

3.2.1 Assumptions and Simplifications

Analytical calculations of electric machines are described in many publications
such as [52, 53]. They are usually done with the following assumptions.

* Due to the relatively small air gap widths in relation to the bore radius, the
round machine geometry can be converted into a plane machine geometry.

* The machine geometry is further simplified into a geometry with a smooth air
gap on both sides.

 Air gap flux density in radial direction is assumed to be constant.

» The windings of the stator are integrated directly into the air gap. For this pur-
pose, equivalent current filaments are denoted at the centers of the respective
slots.

e The iron of the machine is assumed to be magnetically infinitely conductive
MEe — OQ

» The resulting air gap field has only a radial component. The tangential field is
neglected.

* A perfect mechanical symmetry is assumed (neglect of eccentricities and other
irregularities in the mechanical structure).

These assumptions need to be checked and made sure that they fit the applications
under consideration, since these are geometry related. In this work, the focus is
on the first three assumptions.
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Plane machine geometry The rotationally symmetrical rotor can be un-
wound into a plane machine geometry if the air gap length is negligible compared
to the stator bore radius and the rotor radius. For HSPMSM with high circumfer-
ential speeds and high rotational speeds, the magnet requires a sleeve to protect
it. As seen in a later chapter for the reference machine, the ratio of % is about

0.5 and about 0.33 for %. This already shows that a plane machine geometry
cannot be assumed.

Smooth Air Gap on Both Sides

The rotor surface is smooth in the design under consideration. The stator is slot-
ted and therefore can not be assumed to be smooth. In particular, the induced flux
harmonics must be taken into account when calculating the rotor eddy current
losses. The influence of slotting is considered with relative permeance functions.
Therefore, a new approach is derived which has already been published in the
authors’ work [E8].

Constant Radial Air Gap Flux Density

The air gap flux density cannot be assumed to be constant at a given angular
position in the radial direction. Even a linear scaling over the length of the air
gap is not suitable due to leakage flux which closes itself in the air gap, as shown
in Section 3.2.2.

3.2.2 Air Gap Flux

The most important part of the magnetic domain modeling is the determination
of the radial air gap flux density of the machine. It is the basis for calculating the
machine power and losses. The modeling is divided into two parts. The stator
field excitation curve which is taken directly from textbooks like [52, 53, 124] and
the modeling of the rotor field. The modeling of the rotor field is adapted to the
application limits, which do not correspond to the assumptions of the textbooks.

3.2.2.1 Field Excitation Curve

The analytic equations of the field excitation curve of a stator winding are cal-
culated on the basis of a distributed, two-layer winding consisting of m strings,
which is spatially symmetrical with

2
Ctmomech = mi; (3.50)

57



Chapter 3 Multi-Physics Modeling of High-Speed Electric Machines

Phase 2 Phase 1 Phase 3

TPEEEROCEEEREE "
ElolololEIEl0

OEORXRIRX®©® R

O, t=0

ORF
X
QR

Figure 3.10: Stator field excitation curve at ¢ = 0 with exemplary configuration shown
forg=3andy = 1.

Here m denotes the number of phases and p the number of pole pairs. For the
special case of a single-layer winding, the pole pitch 7, is equal to the coil span
y, and the number of turns per coil w, of a two-layer winding is half that of a
single-layer winding. It is possible to specify any current form i(¢). To distin-
guish between field cause and field effect, the former are indexed by k and the
latter by k. Fig. 3.10 shows the slot layout of a two-layer stator winding and the
associated magnetic excitation curve when sinusoidal and filamentary currents
are specified at the time ¢ = 0. The staircase-shaped magnetic excitation curve
can be calculated with the aid of a complex Fourier series, taking into account
all harmonics, with

m

w kw ke, ) , 2m
=3 Zi) Y —) = - 51
9, (71,1) 2 Wl(t) S expJ {3 (k )mp sri|, (3.51)

as described in [125]. In here s is the harmonic order. Further, the series winding
number is defined as:
w = 2pquwe (3.52)

for a two-layer winding, where w is the number of turns of the coil and ¢ is the
number of slots per pole and per phase. The winding factor is given by:

H ST
s [ smy) S0 (2pm)
kw,k, = sin

2070/ gsin (2;;;11 )

(3.53)
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the associated winding factor of the k-th phase. Since the phase magnetomotive
force (MMEF) is periodic to the number of pole pairs, this must also apply to all
its harmonics. It is therefore sufficient to summation with

s=p2a+1),a=0,%+1,£2 ... +o0. (3.54)

The field excitation curve of the stator can then be transposed to the flux density
with

Azy,r). (3.55)

O(x,t
Bé,Stator(xlatvr) = UO%

where A is the permeance function describing the effect of slotting, Bj seator is the
stator part of the air gap flux, and p is the magnetic field constant. The detailed
determination of A is described in Section 3.2.3.

3.2.2.2 Rotor

This subchapter describes the magnetic modeling of the rotor field. The specific
properties of the cylindrical magnet are examined and common approaches for
SPMSM are studied and compared with FEA results. A new approach using a
Neuronal Network (NN) to predict the permanent magnet field is proposed. To
take into account the influence of the stator slot opening on the air gap field, NNs
are trained with static FEAs.

In common modeling of SPMSMs, the magnet height is assumed to be constant
and simplified as a rectangular magnet. Therefore, the resulting air gap field is
constant across the width of the magnet. Thus, the air gap flux density (B;s) for
a magnet of constant height and small air gap can be calculated analytically by:

Br

- S pem’
1+ hem o

Bs (3.56)

where By is the remanence flux density of the magnet, ¢ is the length of the mag-
netic air gap, hpy is the height of the magnet, upy is the magnetic permeability of
the magnet, and y is the magnetic field constant. This approach is tested with the
FEA model shown in Fig. 3.11 (b). A C-shaped core with ideal material proper-
ties is modeled with pg. — 0o and a Permanent Magnet (PM) with Bg = 1.05T
and ppy = 1.06 is placed in the air gap. The magnet height and the air gap
length are varied in a range of hpy = {4,6,..,30} mm and § = {1,2,..,10} mm.

In Fig. 3.11 (a) the results are shown for a constant magnet height of hpyy =
10 mm and a variation of the air gap length. It can be seen that the results cal-
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Figure 3.11: Analysis of plane PM flux density with an ideal core material.

culated with eq. (3.56) agree well with the FEA results. As the air gap length
increases, a small deviation can be seen. This is most likely due to the leakage
flux closing around the air path and not over the core material. Further results
from the same parameter study with a variation of the magnet height for different
air gap lengths are shown in Fig. 3.12. It is observed that increasing the magnet
height leads to an increase of the air gap flux density independent of the air gap
width. The larger the air gap width, the larger the gradient of Bs over the height
of the magnet. As already seen in Fig. 3.11 (a), Bs decreases with increasing air
gap length. Overall, the results of eq. (3.56) agree very well with the results of
FEA for a wide range of parameters.

In a second step, it is examined whether the approach can be applied to the pro-
posed machine design. Since a diametrical magnetization results in a sinusoidal
magnetic field, it is only tested if the amplitude, Bg, can be determined. There-
fore, a parameter study is performed with a static FEA. The model of the static
FEA is shown in Fig. 3.13. It includes the cylindrical magnet with diametrical
magnetization with its specific height hpy and the air gap length §. As in the
previous analysis, the core material is ideal and Bg = 1.05T. To compare the
numerical results with the analytical description, the flux density is evaluated at
the magnet surface, since the surface area increases with radius r and B§ there-
fore decreases, but for eq. (3.56) constant surface areas are assumed. The results
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Figure 3.12: Analysis of plane PM flux density with ideal core material. Variation of

magnet height hpy and air gap length 6. Solid lines are the analytical
results, dashed lines are the FEA results.

Figure 3.13: Model for analyzing the air gap flux density of a cylindrical solid
permanent magnet with an ideal core material.
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Figure 3.14: Cylindrical PM flux density analysis with ideal core material according to
model Fig. 3.13, with variation of air gap length § and magnet height hpp.
Solid lines are the analytical results, dashed lines are the FEA results.

are shown in Fig. 3.14. As expected, the highest values for Bj are obtained for
small air gaps. The approach outlined in eq. (3.56) gives good results for small
air gaps over the entire parameter range. For larger values of hpy, the analytical
and numerical results agree well, but with a tendency to larger deviations with
increasing air gap lengths. In particular, for small magnet heights the deviations
are larger, and for increasing air gaps the deviations between the analytical and
numerical solution deviate by a factor of 2 for § = 10 mm. Overall, the gradient
of By is much flatter compared to the analytical solution. The designs with small
magnets must be taken into account when analyzing HSPMSM. Therefore, it is
concluded that the increasing curvature with respect to the air gap length has a
significant influence on the accuracy of eq. (3.56). Since the designs will most
likely have larger air gaps due to the need for a sleeve and small radii due to the
strength limitation of the rotor assembly, it is obvious that the approach is not
accurate enough to model the PM flux for the application. When considering
the flux density amplitude, it is important to consider the flux density curve over
the length of the air gap. This is because the air gap area can not be assumed to
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be constant. To analyze this, the air gap was divided into seven equally spaced
segments, as shown in Fig. 3.15, and the flux density amplitude was evaluated
at each point. This allowed the creation of a flux density curve, Bg(’l"), shown
in Fig. 3.16. It is evident that the decrease is non-linear, indicating the need for
a non-linear approach. This is counterintuitive since the area increases linearly
with A o 7r. This phenomenon is also described in [126].

Figure 3.15: General model setup of the rotor field showing the evaluated radii in the air
gap. Air gap divided into seven equally spaced segments; Counting starts
from the magnet outwards.

Using Neuronal Networks to determine PM flux

For the analysis, the air gap is divided into seven segments as shown in Fig. 3.15.
Static simulations were performed for the parameters hpy; = 4 mm to 30 mm,
with 2 mm as step size and 6 = 1 mm to 12 mm in a 1 mm step size.

To determine Bs (r), a NN was trained using the MATLAB® Deep Learning
Toolbox. The basics of NN can be found in [127] and are not discussed further
in this work. The focus of this work is the use of the toolbox and the possibilities it
offers. The training data included the parameters mentioned above. This training
set was divided into three sub-sets. The training set contained 70 % of the data.
In addition, the validation and test data sets contained 15 % each. The network
consists of 1 hidden layer with 15 neurons. The result is a NN that can predict
the flux amplitude at seven locations of the air gap and is further denoted as
Npp(6,hpm). Tt is shown that the air gap flux density Bj can be normalized by
the magnet remanence flux density Br and therefore a material substitution can
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Figure 3.16: FEA results showing the variation of the radial air gap flux density over the
machine radius.

be performed without any new calculation and training. For the later analysis, the
flux density in the air gap must be known continuously. Therefore, a second order
polynomial fit is used to calculate Bg(r). And assuming the field is sinusoidal,
the radial rotor field can be calculated as

B pm(r,0) = Npm(6,hem) (r)cos(¢). (3.57)

3.2.3 Stator Slotting - Conformal Mapping

For PMSM, the stator side is usually slotted and therefore affects the air gap
flux. Although air gap windings and slotless machines are commonly used for
HSPMSM, the power density of machines with air gap windings is lower. The
advantages of slotless machines are the constant torque and the sinusoidal air gap
field, which results in lower rotor losses. For the same power, the slotless ma-
chine requires more magnetic material to achieve the same power. This results
in higher circumferential speeds and higher mechanical stresses. It also requires
more copper, which adds to the overall cost of a slotless design. [128, 129].
Due to the high power requirements of the reference machine, only the slotted
designs are examined in this work. The cogging torque in high-speed machines
with sleeves is relatively small due to the large air gap, and therefore is not a
critical factor in the design of an electric compressor.

For analytical calculations, the Carter factor k¢ was introduced in 1901. It de-
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scribes the extension of the physical air gap length § by k¢ [52, 126]. This
approach can determine the average flux density in the air gap, but not the de-
tailed shape of the flux density. Therefore, conformal mapping [124, 126, 130,
131] or a separation approach [132] is used. For these solutions some simpli-
fications have been made. The permeance of the slotted air gap region can be
calculated by the conformal mapping method with a magnetic unit potential ap-
plied between the stator and rotor iron surfaces and no magnets present, and by
assuming infinitely deep rectangular stator slots.
Zhu and Howe [126, 133-135] study the analytic description of SPMSM in
detail. Based on these publications, [136] uses conformal transformations to
calculate the radial and tangential air gap flux. The authors considered only a
single stator slot, which does not affect the flux of the neighboring slot. This
assumption can only be made because the neighboring slots do not impact each
other. This assumption can not be made for the designs studied in this work.
Furthermore, a flux concentration beneath the teeth can be observed for SPMSM
machines [137]. These effects are not present in the solution presented by [124].
Thus, none of the known solutions fits the problem at hand. Therefore, a new
method is proposed to determine the permeance function.

To model the effect of slotting, the previous 1D radial model without slots

b
A

!

L/
M

Figure 3.17: Modeling slotting in FEA

was extended by slots with slot opening width b;. The model used is shown in
Fig. 3.17. This level of detail is sufficient to model the influence of the slot open-
ing as shown in [136], since most of the flux enters the tooth in the lower part
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of the stator tooth due to pp. — oo. This reduces the complexity of the model
and the rest of the slot geometry is not modeled. Therefore, different models
were created to represent different stator configurations. The data set is therefore
extended by b; = 1 mm to 3 mm in 0.5 mm steps. The air gap flux density B;
is determined at the seven locations as shown in Fig. 3.15. This time, however,
not only the amplitude is considered, but also the field distribution over 360°.
Therefore, it is possible to determine the permeance functions A as:

B‘S-,hPM7b] (7',80)

, (3.58)
B67hPM (T,(p)

As o (T50) =

where B h,, (,¢) describes the air gap flux for a stator core without slots at 7
and @. B hpy,b, (75¢) is the corresponding air gap flux density of the stator core
with slots. This results in a description of the permeance functions As ney b, (7,%)
for each data point and is evaluated at the seven defined positions from Fig. 3.15.

Permeance Functions with Neuronal Networks

With the wide range of static FEA results, more NNs are trained. Testing has
shown that for good results, a single NN should be trained for each position in
the air gap. As before, the same net parameters were used with 70 % of the data
used for training. For validation and testing, the data set contained 15 % each.
Here, 1 hidden layer with 25 neurons are used. The resulting nets are noted as
Ny ;, where ¢ = 1,..,7 is the index for each position in the air gap, starting at the
outer magnet radius and ending at the stator bore radius. To calculate A(r) for
any r, a surface fit is performed and thus a function of A(r,p) is generated. For
a more detailed understanding of the permeance function, the details are shown
in Fig. 3.18. It shows the permeance function for % of the circumference of the
air gap as a contour plot. On the inside of the surface plot is the magnet surface.
On the outer side is the stator surface and the slot opening. The radius of the
sleeve is also shown to understand how the field is affected at the sleeve surface.
It can also be seen that the permeance function is greater than 1 in a significant
portion of the air gap. Additionally, it is seen that the permeance function has its
maximum with overshoot near the slot opening, but decreases rapidly as it goes
further towards the center of the machine.
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Figure 3.18: Permeance function for the reference machine. For an air gap segment over
one stator slot.

3.2.3.1 Machine Air Gap Flux Density

In the next step the overall air gap flux density can be calculated. Therefore, the
two flux densities Bs rotor and Bs stator can be summed up as

Bd(ra%t) = Bé,Rotor(r7<P,t) + Bé,Stator(r7<P7t) (3.59)

Both fields need to be evaluated at the same radial position . The opposing field
of the stator is not considered when determining the magnetic operating point.
This can be done at this point, as the amplitude of the stator field is small com-
pared to the rotor field. As already introduced in Section 3.2.2.1 and eq. (3.55)
the permeance function needs to be applied to the rotor and to the stator field. It
needs to be taken care of the relative movement between the rotor and the stator.
Therefore, the permeance function is static and is not moving, but the rotor and
the rotating stator fields are. With that done, Bs can be calculated at any position
in the air gap.
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3.2.4 Flux Linkages and Inductances

The turns of a coil, which are placed in two infinite narrow slots are completely
passed through with the magnetic flux ®.. Therefore, the magnetic flux linkage
for each coil can be determined with

p et g
Us = w.de = wc*TplFe/ Bs(rp,p,t) do. (3.60)
s

Pe—

e

The coil span is described by y and ¢ is the angle of the coil center. To calculate
the flux linkage of the coils, the magnetic flux density at the bore radius g must
be considered. This has to be done for each coil of each phase. Thus, the three-
phase flux linkage can be determined and then transformed to the rotating dq
reference frame. [138]
This describes only the main flux linkage of the machine. From here, the main
inductances of the machine can be calculated with
LQ,main = Ld,main = \Ijqz,.mam (361)
q

Where Lgmain and Lgmain are the inductances in the d and ¢ directions. These
two are equal because of the surface mounted permanent magnets. Furthermore,
W, describes the flux linkage in g direction and i4 is the current in ¢ axis.

3.2.4.1 Leakage Inductances

In addition to the fields that form the torque, the stator and rotor also generate
fields that do not contribute to the formation of torque. These fields are called
leakage fields and are only associated with the stator or rotor itself. Due to their
size and geometry, HSPMSMs have a significant amount of leakage flux. The
literature distinguishes between four different leakage fields. Slot leakage, tooth
tip leakage, winding head leakage and harmonic leakage. All types are shown
in Fig. 3.19. The latter is not scattering in the classical sense, but includes all
harmonic fields that deviate from the fundamental wave theory. In the presented
approach, the harmonic leakage is already included. Therefore, only the other
three parts need to be considered. For the tooth tip leakage and the slot leak-
age an approach of [140] is used. The author’s approach analyzes the inductive
parameters of slot leakage in two-layer windings of unsaturated rotating electric
machines. The author assumes the following:
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Figure 3.19: Air gap flux and the flux leakages in an electric machine [139]

* The magnetic field lines are parallel inside the slot and perpendicular to its
axis of symmetry.

* The teeth’s magnetic saturation and the voltage drop in iron related to the local
field lines are neglected.

¢ The current distribution J in the conductors is uniform (but it can be different
between the two layers, such as in the shortened pitch winding cases).

The proposed algorithm uses the well-known approaches for trapezoidal slots
and discretizes the arbitrary slot geometry into small trapezoidal segments.
Therefore, the slot is divided into several segments as shown in Fig. 3.20 (a).
In this work, the coordinate system is on the inner diameter of the stator bore
compared to the slot ground as done in [140]. The discretization of the slot as-
signs a width to each height x. Therefore, the following geometric relationships
must be determined for each layer of the slot:

Wg + Wr—1
Wm,k = - 9
Wi — W1 (3.62)
ap = ————~
2wm7k
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compared to [140] thickness.

Figure 3.20: Slot geometry and modifications proposed by [140]

As shown in Fig. 3.20 (a), the slot is divided into two parts, the upper part for
winding layer one and the lower part for winding layer two. The inductances are
calculated separately and therefore the areas of the slot are assigned to each layer.
The two boolean variables S| and S, describe this and are set as follows:

lxk’>hz1 11’k>h22
Sl_ . —

_ Sy = . 3.63
Oxkghzl 2 OIkShzg ( )

There, h,; describes the height that divides the slot space into two equal cross-
sections, taking into account an unfilled area at the bottom of the slot. Further,
h,, is the boundary where no more traces can be placed. These variables
define all trapezoidal layers with respect to all other layers. Therefore, the self-
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inductance of the two layers and their mutual inductance can be calculated by
using the sums:

A
Holpe

[ Ask

| Wm,, k

] =

(S1K1 (ax) + S1 Ko (ak))} " Abfllsg}

=
Il

1

A, NI Asy — — } Ahgg
= S1 (S22 K7 (ag) + S22 K (a + —
Holre {kz::l | Win & (52K () + 52 Ko (o) by
A N Asy - — Ahg)|  (3.64)
= K K : —
Holre {; L Wi,k Si (52K (o) + SaKo ()| + b1
Lo’l = ’LU2A1
Loy = w?Ay
Mo = wAp,

Therefore, the following description of the geometry factors K, Ky and Ky
are required:

1 (a—1)* 1+« 9
K = I — 4o —1
(@) 16a2< 20 BT, v TR
1 o a? ( approximations for )
T3 375\ -0l<a<01
31 31 5 204 (3.65)
+« e}
K =—log—~ 1+ —
ofe) =g lee g~ 1+ 3
1 (a—1)2 1+a 1 a o
K =—|1- 1 N - ——+ —
m(a) 4a{ 2 “(1—a)] 2 3%%
In addition, Ahy, is defined as
2&, arctan (&) —In (£,2 + 1) +21n(2
Ahsg:(5<1— & arctan (&) ng(g ) + 2In )> (3.66)
&

Ahs, represents, depending on the sign, the increase or decrease of the equivalent
height of the slot. This accounts for the field line fringing inside the air gap,
corresponding to its opening. For PMSM, Ahy, is usually positive and therefore
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the leakage inductance contribution is positive. However, it can become negative
if the air gap is small in comparison to the slot opening, as in induction machines.
The missing factor &, is defined by

%

b=7 (3.67)

To compensate for the field distortions that occur when the edges of the slot
profile are not parallel, the field lines exit the iron-air interface perpendicularly
and are curved to maximize the permeance of their path (see Fig. 3.20 (b)). For

this reason, the author suggests using the length of the edge Asy, instead of the
height of an element.

2
Asy = \/Ahk2 n <w’“_2“”“) (3.68)

The leakage inductance for a single slot can be used to determine the slot leakage
inductance and the tooth tip inductance of a double layer winding. In eq. (3.69)
the formulation for a three-phase double layer winding is noted. The following
equation is valid only for mq — y < ¢:

2 —
Lo = — [Al LA+ (1 _ma y) 2A12] (3.69)

2qp 2q

Furthermore, the inductance of the winding head is part of the modeling. There-
fore, the approach proposed by [141] is used to estimate the length of the winding
head. In this paper, the winding length is determined for different winding lay-
outs and the formulations are described. In the following, the winding length is
determined by the stator active length [, and the additional winding head length,
which is a factor based on the average slot radius and the ratio of slots to poles.
This is summarized in the factor k...

2Try
lwh - kCT (370)
k. = TN (3.71)
4p

The inductance of the winding head leakage is determined by a common for-
mula without differentiating between single layer and double layer windings.
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The winding head leakage is determined by the winding head length of a coil
head [y, and the relative leakage conductance Ayy. The reference values are the
relative leakage conductances suggested in the literature. For this work, the rela-
tive leakage conductance Ay, = 0.3 is used according to [139]. This value gives
good results in practice for three-phase distributed two-layer windings.

w?
Lyn = QNOZWh?)\wh (3.72)

Thus, the total leakage inductance Ly can be determined by summing all three
determined leakage inductances.

Lo = Lo.g+ Lun (3.73)

Where L g contains the two parts of the slot leakage flux and the air gap leakage
flux.

3.2.5 Phase Resistance

The phase resistance of the entire machine is the last parameter of the machine
model to be determined. As already described for the calculation of the winding
head inductance, the same calculation can be used (eq. (3.70)). In addition to the
winding head length, the active length must be added to obtain the total winding
length [..

le = lon + lre (3.74)

With the winding length [, the conductor cross section A, the specific resis-
tance p. and the number of turns the winding resistance R, can be calculated:

_ 2lewp.
Acond

R, (3.75)

It is important to note that [, is only including a half turn and therefore needs to
be multiplied by the factor of 2.

3.2.6 Inner Torque

With the three phase flux linkages and the leakage inductances, the machine pa-
rameters can be transformed to the rotor oriented dq reference frame. The details
and transformations are not explained in this work, but can be found in any basic
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literature on electric machines. For the calculation of the electric torque ¢, the
machine parameters Wpy must be known. Therefore, the flux linkages for the
no-load operating point, with ¢q = ¢q = 0, are calculated and transformed to the
dq reference frame. The flux linkage in the d-direction is defined as

\Ifd = \IJPM + Ldid (376)

For the no load operating point the permanent magnet flux linkage Wpy; is equal
to U4. In a second step, the current dependent inductances are determined with
the operating point of any load current 7+ > 0A. With eq. (3.61) the main
inductance Ly and Lq is determined. Knowing the inductances, the leakage in-
ductances can be added to the main inductances. And the total flux linkages can
be calculated.

\de == \I/d,main + LO'Z.d

_ (3.77)
\I/q = \I’q,main + LO'Zq

Therefore, the parameters of the stationary machine model are determined and
the inner torque and the required voltages of the machine can be determined.

3 .
Tel = iquPMZq (378)

This is only the case for fully symmetric machines where Lq is equal to Lq and
the reluctance torque of the electric machine is zero.

3.2.7 Machine Losses

As described in Section 2.2.2.2, the losses in HSPMSM are highly dependent on
the electric frequency. As it is already defined by the rotor design, the maximum
number of poles in the investigated concept is two. The losses and their frequency
dependency are one of the main reasons for choosing a design with only one pole
pair. In the proposed model, the core losses, the rotor eddy current losses, the
DC copper losses and the friction losses on the rotor surface are considered.

3.2.7.1 Core Losses

The standard approach to determine the core losses of an electric machine during
the design process is the use of FEA. The transient solution of the model gives
detailed information about the flux density distribution and its variation with
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time. In FEA the Bertotti models are used [D8]. To have a proper comparison
with the FEA, the same model is used as in Ansys Maxwell.

P = Cacknf (3)2 + ke ( fB’>2 t ke ( fB) 1'5 (3.79)
Cae = 1 + kpcBac? (3.80)

The DC loss component is listed for completeness and is relevant for the rotor
core parts but not for the stator parts since the stator has no pre-magnetization and
will always have a mean flux density of zero over time. The electric frequency
f and the flux density amplitude B are seen to be the main determinants of the
losses. At high speeds the eddy current losses become dominant. As described
in eq. (2.3), the sheet thickness is an important factor to keep the losses small. To
determine the losses, the flux density amplitude needs to be determined. There-
fore, the air gap flux density B(rg,t, ¢) is used as a basis. In the next step it is
assumed that the flux density has only a radial component and that all the flux
from the center of one slot opening to another is evenly distributed in a stator
tooth. Therefore, a flux amplitude is determined in each tooth. The stator yoke
is considered as a ring of height

hy:%—m—lu. (381)
In here dog describes the stator outer diameter, rg is the bore radius and hy
the slot height. To estimate the amplitude of the stator yoke flux, the following
assumption is made:
by
hy

Therefore, only the main magnetic flux component is used and the magnetic flux

B, =qBr (3.82)

density B is scaled by the stator tooth width b, multiplied by the number of
slots per phase and pole and divided by the height of the stator yoke. With the
amplitude of the flux density determined, the core losses can be calculated.

3.2.7.2 Rotor Eddy Current Losses

One of the most critical aspects in the design of a HSPMSM is the determination
of the temperature and losses in the rotor. In Fig. 3.21 the cross section of the
investigated rotor design is shown. The cylindrical magnet is protected by a metal
sleeve.
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Sleeve Magnet

Figure 3.21: Rotor cross-section with the cylindrical magnet, the sleeve and the
magnetization direction.

A simplified method proposed in [142] to determine the PM eddy current loss
caused by the stator slot is presented. The mean value of the eddy current losses
of the PMs or in this work, the sleeve can be expressed as [142].

2
- olrets Bso(1)2w?rsws ZK% ll - < s i 7mws> ] . (3.83)
s

2 TNWSs

Here Bs is the amplitude of the fundamental air gap flux density and K, is the
coefficient of the Fourier series of the modulation function obtained by the con-
formal mapping method [142, 143]. For easier handling, the flux density of the
center air gap position in the static state can be used to calculate the coefficients
K,,. The radial position must be taken into account. Furthermore, the average
sleeve width wg and the slot width s are defined:

ws = 27 M (3.84)
2
S=1Tg N (3.85)

Ou [87] found that this method does not consider the variation of the eddy current
in the thickness direction of PM, therefore the calculation error at high speed is
large. To solve this problem, the PM is divided into x layers in thickness, then
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the coefficients K, are replaced by K, (rs). For this work, only the losses in the
sleeve are considered, so the proposed formula is modified and is expressed as

? - /Ts UlFetngo(T)2w27‘s2ws(T)
</, 2z
" ) (3.86)
: ZKn(T)Q 1- < °__sin anS(r)) ] dr
— mnwg (1) s

where ws(r) is the average width of the sleeve segment and K, (r) are the co-
efficients of the Fourier series of the flux density at the radius . In this way
it is possible to determine the eddy current losses in the sleeve. In general, the
currents in the stator windings will not be sinusoidal as assumed in the calcula-
tions for this work. The rotor eddy current losses will therefore be significantly
affected by the current ripples. In [87] it is also shown that the losses are signif-
icant.

3.2.7.3 Copper Losses

In the copper losses, only the DC copper losses are considered, although the
AC losses are usually a significant part due to proximity effects in HSPMSM.
Only FEA is able to determine the AC losses accurately and is therefore not
considered in this work. With the determination of the phase resistance R; and
the knowledge of the RMS value of the phase current iryms, the losses can be
determined for the three-phase winding.

Poc = 3Ryirms> (3.87)

3.2.7.4 Windage Losses

In addition to the mechanical limitation, rotor windage losses are also a chal-
lenge for high-speed motors. In general, the rotor windage losses Pying can be
calculated by [144]

Pyina = klcfﬂpairW3TS4lFe (3.88)

Here k is the roughness coefficient, its value is 1 for smooth surfaces and 2.5 for
axially slit surfaces [145]. Cf is the friction coeflicient, p,; is the density of air in
kg m~3 and w is the angular velocity of the rotor. To improve the heat dissipation
ability of the stator, the stator is encapsulated with epoxy resin. Then the inner
surface of the stator becomes a smooth surface and the roughness coefficient is
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equal to 1. It can be found that by encapsulating the stator with epoxy resin,
not only the heat dissipation ability of the stator is improved, but also the rotor
windage loss can be reduced. To determine the windage losses, the coefficients
of friction and the Reynolds number must be determined. The Couette-Reynolds
number is required, which is a dimensionless number that describes the tangen-
tial gas flow characteristics. It is expressed as

o PairWT's 5mech

Res (3.89)

in which p describes the dynamic viscosity of air and dmecn the gap between the
sleeve and the bore inner radius. Further, the friction coefficient can be deter-
mined as

(5mcch)0'3
Cr= 0515, 500 < Res < 10°
(3.90)
((;Tech)o.ii .
Cr = 0.0325 2, 10" < Re;

Air density and dynamic viscosity must be considered as a function of tempera-
ture.

3.3 Thermal Modeling

This section presents the thermal modeling of the electric machine. The main
focus of this work is the development of a preliminary design tool for an electric
compressor with air foil bearings. The thermal behavior of the system depends
on numerous factors, including bearing losses, which could not be modeled due
to the lack of a reliable loss model, and the need for ventilation flows to maintain
bearing temperatures. In addition, the influence of the compressor and turbine
on the thermal household was excluded because it depends on external param-
eters such as the fuel cell exhaust and inlet temperatures, which are beyond the
scope of this study. Consequently, the focus is placed on the electric machine,
where a simplified 2D FEA model is developed to evaluate the heat conduction.
The geometry is created in ANSYS Maxwell, and the meshing and solving are
performed in MATLAB® using the PDE toolbox. Boundary conditions and heat
transfer mechanisms are described in detail in this section.
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3.3.1 Cooling Boundaries

The critical temperatures and therefore performance limiting factors are the
copper temperatures and the magnet temperatures. It is well known that the
maximum copper temperature is limited by the temperature classification of the
copper wire. For this type of application, the temperature class is chosen to be H
(180 °C). For the magnet, Sm,Coy7 is selected and therefore a temperature limit
of 200 °C is considered.

3.3.1.1 Liquid Cooling

As in the reference machine, liquid cooling with water and glycol is assumed. For
the selected model, the liquid cooling itself is not modeled. Due to the expected
heat transfer into the liquid cooling, it is assumed that the stator surface has a
constant temperature. This is possible because the liquid temperature itself does
not vary much between the inlet and outlet. As an example, heating one liter
of a water-glycol mixture (50/50) with 100 W, the temperature difference can be
determined as follows:

100751 - 598

AT =94 __ — min — 1.54K (3.91)
¢ 35000kg 'K—1-1.11kgs !

For the expected application volume flows of more than six liters per minute can
be assumed. So for a power loss of 1 kW the temperature rise is only about 2.6 K.

3.3.2 Heat Transfer in the Air Gap

The heat from the rotor must be dissipated through the air gap to the stator. Airis
a poor conductor of heat, but in the air gap the air is swirled by high rotational and
circumferential speeds, which can improve heat transfer. In theory, heat transfer
can be by convection and radiation. In this application, convection is dominant.
This is because the temperatures are below 200 °C. [146]. The heat dissipation
can be improved with forced ventilation, for example with an air flow through
the air gap. The heat transfer coefficient of the air gap is required to calculate the
temperature rise of the rotor.

3.3.2.1 Flow Modes

As the rotor speed increases, the flow mode of the air gap changes from pure
laminar flow to Taylor vortices and finally to turbulent flow, and the heat convec-

79



Chapter 3 Multi-Physics Modeling of High-Speed Electric Machines

tion capability is continuously improved. Generally, the flow modes of the air
gap are divided into four modes as follows [147, 148]. To predict the transition

2,000 ; : :
Laminar +
Stator Taylor vortices
1,500 - -
Turbulent +
S 1.000 | Taylor vortices |
~ ’ .
Laminar
500 —
Rotor — =—
Axial direction
0 | | | Turbulent|
10° 102 104 106
Ta
(a) Taylor vortices (b) Flow regimes as a function of Res and Ta

Figure 3.22: Flow regimes in the air gap of electric machines [148].

of flow modes, the Reynolds number Re is commonly used. It is a dimensionless
quantity that represents the ratio of inertial forces to viscous forces in a fluid and
describes the turbulence that occurs in the flow. In an annular air gap between
the stator and rotor, it can be expressed as introduced in eq. (3.89)

é

Re — Omech’s (3.92)
Vair

Another non-dimensional quantity, which is used in annular geometries is Taylor
number Ta which is based on the mean angular radius 7,y of the bore radius rp

and the sleeve radius, which is defined as

B + TS
Tavg = ———. (3.93)
2

It is the ratio of the centrifugal to the viscous forces and can be expressed as [144,

149]
W2 mech > Tave
Ta = —mech "ave (3.94)

Vair2
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The critical Taylor number is 1700. For larger values, the Taylor vortices are
formed and the following approach can be used to determine the convective heat
transfer coefficient. To calculate the heat transfer, the Nusselt number Nu is used,
which is a dimensionless description of the heat transfer. It is defined as

_ hdy

N
TN

(3.95)
where h is the convective heat transfer coefficient and ) is the thermal conduc-
tivity of the fluid. The hydraulic diameter is denoted by d} and is defined as
dn = 20mecn- Becker and Keyes [150] define Nu as

Ta 0241
Nu = 0.409 - (F) , 10* < Ta < 107. (3.96)
g
The range of the Taylor number is sufficient to be considered in this work, as
shown in Fig. 3.23. For a small rotor with rs = 7.5 mm and an air gap § =
0.5 mm, Ta is reached before 20 000 min~!. For larger rotors and larger air gaps,
Ta increases and therefore does not need to be considered. It can happen that the
range of Ta > 107 is reached. Therefore the definition of Becker and Kaye is still
used, since no other definition is available. The geometry factor F} is defined as
follows. There are many factors defined in the literature. The one used is found
in many publications and is therefore used [147].

m Omech -2
F, = 1- 3.97
£1697- 5 ( Q.Tavg) (3:97)

Smech

Omech
S =0.0571 <1 - 0.6521“Vg>
Tavg

(3.98)

6mech

m —1
+0.00056 [ 1 — 0.652—= .
< 1 2Tavg )
3.3.3 2D-FEA Thermal Modeling

A 2D-FEA is used to determine the component temperature and especially the
critical temperatures. This approach does not include the influence of the tur-
bomachinery on the system. A lumped parameter model would be the proposed
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Figure 3.23: Taylor number Ta as a function of the rotational speed n for a rotor radius
rs = 7.5 mm with a mechanical air gap length of dmeecn = 0.5 mm

approach for modeling the entire system to include the details of bearing losses
and compressor losses.

3.3.3.1 Model

The machine geometry and loss distribution can be assumed to be symmetric.
Therefore, the system can be simplified to the smallest symmetrical part, which
is a segment of a single stator slot. This can be determined by the first law of
thermodynamics, since the energy balance for all N machine segments is equal.
The geometry of the rotor and stator is straightforward and needs no further ex-
planation. To get a more realistic model of the slot, the winding is modeled with
individual conductors. An algorithm places conductors in both layers to achieve
the desired winding configuration. The conductor is modeled with its insula-
tion material. A constant material thickness of 0.033 mm is assumed. The slot
insulation and the phase separator are also modeled. The material thickness is
0.2mm.

Since the model is symmetric, there is no tangential heat flow across the bound-
aries of the model. The outer temperature of the stator is set to T¢oo = 60 °C.
The heat transfer from the rotor to the stator is modeled as described above. The
resulting Nu is multiplied by the thermal conductivity of the air. In addition, the
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material specifications summarized in Table 3.2 are used.

Due to the application, only the static temperature distribution is of interest for
the results. Therefore, only the static solution is considered. This further reduces
the simulation time compared to a transient simulation. If overload cases would
be considered in other use cases, it should be considered to use transient models
to determine the overload capability of the machine.

Table 3.2: Material parameters used for the thermal simulation of the machines

Material p cp A

- kgm™3 JkgT'K! WmlK!
Stator NO20 7600 449 21
Winding Cu 8920 368 385
Lacquer - 1440 1000 0.22
Potting - 1850 1100 0.7
Insulation paper Nomex-Kapton- 868 1956 0.12

Nomex
Sleeve Inconel 718 8820 449 13.1

TiAl6V4 4430 538 7.2
Magnet Sm,Coyy 8400 377 11

3.4 Design Procedure

This section outlines the overall multi-physics design process. The previous sec-
tions address the design of a HSPMSM, which includes the determination of
the compressor and turbine dimensions if a turbine application is considered
(Section 3.1.1). Following this design step, the mechanical design phase fo-
cuses on the strength analysis of the sleeve and magnet assembly (Section 3.1.2).
It also includes the determination of the natural frequency of the shaft assem-
bly. The magnetic design is then optimized, with detailed subtopics discussed
in Section 3.2. The final step in the design process is the thermal validation
(Section 3.3).
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Figure 3.24: Design Flowchart
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3.4.1 Boundaries

A design process is guided by the constraints and goals set. The design approach
presented focuses on the application and the requirements usually derived from
the application. For a fuel cell system, the requirement is a volume flow Vo
and a pressure ratio Ilc to be provided by the electric compressor. In addi-
tion, it could be specified whether a turbine should be added to the system to
increase efficiency. These are the main input parameters for the design process.
The safety factors for the design process are described in Section 3.1.2. More
information can be found in the corresponding section. The goal of system de-
sign is to maximize efficiency. Therefore, the design objective for determining
the aerodynamic components and the electrical machine is to minimize losses.

3.4.2 Design Process

The detailed design process is shown in Fig. 3.24. The description of the design
process focuses on the determination of the relevant machine parameters in order
to perform a consistent sizing that meets the system requirements. The first step
in any design process is to determine the design objectives. In addition, the
circumferential speed range of the electric machine and the shaft material must
be specified. In this work, only isotropic materials are considered. Therefore,
the design process starts with the optimization of the compressor, which is the
main load of the machine, in order to determine the following variables. On the
one hand, the geometric dimensions of the compressor wheel are determined.
On the other hand, the operating point of the compressor is determined, which
includes the efficiency of the compressor. This results in the speed n at which
the system will operate, the efficiency 7)c ;s and therefore the required shaft torque
Ty If necessary, the turbine size and efficiency are determined. Therefore, the
regenerated power Pr and the torque Ttw are determined. This results in the
required torque to be supplied by the electric machine Tgy. The next step is
to calculate the overall dimensions of the shaft. This involves calculating the
bearing diameter and length. It is followed by dimensioning the sleeve thickness
and the resulting magnet diameter. By specifying the circumferential speed of
the rotor v, the outer radius of the sleeve is calculated with
Ve

rs = , (3.99)

Wmax

where wp,x is the maximum expected speed. In the design process and in the
presented results, an overspeed of 5 % is considered. To find the minimal ap-
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plicable sleeve thickness, a binary search is used. Therefore, the solution space
is discretized in 0.05 mm steps. Starting with 1 mm and going up to the outer
sleeve radius rs. Therefore, only a limited number of designs will be calculated.
In addition to the stress requirements, the algorithm also determines the overlap
of the sleeve magnet interference fit and its minimum and maximum overlap and
checks if the combination can still be assembled according to DIN 7190 [118]. If
both conditions are met, the minimum sleeve thickness is found and all shaft di-
mensions are determined except for the active length [g. of the electric machine.
This cannot be determined at this point, but the maximum length can be de-
termined because it is limited by the eigenfrequency of the shaft. Therefore, the
maximum length is determined by a parameter sweep with four different lengths.
With the maximum allowed frequency f; = 1.2 - g« it is interpolated to the
critical active length of the proposed design.

In the next step, the electromagnetic design of the machine is calculated and opti-
mized. The goal of the optimization is to minimize losses. Other factors such as
volume are included in a multi-parameter optimization. All kinds of objectives
can be implemented if needed. To reduce the optimization time and the number
of parameters, some constraints have to be discussed.

Since the rotor geometry is already determined in its cross-section, the optimiza-
tion focuses on the stator and winding design. Therefore, the parameters can be
divided into two groups. On the one hand the winding parameters, which are the
number of slots per phase and pole ¢, the coil span y and the number of turns
per coil w.. On the other hand, the stator slot geometry is defined by the tooth
width b, the slot opening by, the air gap length d, the slot height h4 and the active
length lg.. All other geometry parameters can be calculated by assuming parallel
tooth edges, a constant radius at the bottom of the slot and constant tooth foot
heights. For the outer diameter, constant cross-sections are assumed. Therefore,
the stator outer diameter dg g increases with the stator tooth width by a factor of
g. It is not necessary to optimize this geometry as the effects are not considered
in the proposed methodology. In Table 3.3 the limits of each parameter are sum-
marized for the study presented in the results chapter. During the calculations,
geometry checks are performed to avoid overlapping of the tooth geometry. The
number of slots per pole per phase ¢ is also used to limit the coil span.

For optimization, the genetic algorithm from Matlab is used to find the maximum
efficiency. The DC supply voltage is limited to a maximum of 600 V. Since
the optimization uses a Maximum Torque per Ampere (MTPA) approach, the
constraint does not accept an operating point in the field weakening range of
the machine. The associated maximum current results from the power demand.
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Table 3.3: Optimization parameter range

Parameter Unit Lower limit Upper limit

q - 1 4

y -0 q

We - 3 20

by mm 1.5 3

by mm 1.5 10

h4 mm rs 1.5- s
Omech mm 0.5 3.5

lFe mm 2.5 ler

Furthermore, the cooling surface of the stator must be larger than the required

surface when
P

> . (3.100)
3000 %% - 15K

mdo slre
Here P, describes all losses of the machine and dg s is the outer diameter of the
stator. This boundary condition has proven to keep the stator and rotor tempera-
tures in an acceptable range. It reduces computation time and prevents unrealistic
results that would exceed the temperature limits. The assumption determines a
surface area needed to dissipate the machine losses with an assumed heat transfer
coefficient of 3000 Wm~2K~! and a temperature difference of 15 K. In addi-
tion, the average tooth flux density is limited to 1.2 T. After determining the
optimal stator geometry and winding configuration for the application, the ther-
mal performance of the machine is evaluated. To do this, the FEA for the machine
is set up and solved. The temperatures from the static solution are fed back into
the electromagnetic model to determine the actual new operating point as a func-
tion of the magnet temperature T} and the temperature dependent losses. This
loop is continued until the temperature changes are less than 0.5 K.
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Chapter 4

Reference Machine for an
Electric Compressor

This chapter provides a design summary of the electric compressor prototype.
The electric compressor is designed for a fuel cell application. The modeling
approach from Chapter 3 is validated in Chapter 5 with the machine design pre-
sented in this chapter. Therefore, the design is briefly summarized. The bearing
design and the compressor design are not part of this work. Only the basic infor-
mation is given for these components.

4.1 Requirements

The electric compressor is to be used in a fuel cell application. The geometric
constraints and requirements given by the provided aerodynamic components
are summarized in Table 4.1. The provided compressor wheel has an outer di-
ameter of d, = 70mm and a continuous power requirement Fr of 25 kW at
140 000 min~—!. The ratio of the inlet diameter to the outlet diameter is g—; = 0.6.
A turbine wheel is attached to the other end of the shaft to recover energy in the
fuel cell exhaust gas stream. However, the machine should be able to run at
nominal power P without the turbine. The provided turbine wheel has an outer
diameter of d3 = 47 mm and a length of lyw = 47.5 mm. These requirements
give a nominal torque of Tgm = 1.71 Nm. The power and torque requirements
of the compressor are shown in Fig. 4.1. The black lines indicate the operat-
ing range of the compressor. The operating point of the compressor is given by
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Table 4.1: Geometric data of compressor and turbine

Parameter Symbol  Unit Value
Volume flow Viorr ~ m3s™1 0.12
Compressor pressure ratio Ilc - 3.4
Turbine pressure ratio IItw - 2.9
Compressor inlet diameter dy mm 42
Compressor outlet diameter dy mm 70
Turbine diameter ds mm 47
Compressor wheel length lew mm 54
Turbine wheel length lTw mm 47.5
Shaft speed n min~! 140000

Veorr = 0.12m? s~ and II¢ = 3.4. This defines the speed and torque required
by the machine without energy recovery from the turbine. The operating point
also defines the maximum speed nmax. In addition, the lines of constant torque
are added to the figure in blue. Thus, the line of constant power and the line of
constant torque will cross at the nominal operating point. Therefore, the rated
operating range of the machine is the speed line on the left side towards the surge
line and on the right side limited by the rated torque. Note that the speed limit is
a hard limit that usually cannot be exceeded. The torque limit on the other hand
can most likely be exceeded if the thermal limits are not reached with the rated
current. In general, this effect can be seen in all compressor maps and must be
kept in mind when discussing the performance of electric compressors.

4.2 Design Overview

With the given turbomachinery requirements, the design of the electric machine
was carried out. The power electronics was predetermined and gave additional
constraints of irms = 55 A. Vpc was chosen to be 750 V. All geometric parame-
ters are summarized in Table 4.2. Due to the high mechanical speeds, the number
of pole pairs p was selected to be one in order to keep the electric frequency f
as low as possible and thus to keep the frequency dependent losses low. The
cross-section of the machine is shown in Fig. 4.3 (a). The active part of the rotor
consists of a cylindrical magnet made of Sm,Co;7 with diametral magnetization.
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Figure 4.1: Compressor map showing lines of constant power and torque requirement for
the compressor.

nc,is = 0.65 ncis = 0.7 necis = 0.75

It

1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Veorr in m3s~1

Figure 4.2: Compressor map showing lines of constant corrected circumferential speed
and constant isentropic efficiency.
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This makes the air gap field sinusoidal. The magnet material has a remanence
flux density Bgr of 1.11T and a coercive field strength H. of —834.5kA. To
prevent the magnet from bursting, a metal sleeve made of Inconel 718 is fitted
around the magnet to compress it. The outer radius of the rotor s = 15 mm and
the thickness of the sleeve ts = 3.4 mm. The magnet radius ry = 11.6 mm and
the stator bore radius rg = 17.3 mm. Thus, mechanical air gap dpecn remains
at 2.3 mm and the magnetic air gap J has a length of 5.7 mm. The stator design
space was limited because the outer diameter dps was given with a diameter
of 105 mm. The machine has 18 slots with a two-layer distributed winding and
q = 3. The coil span y of the stator winding is chosen to be 8 to reduce the
harmonics in the air gap field and to reduce the rotor losses. Further details of
the slot geometry are given in Table 4.2.

Table 4.2: Geometric data of the machine

Parameter Symbol Unit Value
Slot opening width b1 mm 1.9
Stator teeth width by mm 3
Stator slot height hy mm 21.4
Number of phases m - 3
Turns per coil W - 11
Parallel strands a - 2
Wire diameter dcu mm  0.511

In addition to the data presented, a scaled cross section of the machine is shown
in Fig. 4.3 (a). The winding configuration is color coded. In Fig. 4.3 (b) the
details of the slot dimension are shown and the symbols for each dimension are
inscribed on the drawing. The machine has water jacket cooling. It is designed to
operate with a volume flow of 10 dm® min~! and a maximum inlet temperature
of 60 °C. The machine can be additionally cooled, if necessary, with a ventilation
air flow from the compressor. In addition to the losses of the electric machine, the
compressor and the bearing system give a significant heat input into the system.
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Figure 4.3: Machine parameters and dimensions. Color-coded distribution of the
two-layer stator winding including the symbolic representation of the
magnetomotive force. The rotor is shown with the diametral magnetization
of the magnet.
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Chapter 5
Validation

The main focus of the validation process is to validate the methodology used
and ensure its applicability to similar electric machines, rather than focusing on
a specific machine. To achieve this, the reference machine presented in Chapter 4
is used to evaluate the performance of the methodology and to identify potential
areas for improvement. Since this machine was designed without the use of the
presented methodology, it serves as an independent basis for validation. This
approach ensures that the methodology is robust and accurate.

5.1 Validation Process

Different approaches are used to validate each aspect of the methodology.
Mainly, numerical simulation is used to validate each aspect. Therefore, all the
simulations performed are based on the tools provided by ANSYS.

5.2 Aerodynamic Components

The method of scaling the compressor stage has already been presented and
validated in [114, 115]. The turbine wheel sizing is compared with the actual se-
lection for the reference machine. The scaling approach gives the turbine wheel
outer diameter d; = 42 mm. The actual selection for the wheel is 47 mm. Since
the efficiency measurements of the turbine wheel could not be included in this
work, the scaling must be assumed to be an optimistic approach.
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5.3 Mechanical Validation

The mechanical design is divided into two parts. First, the analytical design of the
sleeve and magnet is compared to the two-dimensional FEA. Then, the natural
frequency of the simplified rotor is compared to the results of the rotor design of
the reference machine.

5.3.1 Rotor Strength

To validate the accuracy of the analytic calculation, the results obtained for all six
load steps are compared. The material properties used in both calculations are
identical and are shown in Table 5.1. The stress values are compared only at the
critical locations, the center of the magnet and the inner diameter of the sleeve.
The results presented in Table 5.2 show the results for the minimum required

Table 5.1: Material Properties of Inconel 718 and Sm5Co17

Material p E v « oys
in kgm—3 GPa - pmm~!K~! MPa
Inconel 718 8221 203  0.296 13.1 1090
Sm,Coy7 8300 120 0.270 11 40

radial overlap of 47 um. These analytic results are compared with the 2D FEA
results shown in Table 5.3. It can be observed that the maximum stress in the
magnet oy and the joint oy is calculated with high accuracy, with deviations in
the range of 0.1 MPa. Although the deviations for the maximum sleeve stresses
os are marginally larger, especially when considering the rotation of the shaft,
the maximum deviation is only 3.2 MPa, which is a relative deviation of 0.4 %.
This level of accuracy is sufficient.

To verify that the deviations are not due to an inaccurate approach, the compo-
nent stresses given by the equations eq. (3.30) and eq. (3.35) for the magnet and
sleeve under rotation are compared with the results obtained from the FEA. The
stresses across the magnet radius are shown in Figs. 5.1 (a) and 5.1 (b). It can
be seen that the maximum stress of the magnet is located in the center of the
component, where the tangential stress and radial stress are equal to 104 MPa,
since a sleeve does not support the magnet. For the sleeve, the tangential stresses
have their maximum value of 391 MPa at the inner diameter of the bore, while
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Table 5.2: Analytic calculation for minimum overlap required to satisfy all stress limits.

Case in 1 2 3 4 5 6
Tm °C 20 200 20 200 20 200
n min~! 0 0 144200 144200 173040 173040

os MPa 6809 617.5 813.5 750.0 871.8 808.4
oM MPa  -1494 -1355 11.6 25.5 82.5 96.4
oy MPa 1494 1355 92.5 78.6 67.4 53.5

Table 5.3: FEA calculation for minimum overlap required to satisfy all stress limits.

Case in 1 2 3 4 5 6
T™m °C 20 200 20 200 20 200
n min~! 0 0 144200 144200 173040 173040
os MPa 681.2 617.8 810.3 747.1 868.8 805.8
oM MPa -1494 -135.5 11.5 25.5 82.4 96.3

oy MPa 1494 1355 92.6 78.6 67.5 53.6

the radial stresses have a maximum value of less than 10 MPa. It can be seen
that both approaches are in good agreement with the FEA results. Therefore, it
is concluded that the deviations shown in Table 5.3 are not due to the calcula-
tion of the stress caused by the rotation. Further investigations have shown that a
stepwise FEA simulation, where the simulations are divided into the three load-
ing steps, rotation, thermal expansion and interference fit, where the magnet is
replaced by an internal pressure, leads to a better agreement. It is suggested that
the small deviations are due to the interaction between the inner and outer com-
ponents. Therefore, it is concluded that the models used are correct, and they
can be applied in this case.

5.3.2 Modal Analysis

To validate the eigenfrequency, a simplified geometry is created based on the
geometry presented in Section 3.1.4, using the same material selection as the ref-
erence machine. A direct comparison of the two rotors is shown in Section 5.3.2,
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Figure 5.1: Comparison of rotational effects on part stresses at the maximum speed
Nmax = 144200 min ™~

representing the first bending mode. The frequency of the first bending mode for
the reference machine is 2820 Hz, while the simplified shaft has a first bending
frequency of 2855 Hz. This results in an absolute deviation of 35 Hz, which cor-
responds to a relative deviation of 1.24 %. The absolute scale of the deformation
is not shown because the values are not representative of the deformation, only
the mode and frequency are of interest. The stationary points for the first bending
eigenmode are at the same positions on the rotor.

5.4 Magnetic

The magnetic validation consists of three major parts. Firstly, it includes the val-
idation of the air gap flux density, which consists of the rotor field, permeance
functions, and the resulting air gap field. The second part comprises the valida-
tion of the flux linkages, which includes the leakage flux. Lastly, the results of
the analytic loss calculation are compared to the FEA results.
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(b) Simplified shaft (f = 2855 Hz)

Figure 5.2: First bending eigenfrequency of the shaft of the reference machine (a) and of
the simplified shaft (b) without scale. Blue region indicates the stationary
point for the first bending eigenfrequency.

5.4.1 Air Gap Flux Density

As shown in Section 3.2, the air gap flux density is a result of the superposition of
the rotor and stator fields. Since the air gap flux density is affected by the stator
slotting, it is included in the modeling and also shown in the validation. The
stator field itself is not part of the validation as it is state of the art and is included
in the superposition of the air gap field. For the rotor field, the NN predicts the
flux amplitude of the magnet. Therefore, Fig. 5.3 (a) shows the predicted air
gap flux density at the center of the air gap for variations in magnet height and
magnetic air gap length. Furthermore, in Fig. 5.3 (b) the magnetic flux amplitude
over the machine radius is plotted for the air gap. It can be seen that the flux
density decreases along the radius. Without flux leakage, a linear decrease would
be expected since the air gap cross-section increases with r. The slope of the

99



Chapter 5 Validation

0.95

0.85

0.75

4 in mm

BinT

0.65

0.55

hpym in mm

(a) Neuronal net fitted to the results from the static FEA; Shown in the center of the air

£ap.
XNN 2 order fit - - - FEA
T T T T T T
0.7 -
= 0.6
=i
[Sa)
0.5 -
0.4 \ \ \ \ \ \
11 12 13 14 15 16 17 18

7 in mm

(b) Amplitude of the radial flux density shown over the radius of the air gap.

Figure 5.3: Results of the used NN to predict air gap flux densities over a wide variety of
geometries and air gap length combinations.
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curve decreases, indicating leakage flux from the magnet. The NN can accurately
predict the course of the air gap flux density. A 2" order fit is sufficient to provide
accurate results at any position of the air gap.

The next step is to show the assumption of an ideal sinusoidal air gap field. There-
fore, a Fast Fourier Transformation (FFT) of the air gap field resulting from the
2D-FEA is performed. All harmonics with a normalized amplitude less than
1 x 1075 are set to 0. This leaves only the 1% order with an amplitude of 0.54 T.
From this it can be concluded that the assumption of an ideal sinusoidal air gap
is correct. The rotor field is followed by the slotting influence. Since the NNs
predict the permeance functions at seven locations in the air gap, the first step
is to validate the permeance functions at these locations. Therefore, in Fig. 5.4
the permeance functions for four of the seven locations are shown. The positions
directly at the stator and rotor are of minor importance. It is not shown because
of the large increase in the permeance function that can be seen later in Fig. 5.5.
Several observations are made in Fig. 5.4. The NN are able to predict accurately
the permeance function at all positions. Especially for the positions with a sig-
nificant drop in A, such as %5 and %5, the NNs fit the remanence function very
well. Since the field is not needed only at the specified locations where the NNs
work, an interpolation is used to have a continuous solution of the permeance
function.

The result of the continuous solution is shown in Fig. 5.5 as a contour plot for a
slot segment. This plot shows the contour of the slot opening and the surface of
the sleeve. Isolines are also plotted to understand the radial progression of the
permeance function. It is observed that the field in the center of the slot, close
to the stator, has its minimum at A < 0.6. At the edges of the stator teeth a
peak of A is observed with values above A > 1.5. It can also be seen that A
increases rapidly in the negative direction along the y-axis. Towards the surface
of the sleeve, A reaches 0.98. Therefore, it is observed that the sleeve surface is
in an area with minimal influence of the stator slot. On the sides of the segment,
A remains above one. In these regions, the neighboring slots interfere with each
other. The detailed understanding of the local permanence function A(r,yp) is
important because the exact amplitude of the flux harmonics at any given position
must be known to accurately determine the eddy current losses in the sleeve or
magnet. In Fig. 5.6 the interpolated permeance function is compared with the
actual FEA result. Compared to the previously presented results, the deviations
appear larger. In particular, in the center of the slit opening, the deviation appears
to be significant, but the relative deviation is only 0.6 %.

Since all subcomponents of the air gap field are validated, the resulting air gap
field can be compared. This is done in two steps. First, the rotor field including

101



Chapter 5 Validation

36/(NN) 38/(NN) 25/(NN) 50/(NN)
--- 35/(FEA) --- 1§/(FEA) 26/(FEA) 55/(FEA)

I T T I

1*::::.__‘ _______ _‘,,,._—:.": —
<

0.95 - |
0.9 |- |

| | | |

0.2 0.3 0.4 0.5
¢ inrad

Figure 5.4: Comparison of the presented approach with the FEA permeance function for
the designed motor at the defined spots from 1/3 to 5/6 of the gap.

the slotting effect is compared to the original 2D-FEA result. The original core
material NO20 with a non-linear BH curve is used for the comparison. In addi-
tion, the stator has its original slot geometry. The resulting air gap flux density
is shown in Fig. 5.7 (a). From a visual inspection of the lines, no significant de-
viations can be observed. To show more details of the comparison, the results of
the FFT of the two flux densities are shown in Table 5.4(a). Only results with an
amplitude greater than 1 mT are integrated. It can be seen that the deviations in
the first amplitude are minimal and result in a relative deviation of 2.3 %. The
relative deviation for the 19" harmonic is larger with 17 %, while the absolute
error is relatively small and could be due to numerical uncertainty.

In Fig. 5.7 (b) the stator field is added with the nominal operating point. The
deviations remain small and decrease for the first amplitude. More details are
shown in Table 5.4(b). The different harmonics show deviations in all cases.
However, all harmonics are in the same order of magnitude. The deviations are
expected due to the simplification of a plane stator field, which does not take into
account the special requirements of HSPMSM. In addition, the superposition of
the stator and rotor field can lead to inaccuracies. The upcoming validation of
the machine parameters and losses will prove that the stator field calculation is
sufficient for the use case.
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Table 5.4: Air gap field harmonics comparison for no load operating and nominal
operating points.

(@)i=0A (b)i=36.4A
Order in NN FEA Order in NN FEA

I T 0.5509 0.5383 1 T 0.5509 0.5502
5th T - - 5th T 0.0033 0.0091
7t T - - 7th T 0.0010 0.0029
11t T - - 11t T 0.0006 0.0016
13 T - - 13" T 0.0011 0.0028
17" T  0.0040 0.0041 17" T 0.0063 0.0112
19" T 0.0040 0.0034 19" T 0.0070 0.0069

5.4.2 Flux Linkages

From the air gap flux density, the main flux linkages and the main inductances
are derived. In the presented model only the main flux linkage and therefore the
main inductance Lgmain are calculated in the first step. In addition, the leakage
inductance L and the winding head inductance Ly, are added. The combination
of the results is shown in Table 5.5. The model results are compared with FEA
and the results of the LCR measurement of the assembled machine. It is observed
that the total inductance L agrees very well with an absolute deviation of 2.2 uH
and a relative deviation less than 1 %. It should be noted that this comparison is
only valid because of the linear characteristics of the machine as a whole.

Table 5.5: Machine inductances divided into its subcomponents

Parameter in Model FEA Measurement
L main uH 94.5 - -
Lo pH  103.9 - -
Lgmain + Lo pH 1984 196.2 -
Lyn uH 1239 - -
SL uH  322.3 320.1 315.0
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The model gives a permanent flux linkage of 0.0241 Vs at room temperature.
This can be compared to the measurement made with two machines. There-
fore, the rotor was rotated with a hand drill up to 1100 min ! and the induced
voltage was measured with an oscilloscope. The measurement was made three
times for each machine and Wpy; was calculated from the induced voltages in all
three phases. This results in a scatter of the measured values of 0.0239 Vs to
0.0242 Vs. The measurement at this low speed is valid because the machine is
linear. The results fit well with the mean remanence flux density given in the
data sheet for the magnet material.

The remaining parameter to be validated is the phase resistance. The phase re-
sistance of the machine at room temperature is calculated to be 45 mS2. The
measurement of the phase resistance is in a range of 0.38 m{2 to 0.42 mS2.
Overall, the deviations are over 10 %. Therefore, the model overpredicts the
resistance, which is not critical for the design process.

5.4.3 Machine Losses

The losses can be validated only for the core losses and the eddy current losses
occurring in the sleeve. With the two proposed models, the results presented in
Table 5.6 are obtained. The core losses of the machine Pg. are calculated with
179.6 W compared to 168.0 W in the FEA. This corresponds to a relative devi-
ation of 6.9 %. For the rotor losses, the absolute deviation is only 1.2 W, which
is a relative deviation of 7.3 %. Both calculations do not take into account any
Pulse Width Modulation (PWM) influence and are most likely higher in reality.
Therefore, it is concluded that the losses are accurate enough. The deviations
for the core losses are mainly due to the simplified approach of a homogeneous
flux density in the teeth and the stator yoke. For the rotor losses, the uncertainty
is due to the uncertainty in the prediction of the harmonics and the fact that the
effects of the eddy currents in the rotor on the field are not considered.

Table 5.6: Comparison of losses determined by the presented model and the FEA.

Loss in  Model FEA

Pre W 179.6 168.0
Protor W 15.2 16.4

106



Chapter 6

Design Study for Fuel Cell
Electric Air Compressors

In this chapter, the methodology presented and validated in the previous chap-
ters is applied to the specific application of electric air compressors for fuel cell
applications. For this purpose, the objectives, and the boundaries are defined.
Different parameter studies are performed, and the results are presented to un-
derstand the influence of the design variables. A first study is carried out on
the design of the sleeve and is presented in Section 6.2. This is followed in Sec-
tion 6.3 by the system optimization for an electric compressor in the design space
specified in Section 6.1.1.

6.1 Objectives and Boundary Conditions

The main purpose of the presented results is to get a good understanding of the
electric drive system and how rotor materials affect the performance. It is also
shown how the circumferential speed of the rotor impacts the machine design
and what design speed should be used for different applications.

6.1.1 Range of Application

In the opening literature review of this work in Table 1.2 it is seen that the pres-
sure of a PEM fuel cell operating range goes from 1.6 bar to 3.5 bar. The electric
compressor, reaching the maximum pressure ratio of 3.5 bar, is described in [39]
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Figure 6.1: Fuel cell compressors operating range based on an aerodynamic scaling in
comparison to the published high-speed electric machines.

and is designed as a two-stage compressor. In this study only single-stage com-
pressors are investigated. The fuel cell supplier EKPO Fuel Cell Technologies
GmbH offers a maximum stack capacity of 205 kW electrical power at an abso-
lute pressure of 2.5 bar [151]. The largest complete systems currently available
are in the 120kW to 150kW range. [152, 153]. For these sizes of fuel cell
systems, an air compressor shaft power of 25 kW is expected. The focus of
this work is on existing systems and increasing power requirements for poten-
tial larger systems. The combination of compressor power and pressure ratio
defines the volume flow delivered to the fuel cell. Starting from the given com-
pressor stage, the scaling of the aerodynamic components determines the speed
and power range of the machines. The use of a turbine reduces the power re-
quirement of the machine.

In Fig. 6.1 the results of the aerodynamic component scaling are shown in re-
lation to the published literature for high-speed electric machines. The results
show the total compressor power consumption as a function of speed. A turbine
will shift the operating points to a lower power level at the same speed. As input
parameters, a target compressor power range of 10 kW to 40 kW and a pressure
ratio ¢ of 2to 3are used. This results in a wide range of compressor stage
designs and therefore a wide speed range. The compressor power does not al-
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ways match the required power because the required flow is calculated with an
estimated compressor stage efficiency 7nc ;s of 0.75. Therefore, the power re-
quirement varies and is usually lower for smaller pressure ratios IIc . It can
be observed that the speed decreases with increasing compressor power. This is
simply explained by the larger cross section required and therefore larger wheel
diameters, which reduces the rotational speed at constant circumferential speed.
It can also be seen that the application range for pressure ratios IIc of 2to
3is in a range where machine designs have already been published. Reducing
the power and increasing the speed leads to a wider spread of the speed range.
In particular, high pressure ratios of 3 and higher will be difficult to achieve at
lower power ratings. It is important to note that different compressor character-
istics lead to different results. To increase the efficiency of the overall system,
turbines are added to the system to recover energy from the airflow leaving the
fuel cell. The temperature of the air stream is assumed to be 7,; = 80 °C and
the pressure drop is Ap = 0.5 bar. In Fig. 6.2 (a) the turbine power Pr is plot-
ted over the speed range of the applications. It can be seen that higher pressure
results in higher turbine power. In Fig. 6.2 (b) the power of the turbine is put in
relation to the power of the compressor. It is observed that the turbine has the
potential to recover up to 40 % of the energy put into the air supply. A higher
pressure therefore leads to a higher recovered power. The step from a pressure
ratio of 2 to a pressure ratio of 2.5 gives an improvement in efficiency. Increasing
the pressure ratio further decreases the efficiency again. These values agree with
those published by [112], who gives efficiencies of up to 40 %.

6.2 Rotor Sleeve Design

The mechanical stability of the rotor assembly is primarily provided by the
sleeve, which compresses the magnet to prevent it from breaking. The two most
common metal materials used in published research are titanium (TiAl6V4) and
Inconel 718. In the following study, these two materials are combined with a
magnet made of SmyCo;7. The two main constraints for this study are that the
maximum stresses in the magnet and sleeve must not exceed the yield strength of
the material and must have a safety factor of 1.2 at the maximum operating speed.
It has to be possible to assemble both parts by cooling the magnet and heating
the sleeve up to its material-specific limits. The assembly gap to be achieved
is taken from DIN 7190 [118]. For this study, the operating range of fuel cell
compressors is considered as shown in Fig. 6.1. The speed range varies from
25000 min~! to 195000 min~!. This range is divided into 10 000 min~—" steps
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Figure 6.2: Recovered energy from the turbine

and combined with a variation of the circumferential speed v, of 100ms~! to
260 ms~!. The minimum sleeve thickness is set to 1 mm. This limit is given
to ensure that the design is feasible for manufacturing. The Fig. 6.3 (a) shows
the results for Sm;Co;7 and Inconel 718. The sleeve thickness tg increases
with rotational speed and circumferential speed. The absolute sleeve thickness
has its maximum at high circumferential speeds and low rotational speeds. In
Fig. 6.3 (b) the relative sleeve thickness i—i is shown. This plot of the data shows
that the sleeve thickness is primarily a function of circumferential speed. This
behavior is expected because the rotational stresses are proportional to the cir-
cumferential speed, as seen in Egs. (3.28), (3.29), (3.33) and (3.34). This is
valid for speeds above 175 ms~!. As the speed increases, the relative thickness
of the sleeve increases for the same circumferential speed. For speeds below
175ms~! and speeds above 75 000 min~?, the minimum sleeve thickness limits
the decrease in sleeve thickness. Therefore, at low circumferential speeds and
high rotational speeds, the ratio of sleeve thickness to rotor radius is worse than
for designs close to the minimum sleeve thickness.
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If it is not possible to manufacture such a thin sleeve, this area increases with the
sleeve thickness contour line of 2 mm in Fig. 6.3 (a).

Fig. 6.3 (c) shows the sleeve thickness as a function of rotational speed and cir-
cumferential speed for a titanium sleeve. The same behavior is observed as for
Inconel sleeves, but the design requires a higher sleeve thickness. The reason
for the higher sleeve thickness is not the lower yield strength. As shown in
Fig. 6.4 (c), the safety factor in the worst case is close to two, even though a safety
factor of only 1.2 is required. The reason for the high safety factor and poor mate-
rial utilization is the required assembly clearance. The assembly gap is shown in
Fig. 6.4 (d). In the large blue area, the sleeve thickness is limited by the assembly
tolerance, which is at its minimum. In the parts with the larger assembly gap, the
design is limited by the minimum sleeve thickness of 1 mm. The yield strength
is therefore not a limiting factor for a titanium sleeve. Rather, it is limited by
the thermal expansion given by = 8.7umm ' K~! to 9.1lymm~! K~! and
the maximum assembly temperature of T' = 400 °C. To ensure that assembly is
possible, the sleeve thickness must be increased. The magnet diameter decreases
for a constant outer diameter rs. This results in a decreasing elongation under
rotation of the sleeve at the inner diameter and a decreasing elongation of the
magnet. This results in a smaller required overlap as can be seen from eq. (3.30)
and eq. (3.35).

In comparison, the same evaluation is done for the Inconel 718 sleeve in
Figs. 6.4 (a) and 6.4 (b). It can be seen that the safety factor of the sleeve is at
its lower limit of 1.2 when the circumferential speed reaches 150 ms—!. There-
fore, the material is much better utilized compared to the titanium sleeve. In
Fig. 6.4 (b) it is also seen that the relative assembly gap is much larger compared
to the titanium design. There are two reasons for this: First, Inconel 718 has a
higher thermal expansion factor, which is in the range of 12.8umm~!K~! to
13.4umm~—' K~!. Second, the maximum assembly temperature is higher with
600°C. The high assembly temperatures carry the risk of demagnetizing the
magnet if it is already magnetized during the assembly process. This should be
checked in detail, but is not considered for this study, since the magnets should
be magnetized afterwards for easier handling during manufacturing. It is shown
that at high-speeds the assembly gap of Inconel 718 sleeves is larger and therefore
the risk of failed assemblies is also lower compared to titanium.
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6.3 System Optimization

In this section, complete systems are optimized. Therefore, the study is divided
into two parts. In the first part a constant circumferential speed of v, = 210ms~*
and different loads are considered. In the second part, a specific requirement
with a variation of the peripheral speed is examined. This will improve the
understanding of the results and their interpretation. Finally, a multiobjective
optimization is presented. The efficiency and the volume of the motor are con-
sidered.

6.3.1 Constant Circumferential Speed and Variable Loads

In the following section, the focus of the study is the investigation of the load in-
fluence on the design. Therefore, the peripheral speed of all machines is constant
at 210ms~!. The focus is on finding the limits and understanding the relation-
ships between the load and the limiting parameters.

6.3.1.1 Critical Length

The critical length of the machine is determined by its first bending eigenfre-
quency, and it is assumed that the drive operates below this frequency. In the
proposed design approach, the active length of the machine is the only adjustable
parameter affecting the eigenfrequency. Other influencing factors such as ma-
terial properties, compressor operating speed, and rotor circumferential speed
are predefined, while the bearing diameter and length are determined by the
maximum allowable circumferential speed and the length-to-diameter ratio and
remain unchanged. A shorter active length increases the eigenfrequency and pro-
vides a higher safety margin. For the evaluated design space, the ratio of lli is
studied. As shown in Fig. 6.5, the two previously investigated sleeve materials
are compared. In Fig. 6.5 (a) the results are shown for a sleeve made of Inconel
718. The data presented includes designs with only a compressor (C only) and
designs with compressor and turbine (C+T). In addition, the data is color coded
in terms of the compressor operating pressure ratio ITc . It can be seen that for
the lowest pressure ratio of 2 the length ratio is around 0.2. Moreover, the turbine
has no major influence on the length ratio. Increasing the pressure ratio increases
the length ratio. For the higher power requirements and lower speeds, which cor-
relate with the lower rotational speeds, the rotor design is still on the safe side
with ratios of 0.6 to 0.9. Designs with a pressure ratio of 3 and above reach their
critical length. For a pressure ratio of 3.5, this limit is reached for all design
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powers at the specified circumferential speed. A design for 10kW is excluded
from this summary because of rotational speeds of 250 000 min~!. Increasing
the circumferential speed above 210 m s~! opens up the potential for generating
suitable designs, since the bending eigenfrequency increases with higher circum-
ferential speeds. The influence of circumferential speed will be shown in the next
section. In Fig. 6.5 (b) the results for a titanium sleeve are shown. The pattern
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Figure 6.5: Required active length [r. in relation to the critical length I.,. Comparison of
the shaft material (a) Inconel and (b) Titanium at a constant circumferential
speed v. = 210 ms~'. Comparison of compressor only (C only) and
compressor and turbine (C+T) designs.

can be compared with the results for the Inconel sleeve. It can be observed that
the required length ratio is higher. For the design point at 150 000 min~—' and
Ilc = 2.5 an increase of 30 % is observed. Especially in the designs for a
pressure ratio of IIc.¢ = 3 and higher, the limitation of the titanium material is
observed. For the whole range of machine designs the maximum length ratio is
used. From these results it can be concluded that Inconel 718 is more suitable for
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high speeds and higher power requirements due to the smaller length ratios com-
pared to titanium and therefore the potential for a longer active machine length.

6.3.1.2 Magnetic Rotor Performance

In the next section, the focus shifts from sleeve design to magnetic design. The
sleeve design itself has a significant impact on the overall magnetic performance
as it increases the air gap length and therefore the utilization of the magnet. The
comparison shown in Fig. 6.6 assumes a constant circumferential speed v, of
210 ms~!. The comparison is divided into the two sleeve materials under con-
sideration. In Fig. 6.6 (a) the sleeve thickness of the different designs is shown.
The required sleeve thickness for Inconel is smaller compared to Titanium. At
high speeds the overall design process did not find a solution for the titanium rotor
as there is no data point at 190 000 min~!. The absolute difference in thickness
remains constant, which correlates with the results shown earlier. In Fig. 6.6 (b)
the mechanical air gap of the machine is shown. The machine optimization does
not decrease with the speed. Instead, the fit to the data points shows an optimum
for both sleeve materials. Starting at low speeds, the sleeve thicknesses of both
materials are close to each other. For titanium, the mechanical air gap length then
decreases at higher speeds. For the Inconel sleeve, the air gap length increases up
to a speed of 100 000 min~* and then decreases. The fit for the titanium sleeve
shows that the expected air gap length would be less than 0 mm. Therefore, it
is clear that the machine design is not possible, considering that the results in
Fig. 6.5 (b) indicate that the critical length is already at its maximum for the high
speeds.

The sum of the two previously described results is the magnetic air gap length,
which describes the magnetic performance of the machine. Therefore, the re-
sults in Fig. 6.6 (c) show a linear decrease of the magnetic air gap ¢ as the speed
increases. This means that the optimal ratio of magnetic air gap length to mag-
net radius remains constant. The optimal design therefore still depends on the
chosen sleeve material, since the conductivity of the material contributes to the
rotor losses. It can be seen that the two materials have an identical air gap length
at 130 000 min~! to 140 000 min~!. Looking at eq. (3.56) it can be noted that
the optimal air gap flux density is constant in the presented results, considering
the ratio of 7°- to be constant. This can be seen in Fig. 6.7. For titanium this
trend is observed over the entire range studied. For Inconel the flux density de-
creases on the left side for lower speeds. When 100 000 min ~! s reached, the
flux density remains constant up to the maximum speeds studied. It is evident
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that the same outer rotor diameter makes better use of the same volume due to
the smaller sleeve thickness required.
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Figure 6.7: Resulting air gap flux density for a constant circumferential speed of
ve = 210ms™ 1

6.3.1.3 Stator Design

Next, the stator design and the difference in winding design are described and
shown. When optimizing the efficiency of the machines, solutions for ¢ between
1 and 4 are possible. The optimization aims at minimizing the total losses. The
rotor losses are mainly influenced by slotting and winding harmonics. In Fig. 6.8
the different designs are compared over speed and frequency. First, the optimiza-
tion targets designs with ¢ > 2 and therefore N > 12. It is also seen that the
increasing speed leads to a reduction in the number of slots, due to the lack of
space for more slots and a minimum tooth width required to meet manufactur-
ing constraints. Most windings have a coil span reduced by one slot to reduce
the harmonic content in the air gap flux density. Only a few machines have a
single layer winding. These machines have a high rotational speed compared
to machines with the same number of slots. It can be observed that the 18 slot
configurations have the widest range of application for the circumferential speed
used. Reducing the circumferential speed results in a shift to a smaller number
of slots.
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6.3.2 Variation of the Circumferential Speed at Constant
Load

In the following section, the effect of circumferential speed is examined. There-
fore, a constant operating point is chosen. A compressor power requirement of
15kW and a compressor pressure ratio of 2.5 are investigated, along with the
addition of a turbine to the system. The compressor optimization results in a
speed of 121 000 min~!. The compressor wheel diameter d, is 68.6 mm. The
turbine generates 5 kW and reduces the power requirement for the machine to
10kW. The study includes machine designs with circumferential speed varia-
tion from 150ms~! to 250 m s~ in steps of 5ms~!. First, note that a suitable
design can be found for all speeds. In Fig. 6.9 (a) the critical length [, and the
actual length [, are shown. It can be seen that the critical length of the machine
increases with the circumferential speed and with the increasing diameter of the
shaft. The optimized length of the machine is also shown. In the low speed range
of 150ms~! to 165 ms~! the machine design is limited by the eigenfrequency
of the shaft. With further increasing speeds above 170ms~! the active length
decreases and remains almost constant at speeds above 200 ms~'. From this it
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Figure 6.9: Influence of the circumferential speed on the overall machine dimensions

can be concluded that the increase of the circumferential speed leads to an in-
creased potential in terms of eigenfrequency and critical length. It also indicates
that higher loads can be realized with the limit of constant weight of the rotat-
ing aerodynamic components and the same speed. It can be observed that the
stator diameter grows linearly with the peripheral speed. The magnet, on the
other hand, does not grow linearly with speed. For the investigated machine, the
magnet diameter actually reaches its maximum at 240 ms~! and then starts to
decrease. This also indicates that increasing the speed further under the chosen
boundary conditions is not appropriate and will not increase the machine perfor-
mance.

Having understood that circumferential speed increases the total volume of the
machine, the question remains as to how it affects the efficiency of the machine.
Therefore, the comparison of losses is shown in Fig. 6.10. The total losses are
separated into the individual losses and therefore the speed and design influence
can be verified on each of the individual losses. The total losses have their max-
imum at 150 ms~—*. This can be explained by the length limitation seen earlier.
With increasing speed, the losses first decrease until 165 ms—!. After that, the
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total losses increase linearly. Looking at the different losses, the core losses Pre
decrease over the whole speed range. The explanation for that is observed in
Fig. 6.11. As the air gap flux density decreases, so does the core flux density.
This results in lower total core losses in the machine even though the total core
volume increases. At the same time, the ohmic losses Ppc remain constant
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Figure 6.10: Separation of the machine losses over a variation of circumferential speeds
Ve.

with a small exception in the range of 150ms~! to 170ms~!, where the cop-
per losses have their minimum. In parallel, the windage losses Pyig increase
with increasing circumferential speed. This can be expected from the relation-
ship shown in eq. (3.88). The influence of circumferential speed, which is cubic,
is greater than the influence of decreasing length, which is linear. The decrease
of the core losses is not sufficient to compensate the losses of the increasing
windage losses. In the proposed designs, rotor losses do not play a significant
role. Therefore, the copper and magnet temperatures are plotted in Fig. 6.12. It
can be seen that the design space has two local minima for the magnet temper-
ature at 170 ms~! and at 210 ms~—!. Compared to the magnet temperature, the
winding has only one minimum at 170 ms~!. However, all part temperatures
are uncritical, and therefore all machine designs are suitable for the application.
With efficiency as the main objective, it is advantageous to go for low circumfer-
ential speeds to keep winding losses low and also save on material usage. To get
a better idea of the proposed machine designs, four machine designs are shown
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in Fig. 6.13. The design optimization proposes a design with twelve slots up
to 195ms~! and a design with 18 slots for higher speeds. This indicates that
both designs have their break-even point in terms of losses in this speed range
for the application. In addition, the phenomena already described can be seen.
The temperature distribution inside the machine is also visible. The hottest area
in all cases is the magnet. The magnet temperature is mainly driven by the heat
transfer from the rotor to the stator, which is limited by the air gap length. The
winding is the second hottest component in the machine. Since the slots have a
large height compared to the overall size of the machine, the temperature on the
winding near the air gap is significantly hotter than the upper part near the stator
yoke.

6.3.3 Optimization of Mass and Volume

In the results presented so far, the focus is on minimizing the losses of the entire
electric machine. Therefore, mass and volume are not part of the optimization.
This leads to designs that use as much material as the constraints allow. There-
fore, the following results include volume minimization as a second optimization
objective. Since reducing the volume leads to higher flux densities in the core
material and higher current densities in the windings by keeping the air gap flux
density and current load constant, it will lead to higher losses. For the follow-
ing investigations, the same design of an electric hydrogen fuel cell compressor
with a compressor power requirement of 15 kW and a compressor pressure ratio
I, of 2.5 is investigated. A turbine is also added to the system. The resulting
rotational speed is 121 000 min~!. The diameter of the compressor wheel d, is
68.6 mm. The power regenerated by the turbine is calculated to be 5 kW. There-
fore, the power requirement for the electric machine is 10 kW. In Fig. 6.14 (a) the
results of the Pareto optimization are shown. The x-axis shows the total losses
of the system and the y-axis shows the total volume in dm®. Each point is a ma-
chine design for the described requirements. The color of the points indicates the
magnet temperature for the design. It can be noticed that a decrease in volume
leads to an increase in losses simply because of a higher power density and a
smaller cooling surface. Overall, the behavior is linear over a wide range above
270 W. To reduce the losses even further, the gradient of V“C"Ve decreases further,
which means that more active volume is needed to reduce the losses compared
to the range above 270 W. It is observed that designs with total machine losses
of 245 W to 255 W are suitable for the requirement. It is also seen that machine
designs with volumes below 0.3 dm? have high rotor temperatures close to the ac-
cepted temperature limit of 200 °C or above. A further exploration of the results
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Figure 6.13: Temperature distribution over the circumferential speed of the machines.
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Figure 6.14: Results of the multi-objective optimization.
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is shown in Fig. 6.14 (b). The copper losses Ppc are on the x-axis and the core
losses Pr. are on the y-axis. The data points are highlighted in the color corre-
sponding to the total losses. Looking at the results from Fig. 6.14 (b), two things
can be observed. The minimal total losses are not minimizing the core losses
and the copper losses. Instead, minimizing the copper losses is the main goal
for minimum system losses. Reducing the slot area and increasing the current
density will reduce the core losses, but they cannot compensate for the increase
in copper losses. Considering that AC losses are not studied, the results may be
even more in favor of minimizing copper losses.

6.4 Design Conclusions and Limitations

A number of design conclusions are drawn from the studies conducted and the
specific application for fuel cell compressors.

Design of High-Speed Electric Machines

The rotor design is constrained by the mechanical properties of the magnets, the
rotor sleeve, the bearing system, and the connected loads. Two key factors limit
the rotor design: the material strength of the rotor sleeve and the first bending
eigenfrequency of the rotor. To achieve maximum efficiency, the circumferential
speed should be chosen so that the required active length is as close as possible
to the limit allowed by the bending eigenfrequency. This reduces the overall ma-
chine volume while maximizing efficiency. Operating at lower circumferential
speeds is beneficial because higher speeds increase windage losses, which nega-
tively affect system efficiency. In addition, slower circumferential speeds reduce
the amount of material required in the design.

With the selected materials, there is a critical circumferential speed limit where
the magnet diameter begins to decrease rather than increase. Beyond this speed,
further increases in speed do not provide any benefit because the active volume of
the machine stops growing. For Inconel 718, this critical circumferential speed is
higher than for Titanium due to its better assembly capability. Based on the given
design constraints, a circumferential speed limit of approximately 250 ms~1 is
identified for Inconel 718.

The stator design prioritizes distributed windings to reduce flux harmonics. To
minimize total losses, the number of slots per pole and phase should be as high
as possible within the limits of manufacturability, such as available tooth width.
Minimizing copper losses also plays a critical role in reducing total losses.
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However, the current design approach to temperature calculation does not pro-
vide feedback for magnetic optimization. While minimizing losses increases the
air gap, this increased gap reduces heat transfer from the rotor to the stator. Since
magnet temperature is critical and has a significant impact on machine perfor-
mance, further investigation of air gap length is recommended. Reducing the
air gap could potentially improve material utilization and thermal management,
thereby improving overall machine performance.

Application in Fuel Cell Compressors

The tool chain presented for the study includes many aspects of the overall sys-
tem design. Therefore, a wide range of compressors are designed and compared
in the results shown so far. It can be seen that based on the base compressor
stage and characteristics, a scaling of the outer compressor wheel diameter de-
fines the speed range of the applications. As seen in eq. (3.3), the compressor
optimization is based on the scaling of the outer diameter and all other dimen-
sions in relation to it. Therefore, an optimization for smaller volume flows will
result in a smaller outside diameter d, because the inlet area must be reduced to
fit the volume flow. To keep the pressure demand constant, the circumferential
speed of the compressor wheel must be maintained and therefore the speed re-
quirement increases. This approach is valid in principle, but results in very high
speeds. Without considering the foil bearing dimensions in this work, the liter-
ature and published electric compressors for fuel cells show that designs above
150 x 103 min~! are not published in 2023. Due to the losses in the bearings,
which could be estimated with the same equations as for the air gap friction,
the losses will increase exponentially with higher speeds. Therefore, it must be
concluded that the designs with speeds above 150 x 10% min~! are most likely
not feasible. Here a different compressor design with a smaller trim ratio of
g—; should be used. This results in a compressor design with small inlet diam-
eters and large outside diameters to meet the requirements of high pressures at
low speeds and small volume flows. As a result, the efficiency of small capac-
ity compressors is not as good as larger trim ratios, but the operating points can
be reached at lower speeds. With pressure ratios above 2, the turbine designs
show their potential to improve overall system efficiency. Therefore, comparing
compressor system designs with and without a turbine doesn’t significantly affect
overall system performance. The turbine reduces the maximum active length of
the electric machine, recovers energy, and reduces torque requirements. Both
approaches show comparable performance.
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Chapter 7

Summary

This thesis presents an efficient, semi-analytical multi-physics design approach
for permanent magnet synchronous machines with a focus on high-speed ma-
chines. The results of this work are summarized in the following section and an
outlook for further improvements is given.

7.1 Summary and Results of this Work

High-speed electric machines are used in many applications. One application is
electric compressors in hydrogen fuel cell systems to supply oxygen to the cath-
ode. Pressurizing the air for the PEM fuel cell increases the power density of
the fuel cell and thus reduces the overall volume and weight of the system. It is
therefore of particular interest for mobile applications. The design of the elec-
tric compressor includes the design of the turbomachinery components, which
are a radial compressor and a radial turbine, the mechanical design of the rotor
assembly, the magnetic design, and the thermal design of the machine. For the
turbomachinery, scaling approaches are presented and used. The calculations are
based on a reference compressor presented in this thesis. An analytic approach
for the sleeve calculation is presented, which explains the details of the different
loads the rotor assembly is subjected to during operation. Analytic solutions for
the magnetic design are considered and the limitations for small machines with
large air gaps are pointed out. The air gaps for machines of this size cannot be
considered small, so the surface area of the rotor and stator is not identical. In
addition, the large air gap leads to leakage flux that closes in the air gap. As a
result, the radial flux density along the machine radius decreases non-linearly.

129



Chapter 7 Summary

To solve these challenges, a new design approach was developed using neural
networks to determine the permanent magnet flux and the permeance function
to include the slotting effect in the air gap field. Finally, for the thermal de-
sign of the machine, the eddy current losses caused by the harmonics of the air
gap flux are determined and the stator core losses are included. Winding and
copper losses are also included. The design process is completed with a thermal
2D-FEA of the machine design. An optimization process for an electric compres-
sor is presented. The focus is on the magnetic design and the goal to minimize the
losses. In the work the efficiency is always an important goal. A multi-criteria
optimization is presented to understand the influence between efficiency and ma-
chine volume. The proposed model is validated on an electric machine designed
for a fuel cell application with a design speed of 140 000 min~! and a periph-
eral speed of 230 ms~—!. The overall validation shows very well the precession
of the presented model. Except for the rotor losses and higher harmonics in the
air gap field, all deviations are below 10 %. In most cases the deviations from
the FEA results are below 5 %. In the optimization process, the influence of the
sleeve material was worked out. Inconel 718 gives better performance compared
to TiAl6V4, although the resistivity of titanium is higher and therefore the eddy
current losses in the sleeve should be lower. The material properties, especially
the thermal expansion factor and the limited temperature range for the assem-
bly process, limit the performance of the titanium sleeve. The results show that
machines with Inconel 718 sleeves have a higher magnetic air gap flux densi-
ties and are able to reach operating points, especially higher pressure ratios and
therefore higher speeds compared to titanium. The influence of circumferential
speed is also investigated. It is shown that higher circumferential speeds provide
the opportunity to achieve higher output powers due to the increased stiffness
and therefore higher eigenfrequency of the rotor. When the load is constant, it is
seen that the higher speeds cause higher losses, especially windage losses, and
require a larger overall volume. Therefore, the machine should be operated at
the lowest possible circumferential speeds. It is also shown that the maximum
circumferential speed up to which the diameter of the magnet grows is limited to
240m s~! for Inconel 718. In the Paetro optimization of the system with constant
circumference for a defined load, it is seen that the reduction of copper losses has
the greatest impact on the overall system efficiency. Overall, it can be seen that
the application for fuel cell air compressors is challenging in many aspects. The
limitations caused by the bearing system are not considered in this work.
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7.2 QOutlook

The work presented provides opportunities to further develop the design ap-
proach for electric compressors. The following four areas have been identified.
Overall, the design approach covers solid magnets in combination with a metal-
lic sleeve, so designs with ring magnets and segmented magnets would be of
interest.

Aerodynamic Design

For the compressor and turbine design, simple approaches have been used based
on existing data. It can be seen that the overall system is highly dependent on
the characteristics of the compressor. Therefore, it would be beneficial to use a
library of different compressors as an optimization to check the feasibility for the
application and how the compressor design influences the system design.

Mechanical Design

The mechanical design takes into account all relevant loads to which the ro-
tor assembly is subjected during operation and during assembly. The different
temperature levels of the components are also considered in the design process.
However, the design process could be improved to include temperature depen-
dent material properties. In addition, the design can be extended to include
fiber-reinforced sleeves, which have the potential to improve magnetic perfor-
mance but require a more complex calculation approach due to the anisotropic
material behavior. The low thermal expansion factor of fiber-reinforced sleeves
would make it interesting to explore the feasibility of NdFeB magnets in com-
bination with these materials. In addition, a more detailed consideration of the
foil bearings is important.

Magpnetic Design

The magnetic domain provides accurate results for the applied fundamental cur-
rents in many regions. The PWM dependent losses in high-speed machines are
very sensitive to the machine design. Factors such as DC bus voltage, inductance,
inverter topology, and switching frequency play a role. These factors should be
investigated for further improvement of the model. For research purposes, the
use of the proposed model to predict the air gap flux density could be tested for
other rotor designs, such as ring magnets, but also for larger machines such as
traction drives and IPM rotors. Therefore, an approach to account for the non-
linearity of the core materials needs to be developed.
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Thermal Design

The thermal design can be improved to understand the system. A thermal model
based on the thermal equivalent circuit is recommended to explore the influence
of bearing losses, compressor bypass flows, and active rotor cooling. In addition,
the feedback loop in the design flow can be improved. Therefore, an additional
optimization criterion such as the magnet temperature could be implemented to
find the optimal air gap length for a minimum part temperature. Due to the com-
plexity and influence of such a model, a thermal equivalent circuit is required.
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