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Abstract

This dissertation is about the application of an amorphous magnetic material (AMM) to a
sleeve-free interior permanent-magnet (PM) rotor of high-speed synchronous motors. Cur-
rently, surface-mounted PM rotors are commonly used in the high-speed motors. In order
to protect the high-speed rotors from centrifugal forces, high-strength non-ferromagnetic
sleeves are required. This results in a reduced torque density, lowered flux-weakening abil-
ity, and highen losses of the motor caused by pulse-width-modulation (PWM) voltage.
Hence, a sleeve-free rotor structure is beneficial.

AMM has been used for transformers and inductors for decades. It is well-known due to
its low core losses. However, because of its high hardness and brittleness, slotting becomes
a key obstacle to its application in electrical machines. Hence, this material has not been
widely applied in the electrical machines yet. An important property, the high mechanical
strength of the AMM has been ignored eagerly. In this work, an interior PM rotor made
from AMM for high-speed operation is studied. The high mechanical strength and the low
core losses of the AMM are fully taken use of. Because of the difficulty in slotting of the
AMM, this material is not used for the stator and a conventional silicon steel will be used.

In order to fulfill the proposed high-speed rotor, the properties of the AMM in terms of
electromagnetics and mechanics are experimentally studied. The influences of the mechan-
ical stress and temperature on the electromagnetic properties of the AMM cores are well
studied. Based on the measured data, a prototype is designed and optimized in terms of
electromagnetics, mechanics and thermal behaviors. To ensure the success of the proto-
type, the slotting methods are also investigated and wire electrical discharge machining
method is selected for manufacturing of the AMM rotor core. In order to show the ad-
vantages and disadvantages of the proposed high-speed AMM rotor, a surface-mounted
PM rotor covered by a carbon-fiber sleeve is designed as a comparison. Since the influ-
ences of the PWM inverter on the losses of the high-speed motors are significant and this
problem has not been thoroughly investigated before, the dissertation goes into a further
research on it to fill the gap in this field.

Finally, two prototypes are built and tested. The design results are verified through exper-
iments. It is verified that by applying the AMM to the proposed rotor, the performance of
the high-speed PM motor is significantly improved, such as better flux weakening ability,
higher torque and power densities and higher efficiency. Based on the tested data of the
prototypes, it is confirmed that the AMM has high potential in the application of high-
speed high-power-density PM motors.
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AR
AW]
CFD
EC
FEA
FEM
FESS
FFT
FPGA
FSCW
HSPM
ICE
IGBT
M
IPM
ISDW
PM
PWM
RT
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SI
SPM
SR
SRM
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UTS
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YASA
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finite element method

flywheel energy storage system
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high-speed permanent-magnet
internal combustion engine
insulated gate bipolar transistor
indution motor

interior permanent-magnet
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permanent-magnet

pulse width modulation

room temperature

stacking factor

silicon iron

surface-mounted permanent-magnet
silicon steel rotor

switched reluctance motor
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wire electrical discharge machining
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1 Introduction

1.1 Motivation

With the development of high-energy rare-earth permanent-magnet (PM) materials, the
power and torque densities of the PM motors have been increasing. To further increase the
power/volume and power/weight ratios of the motors, a good way is to increase the surface
velocity of the rotors because the tangential force density of the rotors, which generates
rotating torque, is determined by the electrical and magnetic loadings. And these loadings
are subjected to the heat dissipation ability of the motors. For example, the maximum speed
of the 4™ generation of Prius motor P610 was increased from 13,500 /min of the 3™ gener-
ation P410 to 17,000 /min in order to reduce the overall volume and weight. The corre-
sponding rotor surface velocity of P610 was increased from about 114 m/s of P410 to
125 m/s. In addition, because advanced winding technology and better cooling method
were employed, the new generation was reduced by 20 % in motor loss and 35 % in size
while its power density was increased by up to 36 % [1], [2]. It can be expected that by
further increasing the angular speed to increase the surface velocity of the rotor, the power
of the motor might be further increased and higher power/volume and power/weight of the
motors can be achieved. However, higher speed means higher frequency even though the
pole-pair number of the rotor is only 1. The iron losses, the copper AC loss and the rotor
losses increase significantly when the frequency increases. The electrical and magnetic
loadings at a higher speed need to be reduced to avoid the overheated problem. Then the
torque/volume ratio of the motors is reduced and consequently the power/volume ratio of
the motors cannot be infinitely increased by increasing the angular speed of the rotors. For
instance, currently, a speed up to 1,000,000 /min has been reached by Swiss Federal Insti-
tute of Technology Zurich (ETH Zurich). However, the power of this motor is low and it
is only 100 W [3].

To fulfill a motor with high speed and high power density is faced with many challenges:
1) high centrifugal forces in the high-speed rotor require a structural protection; 2) poor
heat dissipation condition of the rotor may cause irreversible demagnetization of the PMs;
3) high core losses at high speed decrease the electric loading of the stator windings in
order to limit the total losses of the whole motor; 4) requirement of the rotor stiffness at
high speed limits the axial length of the rotor. All these aspects limit the power of the high-
speed motors. Hence, a solution to help to increase the speed and the power density of the
PM motors is of high importance for the motors’ development.

Generally, surface-mounted permanent-magnet (SPM) rotors are often employed in high-
speed permanent-magnet (HSPM) motors. The structure of a 2-pole SPM rotor is presented
in Fig. 1.1(a). One of the main problems of the SPM structure is that the adhesive forces
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of the glue between PMs and the rotor core are no more able to overcome the centrifugal
forces of the PMs at a high speed. Hence, sleeves to protect the PMs from being thrown
out by high-speed centrifugal forces are required. Currently, carbon fiber and metal mate-
rials such as titanium, inconel and stainless are commonly applied as sleeves. Since these
sleeves are non-ferromagnetic, the equivalent air-gap length of the motor becomes large.
This results in relatively low air-gap magnetic flux density. As the torque of the motor is
proportional to the magnetic flux density and the armature current, which are well-known
as magnetic and electric loadings respectively, higher armature current is required to gen-
erate a specific torque because of relatively low magnetic loading. However, the armature
current subjects to the insulation grade and the cooling ability of the copper winding. Con-
sequently, the torque of the motor is limited. In addition, the eddy current losses in the
solid-conductive sleeves at a high speed are very high. Although the fiber sleeves have
lower conductivities, they generally have higher thermal resistances and much lower max-
imum working temperature than the metal sleeves. Moreover, the manufacture of the rotor
with fiber sleeves is difficult. Even though fiber sleeves have much higher yield strength
than metal sleeves, fiber sleeves are easily degraded during the manufacture and assembly
process. Hence, sleeve-free structure is attractive for the HSPM motors.

The interior permanent-magnet (IPM) rotors do not need sleeves. A 2-pole IPM rotor is
presented in Fig. 1.1(b). Without sleeves the equivalent air-gap length can be smaller and
the flux weakening ability is better. However, the IPM rotors need flux-bridges to with-
stand the centrifugal forces of the rotors. The existence of the flux-bridges not only occu-
pies the rotor space for PMs, but also increases the flux leakage. These problems are serious
of the HSPM motors because the volume of the high-speed rotors is limited by the me-
chanical strength of the rotor core material and the stiffness of the rotor. Hence, the material
of'the rotor core plays a critical role of the high-speed IPM rotors. Firstly, the yield strength
of the core material should be high enough in order to reduce the thickness of the flux
bridges and the flux leakage. Secondly, the losses of the rotor-core material should be low
to avoid rotor overheated due to high-frequency losses.
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Figure 1.1: Structures of 2-pole high-speed permanent-magnet rotors. (a) SPM rotor. (b) IPM rotor.



1.1 Motivation

A special electrical steel, amorphous magnetic material (AMM) has been commercially
available for decades. It is well-known because of much lower core losses than silicon irons
(SIs). The AMM ribbons are produced by the rapid quenching method. The molten metal
is solidified at a fast cooling rate (10° to 10° °C/s) to prevent crystallization. Insulation
layer about 10 nm is formed during cooling. To meet the cooling rate requirment, avaible
methods include splat quench, twin-roll casting, single roll free jet and melt spinning cast-
ing [4]. The scheme of the melt spinning casting process to produce the AMM ribbons is
shown in Fig. 1.2 [5] and the produced AMM ribbon roll is presented in Fig. 1.3. The liquid
metal is extruded from the nozzle to the cooling roll. The width of the AMM ribbon is
decided by the sizes of the nozzle and the cooling roll. Currently, the maximum commer-
cially available width of the AMM ribbon is 213 mm produced by Metglas, Inc. The thick-
ness of the AMM ribbon 2605SA1 is about 23 um and it is subjected to the cooling process.
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Figure 1.2: Melt spinning casting process [5].

Figure 1.3: Photo of amorphous ribbon roll.

Due to much small thickness and relatively high resistivity, the eddy current loss of this
material is very low. However, currently its application to electrical machines still lacks of
break-through progress. In the previous researches, the researchers focused on utilizing the
low core losses of the AMM and the AMMs were mainly applied to the stators in order to
reduce the core losses and to increase the efficiencies of the electrical machines. Because
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the AMM ribbon was very thin and hard, and it became brittle after heat treatment, the
difficulty in slotting of the AMM came to be a barrier to its wide application to the electrical
machines. Due to the complex structure of the stator, the slotting problem is crucial. At
present, electronic beam cutting, laser cutting, shear cutting, wire electrical discharge ma-
chining (WEDM), chemical etching and water jet cutting are possible techniques for pro-
ducing of AMM cores [6]-[8]. However, either the cutting efficiency or the flexibility of
these methods is generally lower than those of the widely applied punching method. More-
over, higher core losses are commonly observed in the prototypes due to the influence of
the manufacturing process. These reduce the attractiveness of using AMM in electrical
machines. Therefore, even though the AMM has attractive characteristics and has been
applied in electronics, sensors and distribution transformers for decades [9], [10], the ap-
plication of the AMM s to the electrical machines is still in research phase.

AMM 2605SA1 meets the requirements of the high-speed IPM rotor core very well. The
mechanical strength and the specific losses of some commercially available high-perfor-
mance electric steels are compared with the AMM 2605SA1 and shown in Fig. 1.4. It can
be noticed that these materials distribute as “V’ shape in the figure.
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Figure 1.4: Comparison of the yield strength and core losses of commercially availabel high-performance

electric steels with AMM 2605SA1 [11], [O9].

The widely used SIs such as M235-35A and NO20, which locate at the bottom of the figure,
have neither high strength nor low loss. Although silicon steel (Si-Fe) 35SHXT780T and
cobalt steel (Co-Fe) Hiperco SOHS have high yield strength, their losses are also high. Ac-
cording to Fig. 1.4 it can be found that the AMM 2605SA1 is the best because it has not
only high yield strength but also lowest core losses. Its core losses are only one fourth of
the super core material I0JNEX900. Besides the high yield strength and the low core losses,
the AMM has high relative permeability. In addition, the saturation flux density of the
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AMM is relatively low and it is about 1.56 T, which are not presented in this figure. Gen-
erally, the low saturation flux density is not welcome because it reduces the torque ability
of the motor. However, for the high-speed IPM rotor structure, this characteristic may has
positive effect because it can help to reduce the flux leakage in the flux-bridge regions.
Since the core losses of the AMM are much lower than those of the widely used silicon
steels, it is more suitable for high-speed and high-frequency applications. Hence, in this
dissertation, the potential of using the AMM to improve the performance of the high-speed
electrical machine will be studied.

1.2 Objectives

In this work, a new application for the AMM is proposed. The advantages of low core
losses and high mechanical strength of the AMM are fully taken use of in the new applica-
tion. Furthermore, the slotting difficulty can be in some way mitigated because the struc-
ture of the high-speed rotor is simple and the cutting length is small. This helps to reduce
the cutting time. Meanwhile, by using the AMM to an IPM rotor, the problems of the high-
speed SPM motors caused by the sleeves can be avoided. To evaluate the feasibility and
the performance of the high-speed IPM rotor made from AMM core, the following works
will be conducted.

Firstly, in order to better utilize the AMM in the design, the properties in terms of electro-
magnetics and mechanics of this material will be experimentally studied. The influences
of manufacturing and working conditions, such as the stacking factor and the temperature,
on the properties of the AMM will be investigated in order to avoid unacceptable design.
These can provide a better reference for the designer who wants to use the AMM in the
electrical machines.

Secondly, in order to study the feasibility of the proposed high-speed rotor, a demonstrator
motor will be designed, built and tested. Currently, the HSPM motors are employed in
variety of applications, including air compressor, flywheel energy storage system, turbo-
charger and electrified supercharger, spindle, micro-turbine, vacuum pump and so on. The
power-speed ranges of these applications are shown in Fig. 1.5. It can be seen that the
power demand of these applications is generally higher than 1 kW. In addition, the speed
ranges of them are also wide and the maximum speed is generally close to 100,000 /min.
In [12] a high-speed SPM motor of 15 kW and 120,000 /min for an air blower for cooling
fuel cells has been developed by Korea Electrotechnology Research Institute. This motor
used metal sleeve and the rotor diameter is 34 mm. The target speed and power of the motor
have been experimentally measured. In [13] a high-speed SPM motor of 150,000 /min and
1.5 kW for supercharger mounted on a 1.5-litter class gasoline engine was developed and
tested by Prof. Toshihoko Noguchi from Shizuoka University, Japan. Now, he is working
on a higher power of 15 kW and 150,000 /min high-speed SPM motor and this motor is
also used for automobile [14], [15]. The rotor diameter of this motor is 37.2 mm. Based on
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the power, it is probably used for the bus [16]. To study the feasibility of the proposed IPM
rotor made from AMM, a demonstrator motor of similar specification but a smaller size
will be designed and tested. Because realization of a higher power high-speed PM motor
is more difficult than that of a lower power high-speed motor, the target power of the de-
monstrator motor is over 15 kW at a relatively lower speed of 125,000 /min to show the
superiortiy of the proposal. The potential applications of the demonstrator motor include
air blower, electrified supercharger or turbochargers, flywheel energy storage systems,
turbo-molecular pump and spindles, etc.
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Figure 1.5: Power-speed ranges of high-speed motors for different applications [17].

Thirdly, because the pulse-width-modulation (PWM) frequency of the high-power power
module such as insulated gate bipolar transistor (IGBT) is limited, at a high speed, the
modulation ratio between the PWM frequency and the frequency of the fundamental phase
current is low. This will cause much higher amplitudes of current harmonics. Conse-
quently, the losses of the motor including the core loss, the copper AC loss and the eddy
current losses of the PMs and the metal sleeves are significantly increased. Since this is the
main reason why the power/volume of the high-speed PM motors cannot be further in-
creased by increasing the speed of the motors, this problem will be thoroughtly studied.

1.3 Structure of the dissertation

This dissertation is focused on the high-speed (high angular speed) motors and the appli-
cation of the AMM in electrical machines. The detailed works of the dissertation are pre-
sented in Fig. 1.6, including experimental study of the propertis of AMM, design, manu-
facture and test of a demonstrator motor and comparison with a SPM motor.

In Chapter 2, the application and the state-of-the-art of the high-speed PM motors, and the
state-of-the-art of the AMM electrical machines are introduced. Based on the literature, the
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challenges and the opportunities of the high-speed motors and the AMM electrical ma-
chines are clarified. Then a high-speed IPM rotor structure made from AMM rotor core is
proposed. Because slotting is the first concern when applying AMM, a review of the slot-
ting techniques and the results of experimental studies will be illustrated in this chapter.
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Figure 1.6: Contents of this dissertation.

In order to better utilize the AMM and to build the material database for the design of the
AMM electrical machines, in Chapter 3, the properties of the AMM in terms of electro-
magnetics and mechanics are experimentally studied. Since the electromagnetic properties
ofthe AMM cores are sensitive to the manufacturing processes and the working conditions,
the influences of the stacking factor, the temperature, the mechanical stress and the heat
treatment are investigated.

In Chapter 4, a prototype of the proposed high-speed rotor is designed in terms of electro-
magnetics, mechanics and thermal behaviors. The structure of the stator core, the selection
of the winding, the structure of the water-cooled housing for the high-speed PM motors are
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discussed. The heat transfer ability of the air gap and the rotor air-friction losses are calcu-
lated. The importance of the AMM for the proposed IPM rotor is studied by conducting a
comparison between different rotor core materials. A SPM rotor protected by a carbon fiber
sleeve is also designed for a comparison study.

Chapter 5 studies the influence of the PWM inverter on the motor losses, including the
copper AC loss, iron losses and the eddy current losses of the solid-conductive rotor com-
ponents. The current harmonics caused by PWM inverter are theoretically derived and
proved by coupled simulation.

To validate the design and analysis, in Chapter 6, the prototypes of the designed IPM and
SPM motors are built and tested. The feasiability of the proposed IPM rotor made from
AMM is evaluated.

Chapter 7 concludes the whole works of the dissertation. The advantages and disad-
vantages of the proposed high-speed rotor made from AMM are discussed. Further work
to improve the rotor and some pieces of advice for using the AMM in the high-speed rotors
are summarized.



2  High-speed PM motors and AMM
electrical machines

In this chapter, the state-of-the-art of both the high-speed PM motors and the AMM elec-
trical machines are summarized. The challenges and the opportunities of using AMM in
electrical machines are discussed. In order to ensure the success of the prototypes, the slot-
ting approaches of the AMM are experimentally studied. Finally, an IPM rotor made from
AMM for high-speed operation is proposed.

2.1 Applications of the high-speed PM motors

Currently, high-speed motors are used in a variety of applications, including turbochargers
and electrified superchargers, flywheel energy storage systems (FESSs), turbomolecular
pumps, more electric engines, high-speed spindles, gas compressors, as well as micro-
turbines [11], [18]-[22], etc. The working principle and requirements of these applications
are briefly introduced in the following sections.

2.1.1 Turbocharger and electrified supercharger

Generally, the indicated power of an internal combustion engine (ICE) can be estimated by
[23]:

. v
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where Pengine 1 the indicated power; pim is the air density in the intake manifold; #v is the
volumetric efficiency; 7w is the thermal efficiency; #comb is the combustion efficiency; mir
is the fuel mass flow rate; 7a is the air mass flow rate; Orel Luv is the mass specific lower
heating value of the fuel; N is the crankshaft rotational speed; V. is the engine swept vol-
ume; and #r is the number of crank revolution per power stroke.

The air density is

pim
p,, =—tm (2.2)

specific” a

where pim is the intake manifold air pressure; Rspecific is the specific gas constant for dry air,
and T is the absolute air temperature.
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It is easy to notice that by increasing the air pressure in the intake manifold to increase the
air density, the power of the ICE can be increased. This is because higher air pressure
means more oxygen is present in each cylinder after the intake stroke, which helps more
fuel to be burned and leads to higher produced power. In order to increase the air pressure,
forced induction system with an air compressor is needed. Generally, according to the
power supply of the compressor, the forced induction system can be categorized into two
types: supercharger and turbocharger. The conventional supercharger is driven by the ICE
and its speed is limited. Moreover, it consumes the energy of the ICE. Hence, the new
electrified supercharger uses a high-speed motor to drive the compressor. In order to utilize
the energy of exhaust stream, the compressor of a turbocharger is connected with a coaxial
turbine and the turbine is driven by the exhaust stream. Because the turbocharger is driven
by the exhaust gas from the engine, during start/stop conditions as well as during gear
change, a low speed of the engine will reduce the discharge rate of the exhaust gas and
cause low speed of the turbine, which reduces the charging capacity of the compressor as
called turbo lag [21], [24]. In addition, a wastegate valve is needed in order to avoid turbine
overspeed, which results in a potential waste of energy [23]. One way to overcome these
problems is to regulate the speed of the turbocharger by installing a motor/generator be-
tween the turbine and the compressor. When the speed of the engine is low and the energy
of the exhaust gas is insufficient, the motor/generator works as a motor to improve the
transient response delay (turbo lag); in high-speed zone of the engine, it works as a gener-
ator to recover the excess exhaust gas energy [25].
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Figure 2.1: Power as a function of speed of the high-speed motors used for turbochargers and electrified

superchargers [13], [18], [21], [23], [24], [28]-[43].

The power as a function of speed of the high-speed motors used for turbochargers and
electrified surperchargers are shown in Fig. 2.1. It can be found that the PM synchronous
motors (PMSMs) are more commonly applied. For high power ratings (higher than 40 kW),
induction motors (IMs) and switched-reluctance motors (SRMs) may be better. The power
decreases when the speed increases and they are generally below the dashed line. Since the
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turbocharger does not deliver the typical target boost pressure until speeds of 60,000 /min
to 100,000 /min are reached [26], the speed of the high-speed motors for this application
are generally higher than 60,000 /min.

2.1.2 Flywheel energy storage system

Flywheel energy storage system (FESS) is an energy storage unit, which stores kinetic
energy in a flywheel. Its energy Enywheel is linearly proportional to the moment of inertia
Jrotor and the difference of the square of maximum and minimum angular velocities of the
rotor wmax and wmin, as shown in (2.3) [44].

lme,(wz ~ o) (2.3)

Eﬂywheel = 5 'max ‘min

Since the moment of inertia Jrotor of a certain FESS is constant, the energy of the FESS
drops quickly when the rotation speed of the rotor decreases. Hence, the energy density of
FESS is relatively low. However, the power density of FESS can be very high. Thus, FESS
is commonly used as a short time high-power source (pulsed-power source). For example,
it is used to mitigate the power fluctuation and enhance the dynamic-stability of an offshore
wind farm and marine-current farm, which is connected to a power grid [45]. The applica-
tion of FESS in electric vehicle helps to shorten the acceleration time of the vehicle. Cur-
rently, commercial FESS is available. A 100 kW, 25 kWh FESS producted by Beacon
Power is shown in Fig. 2.2. By connecting multiple of FESSs together as shown in Fig. 2.2
as a matrix, higher energy up to 1 MW for 15 minutes can be delivered [46].
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Figure 2.2: Beacon Power’s flywheel matrix (250 kWh) [46].

Based on (2.3) it can be seen that there are two ways to increase the energy of the FESS. It
is more effective to increase the rotation speed rather than to use a heavier flywheel with
bigger diameter. An overview of the power and energy storage of different FESSs is present
in Fig. 2.3. It can be found that the speeds of the high-speed motors used for FESSs are
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around 20,000 /min to 60,000 /min. The power level is around 100 kW while the energy
storage is generally not higher than 10 kWh. Most of the high-speed motors for this appli-
cation are PM synchronous motors.
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Figure 2.3: An overview of power and energy storage of different FESSs. (a) Power-speed ratings of high-

speed motors. (b) Energy-speed ratings of high-speed PM motors [47]-[76].

2.1.3 Turbomolecular pump

Turbomolecular pump is employed to obtain and maintain a high vacuum level. It is used
in advanced technology applications, such as semiconductor manufacturing, thin film dep-
osition, mass spectrometry, high energy physics, fusion technology, and general ultra-high
vacuum research [77]. The turbomolecular pump consists of a turbine and a motor (as
shown in Fig. 2.4). The motor runs at a high speed (typically 33,000 /min—75,000 /min,
depending on the pump size) [77]. The turbine is driven by the motor and the blades of the
turbine hit the gas molecules from the inlet of the pump toward the exhaust in order to
create and maintain the vacuum condition. Currently, a rotation speed up to 1,000,000 /min
is the future target of this application [78].

12
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Figure 2.4: Turbomolecular pump [11].

2.1.4 High-speed spindle

The conventional spindles are driven by the external motors through belt drive or through
a coupling [79]. They cost less and allow flexible power and torque configurations. How-
ever, the maximum speed of the conventional spindles is limited because the belts at high
speed produce unacceptable levels of vibration. Therefore, for the high-speed spindles, in-
tegrated motor spindle is a better choice. The speed and power ranges of the spindles are
very spread out, varying from 4,500 /min to 300,000 /min, with a corresponding power
level approximately from 60 kW down to 300 W [11], [80]. The speeds of the milling ap-
plications depend on the processed material type. For example, the speeds of some com-
monly processed materials in the milling application are listed in Table 2.1. The speeds for
grinding applications are higher than those reported in Table 2.1 and it can be up to hun-
dreds of thousands revolutions per minute [11].

Applications Speed range in /min
Metal 4,500 — 12,000
Stones 8,000 — 12,000
Glass/Marble 8,000 — 14,000
Wood 18,000 — 25,000
Aluminum 30,000 — 40,000
Table 2.1: Typical milling application speeds [11].

2.2 High-speed PM motors

Since PM motors have high power densities and efficiencies, they are popular for high-
speed applications [12], [18]-[22], [81]-[91]. Generally, the high-speed PM motors can be
classified into interior permanent-magnet (IPM) and surface-mounted permanent-magnet
(SPM) types based on the rotor configurations. In this section, the characteristics and the

13
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state-of-the-art of the two different configurations of the high-speed PM rotors are summa-
rized and discussed.

2.2.1 SPM high-speed motors

The structure of a general 2-pole high-speed SPM rotor has been presented in Fig. 1.1(a).
A significant feature of the high-speed SPM rotors is that sleeves are required to protect
the rotors from cracking. In order to avoid flux leakage through the sleeves, non-ferro-
magentic materials are commonly used for the sleeves. This results in a large equivalent
air-gap length and a poor flux-weakening ability of the motor. In addition, when the sleeve
is solid-conductive, the eddy current losses of the sleeves are very high. Furthermore, when
fiber composite sleeves are used to reduce the eddy current losses, the heat dissipation
ability of the rotor is relatively poor due to relatively high thermal resistivity. Moreover,
the fiber sleeves are easily degraded at a high temperature and the maximum working tem-
perature of fiber sleeves are much lower than that of the metal sleeves. The PMs of the
SPM rotors can be either mounted on the rotor core or directly on the shaft. It is worth to
mention that without the guidance of the rotor core, the flux lines directly pass through the
solid-conductive shaft and high eddy current loss of the shaft will be induced. When a
cylindrical PM is used as illustrated in [22], the shaft can be also avoided. The stiffness of
the SPM rotor can be higher when the rotor stack is not employed because the axial stiff-
ness of the stacked core is lower than that of the solid shaft. This can help to increase the
natural frequencies of the rotor to some extent.

Generally, the maximum speed of a SPM rotor is much higher than that of an IPM rotor.
Typical rotor surface velocity limitation for the IPM rotors is only 80 m/s, whereas for the
SPM rotors is 280 m/s [92].Currently, the maximum speed reported is 1,000,000 /min and
this motor was developed by ETH Zurich [3]. They adopted cylindrical PM covered by a
titanium sleeve structure. A 100 W, 500,000 /min SPM drive system developed by them is
presented in Fig. 2.5.

Figure 2.5: A 100 W, 500,000 /min SPM drive system developed by ETH Zurich [3].

14
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Table 2.1 lists some ultra-high-speed SPM prototypes with speed higher than 60,000 /min
from published literature. It can be seen that metal sleeves are more frequently used. An
important reason is that the fiber sleeves are sensitive to the manufacturing process and
they maximum working temperature is relatively low. The strength of the fiber sleeves is
easily degraded during manufacture. Generally, a thicker sleeve is used in the prototype
than theoretically calculated thickness. One reason is that pressing axially the sleeve into
the rotor may cause a shear stress and destroy the inner layers of the fiber sleeve. Moreover,
the uncertain tolerances of the PMs and the shaft may cause unproper prestress. The bend-
ing stress caused by the edges of the PMs and the stress induced by the thermal expansion
of the rotor are also harmful to the sleeve and may cause sleeve crash. Moreover, the rotor
eddy current losses cuased by current harmoincs are very high. A failure example of a SPM
rotor covered by the carbon-fiber sleeve built at TU Darmstadt is shown in Fig. 2.6 [93].

(2) (b)

Figure 2.6: Failure of a high-speed SPM rotor built at TU Darmstadt [93]. (a) Bandage crash at speed of
35,000 /min. (b) Destruction of brittle magnets underneath the broken bandage.

In order to strengthen the rotor, three major changes were made in a new rotor in terms of
the rotor design, material selection and the assembly technique, which were very important
for the design and the realization of high-speed SPM motors. Firstly, a thin layer glass-
fiber was added to the inner layer of the carbon-fiber sleeve to withstand the bending stress.
Secondly, cold shrink fitting method was used instead of axial pressing by immersing the
rotor into the liquid nitrogen LNz to cool down the rotor. Thirdly, the mechanical air gap
was increased from 0.7 mm to 3.2 mm to reduce the air friction losses and the eddy current
losses of the rotor caused by the current harmonics; the sleeve undersize was reduced from
0.24 mm to 0.13 mm to decrease the prestress; the thickness of the PMs was also decreased
from 7 mm to 4.5 mm to reduce the centrifugal forces of the PMs; and the interpole gap
was avoided to mitigate the bending effect [93]. In this case, this improvement of the me-
chanical strength of the rotor sacrificed the power density of the motor.
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2.2 High-speed PM motors

Even though metal sleeves such as titanium and inconel alloys have much stable me-
chanical strength than the fiber sleeves, the shrink fit (radial interference fit) between
the sleeve and the PMs is still very difficult to control. When the shrink fit amount is
not sufficient, because of expansion of the sleeve at a high speed, the sleeve becomes
loose and then tensile stress inside the cylindrical PM is induced and the PM may crack.
This phenomenon was reported in [89] and a broken rotor is presented in Fig. 2.7. A
big shrink fit amount also cause difficulty in assembly. Hence, to fulfill a high-speed
SPM rotor is challenging.

Accurately designed rotor

!

Inconel718  PM : N42SH - Inconel718

designed rotor

Figure 2.7: Broken rotor caused by an incorrectly selected shrink fit [89].

2.2.2 IPM high-speed motors

The structure of a 2-pole high-speed IPM rotor has been shown in Fig. 1.1(b). It can be
seen that the IPM rotor does not need a sleeve. Instead, the centrifugal forces of the rotor
iron core and the PMs are withstood by the flux-bridges of the iron core. This enables the
motors to have a small air-gap length, better flux-weakening and better rotor heat dissipa-
tion abilities. Due to a small air-gap length, the phase inductance of the IPM motor is gen-
erally higher than that of the SPM of the same volume and power levels. This helps to
reduce the amplitudes of the current harmonics generated by the pulse-width-modulation
(PWM) inverters. However, because the mechanical strength of the silicon steel is much
lower than that of the titanium sleeve, the maximum speed of the IPM rotor is lower than
that of the SPM rotor. Due to the volume limitation of the high-speed rotor, the usage of
the PMs in the IPM rotor is also limited. In addition, because of the flux leakage in the
flux-bridges, the air-gap magnetic flux density of the IPM motor is low. Moreover, since
the rotor iron core is laminated along the axial direction, the stiffness of the rotor is also
reduced. Hence, the IPM rotor is uncommonly used in the high-speed applications.
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2 High-speed PM motors and AMM electrical machines

2.2.3 State-of-the-art of the high-speed PM motors

Based on the literature, the torque density, power density, rotor diameter and rotor stack
length of different HSPM motors are summarized in Fig. 2.8 to Fig. 2.11. It can be noted
from these figures that the SPM rotors are more commonly used than the IPM rotors in
HSPM motors and that the metal sleeves are more popular than the fiber sleeves even
though the eddy current losses of the metal sleeves at a high speed are much higher than
that of the latter. In order to clearly show the levels of the target motor designed in this
dissertation, the specifications of the designed motor are added to these figures in advance.
The determination of the motor dimentions of the designed motors will be introduced in
Chapter 4.
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Figure 2.8: Rotor diameter of different high-speed PM motors as a function of rotor rotation speed [12],
[21], [30], [81], [83], [85]-[104].
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Figure 2.9: Rotor stack length of different high-speed PM motors as a function of rotor rotation speed [12],
[21], [30], [81], [83], [85]-[104].

The rotor diameter and rotor stack length of some high-speed PM motors developed by
other researchers are summarized in Fig. 2.8 and Fig. 2.9. It can be seen that the logarithm
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of the rotor diameter and the logarithm of the rotor stack length decrease almost linearly
when the speed increases. A small rotor diameter, which is below the dashed line is de-
signed, it is because the maximum surface velocity of the IPM rotors is much lower than
that of the SPM rotors. The effective axial stack length of the designed rotor is also below
the dashed line in order to increase the natural frequency. Fig. 2.8 and Fig. 2.9 show that
the dimentions of the designed rotor is reasonable in order to enable the rotor to run at the
maximum speed.

Because the designed rotor has relatively small dimention, the torque density and the power
density of this rotor are higher than those of the rotors reported in the literature. Fig. 2.10
shows the rotor torque density of differernt HSPM motors as a function of the rotor cir-
cumference velocity. It can be found that the rotor torque density decreases when the rotor
velocity increases. As aforementioned, this is because the influence of the PWM inverter
on the losses of the motor at higher speed is greater. This problem will be illustrated in
Chapter 5. It is necessary to reduce the electrical and magnetic loadings of the motors at a
higher speed. Hence, the rotor torque density is reduced when the rotor surface velocity is
increased. The dashed lines in Fig. 2.10 denote the power density levels on the rotor sur-
faces. It can be seen that generally the SPM rotors have much higher power density than
the IPM rotors. Moreover, the metal sleeves generally can help the SPM rotors to achieve
higher power densities than the fiber sleeves. However, as regards the target motor de-
signed in this dissertation, it has not only the highest rotor torque density but also highest
power density, even though it is an IPM rotor.
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Figure 2.10: Rotor torque density of different high-speed PM motors as a function of rotor surface velocity

[12], [21], [30], [81], [83], [85]-[104].

The power density of different HSPM motors as a function of rotor rotating speed is pre-
sented in Fig. 2.11. The calculation of the power density of the motor is based on the radius
and the axial length of the stator (all the motors shown in the Fig. 2.8 to Fig. 2.11 are inner
rotor type). Fig. 2.11 shows that the IPM and fiber sleeve SPM rotors are mainly used at
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the speed lower than 150,000 /min. No matter which rotor is used, the power density at the
speed lower than 150,000 /min is generally lower than 50 kW/L. At a higher speed, only
the metal sleeve SPM is employed. The power density is significantly increased and the
highest value is about 100 kW/L. Even though the target motor is IPM type and the maxi-
mum speed is 125,000 /min, its power density can also reach about 100 kW/L. Hence, the
target motor has a high power density.
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Figure 2.11: Motor power density of different high-speed PM motors as a function of rotor rotating speed

[12], [21], [30], [81], [83], [85]-[104].

2.3 Slotting challenge of AMM

The first challenge of using AMM for electrical machines is slotting. In the previous re-
searches, many slotting approaches have been studied and many novel structures of the
electrical machines have been proposed in order to avoid or to reduce the difficulty in slot-
ting to some extent. However, up to now the slotting problem has not been completely
solved. Hence, the AMM is not widely applied in the electrical machines even though this
material has attractive benefits. In this section, the slotting experiments will be conducted
in order to find out a proper approach for manufacturing of the prototype to ensure the high
mechanical strength of the AMM rotor core.

2.3.1 Review of previous slotting studies

After several decades of the AMMSs’ commercially available for transformers, their appli-
cation to electrical machines still stays in the research phase. The key problem is their
difficulty in slotting. In the early 1980s, the slotting challenge has attracted attention and
been investigated thoroughly as this is the primary challenge when considering quantity
production [105]. In [105] directly slotting in casting phase by using three different meth-
ods were pursued. The idea was to make a parting line in the AMM ribbon by applying a
pattern in the surface of the casting wheel, which has a lower quench rate than the bulk of
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the casting wheel. Because of the low quench rate, the ribbon of this pattern region was
crystallized and became brittle and then the parting line was generated. Firstly, they used
unfilled shallow grooved pattern. The main drawback of this method was that the molten
alloy flew slightly into the groove and formed a ridge on the underside of the ribbon. All
or part of this ridge remained attached to the ribbon after cut-out separation and this ridge
prevented the individual layers from lying flat and thus decreased the stacking factor.
Fig. 2.12 shows the casting results over the unfilled shallow groove pattern.

.

Figure 2.12: Helical ribbon cast over unfilled shallow groove pattern [105].

In order to eliminate the burr cast on the downstream edge of the slot, a wheel was made
with deep, straight-sided, open narrow grooves. A high pressure gas within the grooves
was also supplied to prevent the molten metal from penetrating and sticking in the grooves.
However, the ribbon still stuck to the grooves after several revolutions of casting as the
surface tension of the molten metal was not sufficient to prevent its penetration into the
groove. To avoid the penetration problem, the third method was proposed. They inserted
low conductivity material in the groove. Various braze alloys, solid metal strips, and
nickel-base alloy were tried. The casting response to all three metals was very similar and
the ribbon did not show any marked tendency for embrittlement or separation at these part-
ing lines. Then glass was applied due to its low thermal conductivity and non-wetting char-
acteristics which were good for achieving a slower quench rate in the patterned regions and
the casting wheel with glass filled grooves is shown in Fig. 2.13. However, these low tem-
perature glasses sufferred from thermal shock failure and did not meet the rigorous require-
ment for a long life under high erosion condition and thermal cycling. Fig. 2.14 shows the
casting results over glass filled grooves and Fig. 2.15 shows the typical deterioration of the
glass insert after casting. A partially dense ceramic was also employed but it was also faced
with gradual erosion problem.

Since directly casting the slots was not successful, forming the slots after casting was also
investigated. Four approaches were proposed: 1) by using a hot, resistance heated wire to
heat the ribbon for a short time to create a crystallized, brittle outline, 2) by using a stylus
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with electric current flowing through it into the ribbon to “draw” the embrittling pattern in
the ribbon, 3) by using a magnetically steered electron beam to form the pattern, and 4) by
using a heated die punch to punch the ribbon.

Figure 2.13: The casting wheel with glass filled grooves [105].

Figure 2.14: The casting results over glass filled grooves [105].

Figure 2.15: Typical deterioration of the glass insert after casting [105].
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In the hot wire method nichrome wire was firstly bent into the shape of a slot and heated
with an electric current to about 800 °C. Then the hot wire was pushed against the ribbon
to embrittle the ribbon along the hot wire. This method required a high slotting speed to
improve the quality of the slot edges. However, as the speed increased higher current had
to be provided to keep the wire hot enough to accomplish the embrittlement. Further in-
creasing the speed was limited by the cooling effect on the hot wire. This method was
limited by life of the hot wire and economical slotting speed is unlikely to be achieved in
the long term.

The stylus heating experiments were carried out by placing the amorphous ribbons on a
conductive plate, which was connected to one terminal of a low voltage, current limited
power source. The other terminal of the power source was connected to metallic probes.
Because the resistivity of the amorphous metal was relatively high, the current was con-
strained to a narrow contact region when the probes were drawn across the amorphous
metal. The contact region was heated and became embrittled. Because the contact area
changed, the current density through the amorphous metal varied and differential stresses,
varying embrittlement and the transverse cracks were caused along the crystallized line as
can be seen in Fig. 2.16.
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Figure 2.16: Crystallized line and transverse cracks drawn by stylus heating [105].

To form the embrittling lines by using electron beam at economical speed was feasible
according to their studies. Over 3,000 in/s, which was equivalent to high speed punching,
could be attained with reasonable deflection systems. Moreover, high quality burrless
edges could be attained by this method. In [106] a patent of using laser or electron beam
method to cut the slots in the ribbon was introduced. The scheme of the cutting system is
shown in Fig. 2.17. However, this method needs to take place in a vaccum chamber.
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Figure 2.17: Scheme of the cutting system by using electron beam approach [106].

The hot die punch method did not rely on creating brittle region but the hot temperature
was used to avoid abrasion of the die due to high strength of the amorphous material. Usu-
ally about 100 °C below the crystallization temperature was applied and the strength of the
amorphous ribbon dropped rapidly and the material became very easy to cut without any
detectable tool wear. However, amorphous material underwent internal structureal relaxa-
tion when heated and it caused embrittlement. Hence, simply heated the material, cut and
then cooled it again was unfeasibile for amorphous material. Moreover, because the amor-
phous was thin and soft after heated, a long deep-draw lip was formed after punching as
can be seen in the left figure of Fig. 2.18. In order to minimize the ductile lip the tolerance
of the die set needed to be reduced or an abrasive belt could be applied to remove the lip
and the result can be seen in the right figure of Fig. 2.18. However, it was still unknown
that can the lip be completely avoided or not by reducing the tolerance of the die set. Be-
cause heating and cooling processes are required, can the punching speed be improved to
an economical rate or not was not sure. In addition, the effects of the punching process on
the electromagnetic and mechanical properties of the amorphous material are still un-
known.

To sum up, electron beam is the most feasible method considering quantity manufacturing.
Besides the research report [105], there are fewer literatures concerning the slotting prob-
lem. Since the slotting of individual layer is difficult to achieve a good quality and high
manufacturing efficiency, researchers turn to investigate the slotting of the amorphous
blocks. For example, the amorphous ribbons were firstly wound and encapsulated as a solid,
then abrasive water jet was applied to make the slots in [107]. Similar idea was proposed
and milling method was used instead of abrasive water jet method in [108].
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Figure 2.18: Hot die punch holes (left) and after abrasive process (right) [105].

2.3.2 WEDM cutting experiments

WEDM method is commonly applied when the cutting amount is small. For quantity pro-
duction of the core with a big dimention, this method is not recommended due to its low
cutting efficiency. Even though this method is time-consuming, its cutting quality is the
highest among the three methods tested in this dissertation and it is applicable for both
annealed and non-annealed amorphous blocks. The cutting results of WEDM are shown in
Fig. 2.19. The cutting edge is smooth and the tolerance is small. Moreover, the cutting
contour shows that the layers are not burnt to connect together. This is important for the
application in electric machines because the cutting surface is perpendicular to the air-gap
magnetic field. High eddy current losses will be induced if short circuit occurs between the
adjacent layers. Howerver, because of high temperature during cutting, the edge might be
overheated and crystalized. Because this dissertation ustilizes the high mechanical strength
of the AMM core and this material is brittle, any defect on the cutting contour will result
is the rotor crack, the cutting influence on the mechanical strength of the core is the first
consideration. Hence, a cutting method will only be selected when it has small influence
on the mechanical strength of the AMM core based on the mechanical strength measure-
ment.

(a) (b)
Figure 2.19: AMM core cut by WEDM method. (a) Ring core. (b) Enlarged cutting contour.
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2.3.3 Laser cutting experiments

Laser cutting is popular for prototyping when conventional silicon steels are employed.
This method can obtain a high cutting precision and cutting efficiency. The cutting speed
can reach a few tens meter per minute. A major problem of this method is that the insulation
and the bonding varnish on the surface of the steel may be burnt out along the cutting
contours. This may cause short circuits on the cutting contours when the stacking stress is
high. When this method is applied to the AMMs, new problems emerge. Because the AMM
ribbon is very thin, if single layer is cut, the stacking process becomes difficult. Hence, it
is preferred to cut a laminated block in one time. However, this may also result in low
cutting efficiency or poor cutting quality. For example, ribbons of 10 layers are firstly
stacked and solidified, and then cut. In order to cut the 10-layer stack at a high cutting
efficiency, the cutting power of the laser is high. The cutting results are shown in Fig. 2.20.
It can be seen that a ridge is generated on the cutting contour. This ridge will reduce the
stacking factor. Moreover, the cutting contour shown in Fig. 2.20(b) indicates that the
AMM layers are burnt to connect together.

(a) (®)
Figure 2.20: AMM core cut by laser method. (a) Ring core. (b) Enlarged cutting contour.

In order to avoid ridges on the cutting contour, it is necessary to decrease the power of the
laser. Then the cutting depth is limited. If the power is decreased to 10 W or 20 W, the
cutting depth of each round is reduced to micrometer level. It will need a long time to finish
the cutting. For example, it takes about one and half hours to finish cutting work of the
rings (thickness 0.25 mm, outer diameter of the big ring is 55 mm as shown in Fig. 2.21).

Although the low power laser is suitable for cutting of the single-layer ribbon, the power
of the laser still needs to be optimized to balance the cutting time and quality. For multi-
layer amorphous stack, not only the cutting efficiency is low, but also the cutting quality is
difficult to control. Sometimes the AMM ribbon may be burnt.
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(@) (®)

Figure 2.21: Amorphous Core produced by low power laser method. (a) Cutting trajectory. (b) Manufactured
samples.

2.3.4 Punching experiments

Punching is the most widely used technique for quantity production of electrical machines
because of its high efficiency and high quality. However, since the AMM has high hardness
and brittleness after heat treatment, to use punching method for the AMM is challenging.
Because the AMM ribbon is only about 23 um in thickness, the tolerance of the punching
die is required to be small if it is applied for a single layer punching. To avoid this problem,
multi-layer stack may be better. The punching results of the annealed and non-annealed
AMM stacks laminated by 20 layers are presented in Fig. 2.22 and Fig. 2.23, respectively.
It can be noted that the annealed stack is easier to break after punching due to its high
brittleness. Even though the non-annealed stack has higher quality than the annealed stack,
it is still inapplicable with the current punching quality. Lip is formed along the punching
contour after punching. The punching results of the non-annealed amorphous stacks by
using the other two punching dies are presented in Fig. 2.24. It shows the same problem
but also a potential of further improvement.

Figure 2.22: Punching results of the annealed amorphous stacks.
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Figure 2.23: Punching results of the non-annealed amorphous stacks.

Figure 2.24: Punching results of the non-annealed amorphous stacks with different punching dies.

2.4 State-of-the-art of AMM electrical machines

2.4.1 Axial-flux AMM electrical machines

Since the slotting problem of the AMM has not been sloved, the researchers attempted to
propose a proper machine structure to avoid or reduce the difficulty in slotting. Axial-flux
topology was considered as a suitable way to employ AMMs. In order to avoid slotting,
slotless tape-wound core with air-gap winding structure was proposed in 1990 [109]. How-
ever, the equivalent air-gap length of the slotless motor was relatively large which de-
creased the torque density of the motor. In order to decrease the equivalent air-gap length
and avoid the slotting problem simultaneously, yokeless and segmented armature (YASA)
axial-flux structure was more frequently proposed [109]-[111]. In this structure, modular
stator cores could be either wound or laminated. In [110], cylindrical wound AMM cores
were proposed. However, this structure could not make full use of the stator space. To
increase the space usage of the stator, rectangular slot shape for the winding is a better
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choice. Hence, trapezoidal or triangular wound AMM cores were used in [111]. The trap-
ezoidal wound cores are shown in Fig. 2.25. These cores were wrapped from AMM tape
and vacuum infused with resin for insulation between AMM layers. However, due to in-
completely insulation between layers, the eddy current may be induced and the eddy cur-
rent loop is shown in Fig. 2.25(a). In order to decrease the eddy current losses, a section
was removed to cut off the eddy current loop as illustrated in Fig. 2.25(b). The experi-
mental results of the prototype proved that by cutting a section along axial direction, the
no-load iron losses were dramatically reduced. The no-load iron losses at 3,000 /min were
reduced from around 110 W to 12 W. However, it brought cutting problem again.

L]
v,

A section
removed

(2) (b) ©

Figure 2.25: AMM stator core for an axial-flux PM motor [111]. (a) Wound AMM core. (b) A section re-
moved to decrease the eddy current losses. (c) Wound AMM core with copper coil.

Obviously, the wound AMM cores are hollow in the middle which increases the motors’
size (as shown in Fig. 2.25). In order to reduce the total space occupied by the cores, the
researchers from Hitachi also proposed another type of AMM core in [112]. They firstly
wrapped the thin AMM ribbons into a core. Then, the core was encapsulated in resin to
increase the strength. Finally, the molded AMM core was cut into several separate cores
with trapezoidal surfaces. The iron losses measurement results showed that this new core
had 30 % lower iron losses compared with the wound core shown in Fig. 2.25(b). However,
cutting process after solidification of the AMM core is required and it is difficult.

Since the cutting time increased in proportion to the cutting area and these cores required
a longer time for impregnation, a new AMM stratified core was proposed in [113]. The
structure of the new stratified core is presented in Fig. 2.26(a) and the widths of the lami-
nations are gradually changed. To fulfill this requirement, a manufacturing equipment con-
sisting of transport and press systems was also made as shown in Fig. 2.26(b). Since after
heat treatment the AMM ribbon becomes brittle, this process should be done before heat
treatment. The final stratified core is shown in Fig. 2.26(c) and the prototype is shown in
Fig. 2.26(d). For the new proposed stratified core, the iron losses were almost 30 % lower
than those of wound core as shown in Fig. 2.25(b). After the heat treatment the core losses
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were further reduced by 60 %. The developed motor had high efficiency and reached 1E4.
Even though the slotting problem can be avoided by using modular AMM cores, new chal-
lenges emerge. For example, it is difficult to form and assemble the AMM cores to attain
a strong stator.

Laminate

(@ (b)

AMM stratified core  Developed resin

© (d)

Figure 2.26: Manufacturing of an axial-flux AMM stator by Hitachi [113]. (a) Lamination of AMM core.
(b) Manufacturing equipment. (c¢) AMM stratified core. (d) Prototype of 11 kW at 3,000 /min.

In order to ease the slotting difficulty and save the manufacturing cost, a toroidal stator
core cut from a tape-wound toroidal AMM core by using abrasive water jet (AWJ) tech-
nique was introduced in [8]. Since the tapered field machine can provide a larger air-gap
surface area compared with the flat axial-field machine, which helps to increase the torque,
in [107] a tapered AMM stator as shown in Fig. 2.27 was built by using the same method
as illustrated in [8]. The experimental results of the prototype showed a moderate efficiency
(~90 % at 7,000 /min).

Although axial-flux topology can ease the slotting difficulty to some extent, the disad-
vantages of this topology with AMM cores cannot be overlooked. For example, the low
core losses of the AMM at high frequency are not fully taken use of and the low saturation
flux density of the AMM is not easy to compensate, because the axial-flux motors generally
run at a relatively low speed due to their mechanical strength limitation. Even though the
slotting requirement can be eased or avoided, other manufacture process is still necessary.
Due to high hardness and brittleness of the AMM, the difficulty in prototyping remains.

30



2.4 State-of-the-art of AMM electrical machines

(@ (b) ©
Figure 2.27: Tape-wound tapered AMM stator [107]. (a) Wound tapered AMM core. (b) After waterjet cut.
(c) With windings.

2.4.2 Radial-flux AMM electrical machines

As for the radial-flux AMM electrical machines, the slotting becomes more difficult. In
order to avoid slotting process, a stator which has a plurality of segments and each segment
includes a plurality of layers of AMM strips was proposed in [108]. A similar structure
with a different manufacturing method for the ‘U’ type modular cores used for linear ma-
chines was also proposed in [O6]. In [114] a stator with separate AMM yoke and teeth was
proposed. The yoke used helical AMM ribbon whereas the teeth used straight ribbon. Man-
ufacturing method of the helical ribbon was introduced in [115]. Even though many struc-
tures have been proposed, experimental studies on the prototypes are unsufficient.

Despite of the slotting difficulty, some radial-flux prototypes made of the AMM cores have
been built as shown in Fig. 2.28, including PM synchronous motors, induction motors and
switched reluctance motors [116]-[125], [O1], [O9]. Their performances were evaluated
and it was proved that the core losses of the AMM motors were reduced.

(@ (b)

Figure 2.28: Radial-flux AMM stator cores. (a) Modular AMM stator core for an interior PM motor [122].
(b) AMM core for an induction motor [125].
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In [122] modular AMM stator cores were applied due to the dimension limitation of the
AMM ribbons. It was observed that a prototype made from AMM stator was 31 % smaller
in volume and 42 % lighter in weight than the baseline motor, which used conventional
silicon iron, while the steady-state temperature rise at rated working condition was kept
more or less unchanged. Moreover, it was reported that by using the AMM for a SRM, the
efficiency of the prototype was improved by 6 % and reached 95.1 % at a speed of
8,500 /min with an output power of 2.4 kW [116]. In [121] an IPM synchronous motor
employing the AMM stator core was tested and the test results illustrated that the AMM
stator core can reduce the motor core losses by about 50 %. However, the experimental
core losses were much higher than the finite element analysis (FEA) losses. The authors
mentioned that this increase was highly likely due to the fact that the iron loss characteris-
tics of the AMM were deteriorated by the mechanical stress during the core manufacture
process.

Higher experimental core losses than those of FEA were observed not only in [121], but
also in [107]. In [107] the experimental results of the prototype showed only a moderate
efficiency (~90 % at 7,000 /min). In order to apply the AWJ method, the toroidal core must
be strongly formed. The AMM core was degraded due to the stress caused by the strongly
forming.

In [113] the core losses of the AMM cores were measured. It was found that the core losses
at 400 Hz and 1 T of the wound core as shown in Fig. 2.25(b) were about 15 W/kg, while
the core losses of the stratified core shown in Fig. 2.26(a) at this condition were only about
10 W/kg. After the heat treatment of the stratified core, the core losses were reduced to
about 4 W/kg. Even though the stratified core after heat treatment has much lower core
losses than the aforementioned cores, its losses were still much higher than those provided
by the AMM ribbon manufacturer. Based on the manufacturer, at 1 T and 400 Hz, the core
losses of the AMM are lower than 2 W/kg, and about 2.5 W/kg is observed in our meas-
urement with an inside magnetic field annealed AMM core.

The AMM cores after mechanical process were degraded and the core losses were 7.5 times
higher after the AMM core was manufactured as reported in [113]. When this core is ap-
plied to a demonstrator motor, higher core losses and lower efficiency will be obtained. By
taking the slotting difficulty and the degradation of the AMM into consideration, the ad-
vantage and the attractiveness of the AMM motors are dramatically reduced.

The disadvantages of the AMM are summarized as follow. Firstly, because of relatively
low saturation flux density, the torque and the overload performances of the AMM electri-
cal machines are reduced. Secondly, the magnetic properties of the AMMs are easily in-
fluenced by the mechanical processes, especially the mechanical stress. Generally, higher
mechanical stress leads to higher core losses. Thirdly, the thickness of the AMM ribbon is

32



2.5 Proposed high-speed AMM PM rotor

very small which is only 0.023 mm. This reduces the stacking factor of the core. Moreover,
small thickness requires a high precise punching die. Fourthly, the high hardness of the
AMM will abrase and reduce the lifetime of the punching die. Fifthly, in order to release
the internal stress in the AMM, annealing treatment is recommended. After annealing treat-
ment the AMM becomes brittle, which increases the difficulty of the slotting. The high-
efficiency punching method which is commonly applied for the conventional silicon steels
is no applicable for the AMM at the moment.

2.5 Proposed high-speed AMM PM rotor

Since the AMM has higher mechanical strength and much lower iron losses than the con-
ventional silicon steels, it is benefitial for the high-speed IPM rotors. In order to eliminate
sleeves, Dr. Markus Schiefer proposed to use the AMM for a high-speed IPM rotor and he
suggested to put the PM in the middle of the shaft. But the magnetization direction of the
PM and the material of the shaft were not decided. After analyzing the performance of the
proposed rotor and compared it with some other rotor types in [O5], I proposed a detail
structure as presented in Fig. 2.29. The studied rotor consists of three components: an
AMM rotor core, a PM, and a ferromagnetic hollow shaft.

In order to avoid high magnetic resistance of the main flux path, ferromagnetic shaft is
required. To avoid the influence of flux leakages at the ends of the shaft, the ends should
be non-ferromagnetic. Hence, a welded shaft made from two different materials is required.

By inserting the PM into the rotor center, ideally there is no additional stress on the rotor
core from the PM. Moreover, since a rectangular PM is used, the manufacture and assembly
of the PM are simple, and the pole-pitch factor is high. In order to strengthen the rotor, the
gaps between the three components of the rotor will be filled with high-strength adhesive.
The gaps between them lead to a slightly larger equivalent air-gap length and they have a
small influence on the performance of the motor based on the analysis.

Due to relatively low saturation flux density of the AMM, the AMM rotor flux leakage is
lower than the rotor made from silicon iron. For the proposed rotor structure, because its
diameter is small due to mechanical strength limitation, the cutting cost and time can be
dramatically reduced. This helps for the mass production. By using the proposed rotor
structure and AMM for the rotor core, not only the sleeve can be avoided, but also the
performances of the high-speed motor can be improved, such as better flux-weakening
ability, higher efficiency and lower rotor temperature rise.

The disadvantages of the proposed high-speed rotor made from AMM are stated as follows.
Firstly, the magnetic properties of the AMM are easily influenced by mechanical processes
and temperature. Secondly, the thickness of the AMM ribbon is very small which is only
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2 High-speed PM motors and AMM electrical machines

0.023 mm. This reduces the stacking factor of the core. Thirdly, due to relatively low sat-
uration flux density of the AMM, the shaft loss at a high speed with high load is high.

Non-magnetic
steel

Hollow shaft

Magnetic
steel C45

Amorphous
core

Magnet

Figure 2.29: Proposed high-speed IPM rotor structure.

As regards the proposed high-speed IPM rotor, due to its small volume, the PM usage is
smaller than the SPM rotor. Although a special shaft made of different materials are in
need, currently, friction welding technology is feasible and the cost is also comparable with
a normal shaft. The price of the AMM is also comparable with the commonly used silicon
steel and is cheaper than that of the low losses silicon steel, for example 10JNEX900. The
most expensive part of the rotor is the cutting cost of the rotor core. However, due to a
small cutting area of the high-speed rotor core, this cost is also acceptable. Moreover, be-
cause this motor has a high power density and a much small volume, which are more im-
portant than the cost in some specific application, such as turbomolecular pump, the man-
ufacturing cost of the rotor is not a major problem. It is promising for a wide range of
applications.
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3  Experimental characterization of AMM

To better utilize the AMM and ensure the success of the design, the properties of the AMM
are experimentally studied in this chapter. Since the electromagnetic properties of the
AMMs are easily affected by the stacking factor, annealing and temperature, their influ-
ences are also studied in this chapter. In addition, according to the literature review in the
Chapter 2, the AMM cores are usually applied for the stator cores of the machines to de-
crease the core losses. However, the high yield strength of the AMM lacks attention. As it
is one of the most important properties to ensure the proposed rotor to successfully run at
high speeds, the yield strength of the AMM is tested as well. In addition, the properties of
some other electric steels, such as 10JNEX900, M235-35A, M330-35A, M330-50A and
Vacodur49, are tested for a comparison. Moreover, the measured data in this chapter can
extend the available database for the machine designers.

3.1 Measurement of electromagnetic properties

3.1.1 Measurement principle

The structure of the measurement system for measuring electromagnetic properties of elec-
tric steels is shown in Fig. 3.1. In this figure a toroidal specimen is tested. This system is
also applicable for Epstein frame test. The size of the toroidal specimen used in the test is
based on the norm DIN IEC 60404-6. The outer diameter is 55 mm; the inner diameter is
45 mm and the height is 20 mm as presented in Fig. 3.2. All the toroidal AMM cores tested
are cut by the wire electrical discharge machining (WEDM) method. As it can be seen in
Fig. 3.1, the toroidal specimen is wound with two sets of windings. The primary winding
is excited with AC current i1, which is generated by a linear power amplifier. Then, voltage
uz is induced in the secondary winding. In order to ensure the flux variation inside the
toroidal core is sinusoidal, the voltage u2 is controlled to be sinusoidal by regulating the
primary voltage u1. The regulating variable of the primary voltage u1 is obtained by com-
paring the secondary voltage u> with a sinusoidal reference. Due to flux leakage, the core
magnetization and resistance loss, the primary current 71 and voltage w1 are not sinusoidal.
Typical primary current and secondary voltage waveforms are shown in Fig. 3.3. Consid-
ering the magnetic field in the ring specimen is homogeneous, the B-H curve and the core
losses can be calculated by using i1, u2, and the parameters of the toroidal specimen. More
details about the realization of the measurement system can be found in [126].
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Figure 3.1: Structure of the measurement system for electromagnetic properties.

Figure 3.2: Toroidal core used for electromagnetic property measurement.
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Figure 3.3: Typical primary current and secondary voltage waveforms when the frequency is 1 kHz.
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3.1 Measurement of electromagnetic properties

Based on the Ampére’s law, the magnetic field strength can be calculated by

_ Nlil
!

e

H 3.1)

where H is the magnetic field strength; Ni is the number of turns of primary winding; i1 is
the current in the primary winding and /e is the equivalent length of the magnetic path of

the toroidal specimen.

Because the circumference of the toroidal core varies with the radius, the magnetic field
strengths of different radii are different. Then, an equivalent length /. is adopted and it is
expressed as [127]

(3.2)

where ra and ri are the outer and inner radius of the ring specimen, respectively.

The magnetic flux density B is calculated by the induced voltage u2, the number of turns
of the secondary winding N2 and the effective cross area of the specimen Ae as expressions
of (3.3) to (3.5) [127].
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where Acore and keore are the thickness and the stacking factor of the toroidal specimen, re-

spectively.
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The core losses of the toroidal specimen can be calculated by using the secondary voltage
through

P, :lJ‘ Nluz(t)ll(t)dt (3.6)
Ter N,

where T is the sampling time.

3.1.2 Measurement results

The electromagnetic properties of the AMM core 2605SA1 after inside magnetic field an-
nealing process are measured. In order to evaluate the performance of the AMM core, a
high-silicon steel 10JNEX900 (6.5% Silicon) and three widely used conventional electric
steels named M235-35A, M330-35A and M330-50A and a high saturation flux density
Cobalt-based steel named Vacodur 49 are also measured and compared with the AMM.
M235-35A means the thickness of this steel is 0.35 mm and the typical iron loss of this
steel at 50 Hz and 1.5 T is 2.35 W. The compositions of the Vacodur 49 are 49% Cobalt,
2% Vanadium and the rest is Iron. The thickness of the AMM strip is about 0.023 mm,
while the thickness of the 10JNEX900 and Vacodur 49 are 0.1 mm and 0.35 mm, respec-
tively.

Due to power limitation of the measurement system in our institute, the tested maximum
magnetic field strength is about 3000 A/m. The tested B-H loops, the commutation curves
and the core losses of these materials are compared in Fig. 3.4 to Fig. 3.6. Because the
magnetization current is not seperated from the primary current 71, the calculated magnetic
field strength presented in Fig. 3.4 is slightly higher than the real value. The areas of the
B-H loops as shown in Fig. 3.4 consist of not only the hysteresis loss but also the eddy
current loss. Fig. 3.4 shows that the high-silicon steel 10JNEX900 has the lowest flux den-
sity among the tested cores when the magnetic field strength is lower than 3000 A/m.
AMM 2605SA1 has the narrowest B-H loops. Cobalt steel Vacodur 49 has the highest flux
density when the magnetic field strength is 1000 A/m. The magnetization abilities of the
three widely applied silicon steels are silimar. Because M330-50A has larger thickness than
the other two steels, it has larger B-H areas than the others due to higher eddy current loss.
Because M330-35A has higher iron loss than M235-35A, the B-H areas of the former are
larger than the later. The superior of the AMM 2605SA1 over the other materials is clear
when the magnetic field strength is lower than 3,000 A/m based on the tested results.
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Figure 3.4: B-H loops at 1000 Hz. (a) AMM 2605SAl. (b) 10JNEX900. (c) M235-35A. (d) M330-35A.

(e) M330-50A. (f) Vacodur 49.

The comparison of the commutation curves of the six cores is shown in Fig. 3.5. The com-
mutation curves are obtained by connecting the peak points of the B-H loops of different
frequencies and peak flux densities. It clearly shows that the magnetization abilities of
2605SA1 and 10JNEX900 are frequency-independent, whereas the magnetization abilities
of the other materials decreases significantly when the frequency increases. This is mainly
because the eddy current losses of the steels with larger thickness increase significantly
when the frequency increases. For example, M330-35A and M330-50A are the same ma-
terial with different thickness. At low frequencies, the commutation curves of the two cores
are similar. However, when the frequency increases, the magnetic flux density of the
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M330-50A decreases faster than the M330-35A due to a larger thickness. Fig. 3.5 also
shows that the magnetic flux density of the 10JNEX900 increases faster than the other
materials when the magnetic field strength increases from the beginning. This means the

10JNEX900 has the highest maximum relative permeability.

=16 1.6
R= -8
212 212
5 g
o <
%08 %08
= =
.2 2
‘a;) 0.4 2605SA1 ‘a‘é 0.4 10JNEX900
) )
< <
. A S S S . A S S S
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Magnetic field strength in A/m Magnetic field strength in A/m
(@) (b)
~ 1.6 = 1.6
R= R=i
212t 212t
= <]
Q Q
o <
£0.8 £0.8
= =
2 .2
Q 0.4} M235-35A § 0.4} M330-35A
Y 2 \g
N S S S - S S S S
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Magnetic field strength in A/m Magnetic field strength in A/m
(©) (d)
~ 1.6 = 1.6
R= R=i
212} 212} ]
= =
Q Q
o <
£0.8 £0.8 1
= =
2 .2
Q 0.4} M330-50A § 0.4} Vacodur 49 1
El SO o
= 0 . i i L L = 0 . I I i ] i
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Magnetic field strength in A/m Magnetic field strength in A/m
(© ®
= 50 Hz 400 Hz —*—— 1500 Hz
100 Hz 750 Hz —*—— 2000 Hz
200 Hz < 1000 Hz 3000 Hz
Figure 3.5: Commutation curves. (a) AMM 2605SA1. (b) 10JNEX900. (c¢) M235-35A. (d) M330-35A.
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By comparing the commutation curves as presented in Fig. 3.5 of the materials with a same
thickness, M235-35A, M330-35A and Vacodur 49, it can be found that the differences of
the commutation curves between low and high frequencies are similar. It can be concluded
that when the eddy current loss of the core is dominant, the magnetization ability of the
core is frequency-dependent. In other words, when the commutation curves are frequency-
dependent, the eddy current loss is high. This conclusion is useful for the later study of the
influence of the stacking factor on the properties of the AMM cores.

The core losses of all the tested steels are compared in Fig. 3.6. AMM has the lowest core
losses; the second lowest is 10JNEX900; the next are Vacodur 49 and M235-35A, followed
by M330-35A and M330-50A. The ranking of the materials regarding losses can be more
clearly seen according to the B-H loops as presented in Fig. 3.4. The core losses of
2605SA1, 10JNEX900, M235-35A, M330-35A, M330-50A, and Vacodur 49 at 1,000 Hz
and 1.2 T are 8.98 W, 41.29 W, 155.89 W, 175.08 W, 257.59 W, 110.31 W, respectively.

Since the tested magnetic field strength is lower than 3,000 A/m, in order to show the flux
densities of these materials at the higher magnetic field strength region, the magnetization
curves provided by the manufacturers of these electrical steels are presented in Fig. 3.7.
Based on the test results and the data provided by the manufacturers, it can be concluded
that the AMM has the lowest core losses and moderate saturation flux density.
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Figure 3.7: Typical B-H curves at 50 Hz provided by the manufacturers.

3.2 AMM core degradation

According to the experimental results of the AMM cores, it is found that the performances
of different AMM cores are much different. Especially, the core losses of the degraded
AMM core are a few times the AMM ribbon. Hence, in order to better utilize the AMM
cores and avoid serious degradation, a thorough study of the core degradation problem is
necessary. In this section, the influences of the stacking factor, the external stress from the
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3.2 AMM core degradation

housing, the working temperature and the annealing treatment on the AMM cores are stud-
ied.

3.2.1 Non-annealed AMM ribbon

Firstly, in order to avoid the influence of the aforementioned factors, the non-annealed raw
AMM ribbon without any further process such as stacking, is measured by using Epstein
method. A cast width of 30 mm as is shown in Fig. 3.8(a) is used to avoid the influence of
the cutting on the edge of the ribbon. The Epstein frame is shown in Fig. 3.8(b). The meas-
ured results are presented in Fig. 3.9. Fig. 3.9(a) shows that the area of the B-H loop at a
higher frequency is larger because of higher core losses. By comparing Fig. 3.9(a) with
Fig. 3.4(a) it can be found that the saturation flux density of the non-annealed AMM ribbon
is higher than that of the inside magnetic field annealed AMM core. For example, the flux
density of the non-annealed AMM ribbon reaches 1.5 T when the magnetic field strength
is about 1,500 A/m, while the annealed core reaches 1.47 T at about 2,000 A/m. The core
loss of the raw AMM ribbon at 1,000 kHz and 1.2 T is about 10.13 W. It is about 13 %
higher than the inside magnetic field annealed AMM core presented in section 3.1.2.

(@ (b)

Figure 3.8: Test of the non-annealed AMM robbon by using Epstein frame method. (a) AMM ribbon.
(b) Epstrein frame.

To evaluate the measurement accuracy, the test losses (abbreviation as “E”) are compared
with the data from the AMM ribbon manufacturer Hitachi (abbreviation as “H”) as pre-
sented in Fig. 3.10. It is easy to find that the tested data has a very high accuracy and it can
be used as a benchmark for the later influence study. For example, the tested loss at
1,000 Hz and 1.2 T is 10.13 W while the loss from Hitachi is about 9.76 W, which is about
3.7 % lower. From an engineering view this error is acceptable and the accuracy of the
tested data is adequate for the design of the electrical machines.
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Figure 3.10: Epstein frame test results (E) compared with Hitachi data (H).

3.2.2 Influence of the stacking factor

As the thickness of the 2605SA1 ribbon is only 23 um, the stacking factor of this material
is much lower than that of the silicon irons (SIs). Generally, the stacking factor of the AMM
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3.2 AMM core degradation

cores is about 0.88 to 0.92, while the stacking factor of the SI core is about 0.95 to 0.98.
There are two kinds of glue used in making the AMM cores: one can strongly form the
cores while the other can weakly form the cores. Both strongly and weakly formed AMM
cores look like a solid component. However, the strongly formed core has a high stiffness
in laminated direction. The AMM layers of the strongly formed AMM core cannot be sep-
arated any more because of high adhesive force between the layers. The AMM layers of
the weakly formed core can be easily separated as can be seen in Fig. 3.11. Weakly formed
AMM core has a low stiffness in laminated direction. Because of high stress induced during
stacking and this stress cannot be released when it is strongly formed, the strongly formed
cores may have higher losses than the weakly formed cores.

Figure 3.11: Layers can be easily separated of the weakly formed AMM core even though it looks like a
solid component.

Four AMM cores cut by the same method (wire electrical discharge machinning) with the
same dimensions are tested. Two of them are strongly formed and the other two cores are
weakly formed. The four cores have different stacking factors. The stacking factors (SF)
of the two strongly formed cores are about 0.934 and 0.925 respectively, while the SFs of
the two weakly formed cores are about 0.929 and 0.905 respectively. The tested results of
them are shown in Fig. 3.12 and Fig. 3.13.

The measurement results illustrate that the commutation curves of them are similar; and
that the maximum relative permeabilities occur at about 0.2 T and are generally increased
when the stacking factor is decreased. When the stacking factor is higher, the magnetic
field strength needed to reach the same magnetic flux density is generally higher as shown
in Fig. 3.11(c). However, the core losses of these cores are much different. No matter the
cores are strongly formed or weakly formed, higher stacking factor will cause higher core
losses. Moreover, the strongly formed cores have higher core losses than the weakly
formed cores even though the stacking factor of the strongly formed core is lower than that
of the weakly formed core. For example, the core losses of the weakly formed core of SF
0.929 are about 83% of the strongly formed core of SF 0.925. Hence, it is better to avoid
strongly formed cores. This means that the core losses can be reduced by releasing the
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stacking stress of the core, for instance, by means of further heat-treatment. However, the
working temperature of the glue needs to be taken into consideration. Generally, the work-
ing temperature of the glue is lower than the heat-treating temperature. In order to obtain
low core losses, the stacking factor needs to be relatively low. For example, the core losses
of the weakly formed core of the SF 0.905 are only about 1.4 times of the non-annealed
AMM ribbon.
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Figure 3.12: Influences of the stacking factor on the magnetic properties of the AMM cores at 1,000 Hz.

(a) Commutation curves. (b) Relative permeability. (c) B-H loops. (d) Core losses.

The commutation curves of one strongly formed and one weakly formed AMM cores are
presented in Fig. 3.13. It shows that the magnetization abilities of both cores are frequency-
independent. In oterh words, the eddy current losses of both cores are not significantly
increased with frequency even though the total core losses are increased. This results from
the stable insulation of the AMM ribbon even though the insulation is very thin.
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Figure 3.13: Commutation curves of different stacking factors (a) SF = 0.929 weakly formed. (b) SF=0.934
strongly formed.

3.2.3 Influence of the external stress

To further study the influence of the stress, external stresses are added to the toroidal cores
by using auxiliary components as presented in Fig. 3.14. Force sensors are installed to
measure the stress value. Because the size of the force sensors used is small, the maximum
tested pressure is only 2 MPa. Both radial and axial stresses working on the strongly
formed core of the stacking factor of 0.934 are investigated and the results are illustrated
in Fig. 3.15. The experimental results show that both radial and axial pressures (RP and
AP) will cause the degradation of the AMM cores, including the decrease of the saturation
flux density and the increase of the core losses.

(b)

Figure 3.14: Methods to add mechanical stress to the cores. (a) Device to apply axial force. (b) Device to
apply radial force.
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Figure 3.15: Influences of the external stresses on the magnetic properties of the AMM cores at 1,000 Hz.

(a) Commutation curves. (b) Relative permeability. (c) Core losses.

The radial pressure has a greater influence on the decrease of the relative permeability,
whereas the axial pressure results in higher core losses. When the axial pressure is about
2 MPa, the core losses are increased by about 15%. Compared with the influence of the
stacking factor, the influence of the external stress at 2 MPa is smaller. The reason might
be that the axial pressure cannot cause further deformation, because the internal stress of
the core caused by stacking process is high and the core is very tight.

3.2.4 Influence of annealing treatment

It is well-known that annealing treatment can help to improve the performance of the
AMM. The annealing condition plays an important role in the magnetic properties of the
AMM core. In this dissertation, to find out the best annealing condition is not my research
focus since we are not able to conduct the annealing treatment in our institute. The aim of
this part is to show whether the annealed core is always better than the non-annealed core
or not.

The test results of four cores of non-annealed (NA), ordinary heat-treated (OA) and inside
magnetic field heat-treated (FA) AMM core are compared in Fig. 3.16. From Fig. 3.16 it
can be seen that after heat treatment, the maximum relative permeability is decreased,
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3.2 AMM core degradation

whereas the saturation flux density is increased. However, the core losses of the annealed
core may be higher than those of the non-annealed core. For example, as presented in
Fig. 3.16(c), when the magnetic flux density is higher than 1 T, the core losses of the ordi-
nary heat-treated core are higher than those of the non-annealed core even though the stack-
ing factor of the former is lower. As for the inside magnetic field annealed core of stacking
factor 0.921, the core losses are much higher than those of the non-annealed core. Because
the stacking factor of this annealed core is higher than that of the non-annealed core, it is
not clear whether the higher core losses are caused by the higher stacking factor or the
annealing treatment. By comparing the two cores of the same stacking factor of 0.897, it is
believed that inside magnetic field annealing can obtain a better performance.To summa-
rize, the experiment results show that annealing treatment may not dramatically improve
the performance of the AMM core. In addition, the AMM cores become brittle after heat
treatment. Therefore, it is necessary to keep these points in mind in the application of the
AMM cores.
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Figure 3.16: Influence of heat-treating on the magnetic properties of the AMM cores at 1,000 Hz. (a) Com-
mutation curves. (b) Relative permeability. (c) Core losses.
3.2.5 Influence of temperature

The AMM cores are not only sensitive to stress, but also very sensitive to the temperature.
Fig. 3.17 and Fig. 3.18 illustrate the properties of the heat-treated and non-heat-treated
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3 Experimental characterization of AMM

AMM cores as a function of the temperature, respectively. The influences of the tempera-
ture on both AMM cores are very similar. The magnetization abilities of the AMM cores
at high temperature are still frequency-independent. It can also be noticed that when the
temperature is increased, the saturation flux densities of the two cores are dramatically
decreased and the core losses are slightly reduced, whereas the maximum relative perme-
ability is increased. When the working temperature is increased from room temperature
(RT) to 150 °C, the reduction of the saturation flux density of the heat-treated core is about
9 % and 10 % for the non-heat-treated core; the core losses of the heat-treated core are
reduced by 13.3 %, while the non-heat-treated core are reduced by 6.1 %.

The core losses reduction at a high temperature might be mainly because the resistivity of
the AMM is increased when the temperature is increased. Meanwhile, the maximum rela-
tive permeability at 150 °C is almost twice that at room temperature for the heat-treated
core, while as regards the non-heat-treated core, this value is about 1.5 times.
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(a) Commutation curves. (b) Relative permeability. (c) Core losses.

3.2.6 Influence of temperature on M235-35A

Compared with the AMM cores, the silicon iron M235-35A has much stable properties
when the temperature is increased from RT to 150 °C as presented in Fig. 3.19. However,
its variation trend is different from the AMM cores. When the temperature is increased,
not only the saturation flux density and the core losses are slightly reduced, but also the
relative permeability of the core is reduced. When the temperature is increased, the mag-
netic field strength required to reach a specific flux density is higher. Because the resistivity
of the M235-35A increases when temperature increases, the eddy current loss decreases.
Hence, it is believed that the magnetization ability of the M235-35A decreases when tem-
perature increases. The core losses of M235-35A at 150 °C are about 5.6 % lower than
those at RT, which is comparable with the non-heat-treated AMM core. The tested results
show that M235-35A has much lower relative permeability than the AMM cores.
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Figure 3.19: Influences of the temperature on the magnetic properties of the M235-35A at 1,000 Hz.

(a) Commutation curves. (b) B-H loops (c) Relative permeability. (d) Core losses.

3.2.7 Influence of temperature on 10JNEX900

The influence of the temperature on the magnetic properties of the core 10JNEX900 is
presented in Fig. 3.20. It is easy to find that the variation of the saturation flux density and
the relative permeability of this core are similar to the the conventional silicon iron M235-
35A when the temperature is increased. The magnetic field strength required to reach a
specific flux density at a higher temperature is higher. However, the core losses at a higher
temperature are higher than those at a lower temperature, which is completely different
from the AMM and the M235-35A cores. When the temperature is increased from RT to
100 °C, the properites of the 10JNEX900 core change sharply. When the temperature is
increased from RT to 150 °C, the core losses of 10JNEX900 are increased by 24.7 %; and
the relative permeability is reduced by about 60 %. Because the resistivity of 10JNEX900
is not measured, it is not sure whether the eddy loss increases or the magnetization ability
decreases when the temperature increases.
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Figure 3.20: Influences of the temperature on the magnetic properties of the 10JNEX900 at 1,000 Hz.
(a) Commutation curves. (b) B-H loops (c) Relative permeability. (d) Core losses.

3.3 Mechanical properties measurement

Based on the data from the manufacturer, the yield strength of the AMM core is higher
than 700 MPa [128]. However, it is unclear whether heat treatment and mechanical ma-
chining will decrease the strength of the AMM cores or not. Hence, it is necessary to meas-
ure the mechanical properties of the AMM in order to ensure the success of the prototype.

The measurement specimen and device are shown in Fig. 3.21. The dimension of the spec-
imen is based on the norm ASTM ES8 and the dimension is shown in Fig. 3.21(a). The
specimens are cut by WEDM method. In order to measure the deformation under the tensile
stress, clip-on extensometers consist of a titanium alloy or copper-beryllium frame are used
as shown in Fig. 3.21. The extensometer is equipped with a Wheatstone bridge of 350 Q
strain gauges. The introduction of the test device and the design of the extensometer are
introduced in [129] and [130]. Because the AMM ribbon after heat treatment is brittle, the
clip-on extensometers may crack the sample before or during the measurement, which
causes failure of the test. Hence, the specimens consisting of 3-layer are tested. However,
for multi-layer test, because the strains of each layer are not identical, the stresses of them
are also different. The sample might be cracked layer by layer and the tested strength is
much lower than the real strength of each layer. The test results of four specimens are
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3 Experimental characterization of AMM

shown in Fig. 3.22. Because the AMMs are brittle, they do not have non-linear elastic re-
gion, as can be seen from Fig. 3.22. The ultimate tensile strength (UTS) is tested instead
of yield tensile strength.

99

30.03 ’_L_‘ 30.03

Figure 3.21: Tensile strength measurement. (a) Dimension of the AMM Specimen. (b) AMM Specimen.
(c) Measurement device.

The tested results show that the UTS of the single sheet can be higher than 1,000 MPa. The
mulit-layer samples have a lower UTS than the single sheet. The UTS of the annealed 3-
layer samples are higher than 600 MPa. Based on the tested results and the data from the
manufacturer, it is believed that the yield strength of the AMM ribbon is higher than
700 MPa. However, it is worth to point out that any defect in the AMM core may signifi-
cantly reduce the strength of the core. The prototype may not have the same strength as the
tested specimens due to the impacts of the machining and assambly.
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Figure 3.22: Tensile strength measurement results.
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Figure 3.23: Tensile strength measurement results of M235-35A, M330-50A and 10JNEX900.

In this dissertation, WEDM is used to cut the toroidal cores, the ASTM E8 specimens and
the rotor cores. The electromagnetic and mechanical tests have proved the feasibility of
this cutting method. However, if another cutting technique is used for this high-speed rotor
core, the mechanical properties must be tested again in order to evaluate the influence of
this method on the tensile strength of the core. The strength of the silicon steels are also
tested as presented in Fig. 3.23. The tested yield strengths of the M235-35A, M330-50A
and 10JNEX900 are about 450 MPa, 350 MPa and 570 MPa, respectively.

3.4 Summary of the material properties

The properties of the materials tested are summarized and compared in Table. 3.1. It can
be seen that the AMM has not only the highest tensile strength but also the lowest core
losses. To ensure that the rotor has high mechanical strength and to minimize the rotor core
losses, the best choice of the rotor core material is AMM. The second choice is I0JNEX900
in terms of yield strength and core losses. However, although the core losses of
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3 Experimental characterization of AMM

10JNEX900 are much lower and the strength is higher than the other crystalline steels, its
flux density is relatively low. More importantly, the 10JNEX900 also faces with slotting
difficulty. This material is brittle as well. The shearing and laser edges of this material are
shown in Fig. 3.24. It clearly shows that the shearing edges are uneven. The cutting result
of laser is unsatisfactory, either. Hence, AMM is the best choice in this high-speed appli-

catioin.
. Resistivity Yield . Flux density Loss at
Material 0 O strength in at 1 kHz, 1 l-(HZ, 12T
MPa 2kA/min T in W/kg
2605SA1 130 >700 1.46 8.98
10JNEX900 82 570 1.30 41.29
M235-35A 59 450 1.38 155.89
M330-35A 42 350 1.45 175.08
M330-50A 42 350 1.47 257.59
Vocadur 49 40 390 2.17 110.31
Table 3.1: Eletromagnetic and mechanical properties of the electrical steels.

(@) (b)
Figure 3.24: Cutting results of the 10JNEX900. (a) Shearing. (b) Laser.
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4  Multiphysics design of the proposed
IPM motor

To study the feasibility of the proposed application of the AMM cores, a demonstrator
motor is designed in this chapter. The electromagnetic, mechanical and thermal behaviors
of the demonstrator motor will be analyzed. Moreover, in order to clearly show the ad-
vantages of using the AMM rotor core for the proposed interior PM rotor structure, the
performance of a rotor made from M330-35A is analyzed and compared with the AMM
rotor. Furthermore, a surface-mounted PM rotor is also designed for a comparison study.

4.1 Stator design

4.1.1 Slot/pole number combinations

Considering the switching frequency of the power electronic module, it is better to mini-
mize the fundamental frequency of the motor. Hence, the pole-pairs number of 1 is chosen
to reach a high speed of 125,000 /min. In this case, the maximum fundamental frequency
of the motor is equal to 2,083 Hz.

Generally, fractional-slot concentrated-winding (FSCW) is attractive for low-speed mo-
tors, since this winding is single-tooth type and it can help to reduce the end-length of the
winding which results in a compact size of the motor. A possible slot/pole combination of
this high-speed application is 3-slots/2-poles as presented in Fig. 4.1. However, because
the armature reaction magnetic field in the air gap of this winding consists of abundant
spacial field harmonics, the rotor losses caused by the field harmonics are high and may
result in the rotor PM demagnetization. In addition, since the windings are concentrated in
a small number of stator slots, the heat dissipation condition of the conductor in the middle
position of the slot is critical. It is necessary to reduce the electric loading and this results
in reduced torque. Moreover, due to unsymmetrical flux distribution of FSCW as shown in
Fig. 4.1, the rotor suffers from high unbalancing forces. This will aggravate the burden of
bearings and damage them. In views of noise, vibration and harshness, the FSCW is also
very bad. Hence, it will not be considered in this work.

Compared with FSCW motors, the integral-slot distributed-winding (ISDW) motors con-
sist of much lower spacial field harmonics. This is beneficial for reducing the rotor iron
and PM losses. Furthermore, the ISDW motors can avoid unbalancing forces problem. The
structure and the noload flux distribution of a 12-slot/2-pole ISDW motor is shown in
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4 Multiphysics design of the proposed IPM motor

Fig. 4.2. However, because ISDWs are overlapped, they have long end-windings, which
not only occupy large axial space but also cause high copper losses. Since the performance
of the high-speed rotor is more important in high-speed PM motors, in this work, ISDW
configuration is used.

Figure 4.1: Structure and noload flux distribution of a 3-slot/2-pole PM motor.

Figure 4.2: Structure and noload flux distribution of a 12-slot/2-pole PM motor.

4.1.2 Slot and winding types

The torque of a PM synchronous motor is proportional to the magnetic and the electric
loadings. These two loadings are limited by the heat dissipation ability of the motor. Be-
cause the current density of the winding is limited by the heat dissipation ability of coil, in
order to increase the electric loading, a large area of the stator slots are in need. However,
bigger slot will reduce the stator core region which is the main path of the flux. The mag-
netic loading will be decreased due to core saturation when the electric loading is increased.
Hence, to fully take the advantage of the stator volume, a high copper filling factor of the
slot is the design target. Generally, parallel tooth is more frequently adopted in the electri-
cal machines of large volume. Since the copper filling factor of the parallel-tooth stator
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4.1 Stator design

configured with flat wire is low, round wire is better as shown in Fig. 4.3(a). Compared
with the parallel tooth, parallel slot configured with flat wire as shown in Fig. 4.3(b) gen-
erally has a higher copper filling factor. Higher electric loading and shorter end-winding
can be attained by using the winding technologies of Dr. Markus Schiefer’s company
SciMo — Elektrische Hochleistungsantriebe GmbH. Dr. Markus Schifer highly recom-
moned this type of stator. Hence, these two types of stators are considered.

(b)

Figure 4.3: Stator configurations. (a) Parallel tooth with round coils. (b) Parallel slot with flat coils.

Generally, a larger cross sectional area of conductor is better for reducing the copper DC
Joule losses (ohmic losses). However, because the high-speed motors operate at high fre-
quency, the AC copper losses might be dominant and a bigger conductor might bring a
higher loss. Hence, the selection of the windings for the high-speed motor needs to consider
the AC copper losses. There are three more types of copper losses besides DC Joule losses
in the conductors, including the eddy current losses caused by the slot flux leakage and the
additional losses caused by the skin effect and the proximity effect. Their principles and
effects are illustrated in Fig. 4.4. The eddy current loss and the loss due to skin effect are
very high at a high frequency. To reduce these two types of losses, the size of the conductor
needs to be limited. As for the loss due to the proximity effect, it can be mitigated by
reducing the electric loading of one slot.

+ + .+ + +
+ o+ +
(a) ©
Figure 4.4: Current distribution in the conductors of one slot. (a) Eddy current caused by magnetic field.

(b) Skin effect. (¢) Proximity effect.
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4 Multiphysics design of the proposed IPM motor

To avoid high loss due to the skin effect at high speeds, the diameter of the conductors
need to be limited. The penetration depth d of a conductor is expresses as [131]

Yo,
d=|—£— 4.1
ﬂfﬂoﬂr ( )

where p is the resistivity of the conductor in Q-m; fis the frequency in Hz; u: is the relative
magnetic permeability of the conductor; uois a physical constant which is commonly called
the permeability of vacuum and it is 47107 H/m.

At the maximum speed of 125,000 /min, the frequency is 2083 Hz. The penetration depth
of the copper winding is about 1.43 mm. It means the diameter of the copper conductor
must be smaller than 2.86 mm. In this work, a smaller diameter of 1.25 mm is selected in
order to increase the copper filling factor. As shown in Fig. 4.3(a), a multi-strand wire of
three-strands parallelly connected is used. The number of turns of the two stators shown in
Fig. 4.3 is 8 in each slot. In Fig. 4.3(b) a flat wire of 1.12 mm thick and 2.8 mm wide is
used. When the phase current is 60 A, the current distributions on the windings are shown
in Fig. 4.5. Although the cross sectional area of the round wires is higher than that of the
flat wire (4.32 mm? of multi-strand round wire and 3.14 mm? of flat wire), the maximum
current density on the round wires is higher than that of the flat wires because high eddy
current is induced in the conductors at a high frequency. Since the Joule losses is propor-
tional to the square of the current density, the maximum Joule losses density of the round
wires is higher than that of the flat wire. This may bring heat dissipation problem. Moreo-
ver, the torque of the parallel tooth motor is only 1.35 Nm while the torque of the motor
using parallel slot is 1.45 Nm when they have the same electric loading and rotor. The
torque of the motor with parallel slot is about 7.4% higher because of relatively low mag-
netic saturation of the stator core.
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Figure 4.5: Current densities of the windings. (a) Parallel tooth with round conductors. (b) Parallel slot with

flat conductors.
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It can be noticed from Fig. 4.5 that the current distribution of the conductors in one slot is
uneven. The conductors close to the air gap have much higher current densities than those
of the bottom conductors at the same slot. Based on Fig. 4.4 it can be known that this
problem is mainly caused by the slot flux leakage. For instance, for the parallel slot with
flat wire configuration, when the phase current is positive, the flux line of the armature
field slot leakage is shown in Fig. 4.6(a). To avoid the influence from the PM field, the
remanence of the PM is set to zero. Since the phase current is sinusoidal, when the phase
current reaches its peak value, the flux density distribution in the conductors’s regions is
shown in Fig. 4.6(Db). It can be found that the flux density of the conductor 1 is much higher
than that of the other conductors as the flux line pass through the conductor 1 is generated
by the currents of conductors 2 to 8. Based on Lenz’s law, the eddy currents will be induced
in the conductors. The maximum eddy current occurs at the moment of the phase current
is zero. When the phase current is zero and it is increasing, the current distribution is shown
in Fig. 4.6(c). It can be seen that the eddy current caused by slot flux leakage is much higher
than the phase current by comparing the current densities of conductor 1 and conductor 8.
To reduce the eddy current losses of the windings, it is necessary to use a wider slot and
thinner flat wire. In addition, when the electric loading of one slot is reduced, this loss can
also be decreased.
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Figure 4.6: Eddy currents caused by armature reaction magnetic field leakage. (a) Flux leakage. (b) Flux

density distribution. (c) Current distribution.
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4 Multiphysics design of the proposed IPM motor

4.1.2.1 Multi-strand round wires

In order to reduce the eddy current losses and mitigate the skin effect, multi-strand wires
with a smaller diameter are more commonly used. Based on the previous analysis, the par-
allel tooth stator is employed when the round wires are used. Because the width of the slot
close to the air gap is very small, the eddy current losses of the conductors which are close
to the air gap are much higher than those of the condutors at the bottom. Hence, the slot
area close to the slot opening is unusable.

Moreover, the flux linkage of the high-speed motor is generally low in order to avoid over-
voltage at a high speed. This requires less number of turns of the windings. A small differ-
ence of the strands such as end-length and the position in the slot may cause much different
induced voltage at a high speed. For the multi-strand round wires, the difference of the
induced voltages among strands will cause loop current within the phase. This aggravates
the copper losses. To calculate the influence of the multi-strand wires, the strands at one
slot are connected as shown in Fig. 4.7. Then the strand currents and the Joule losses of
each conductor of three different distributions as shown in Fig. 4.8 are calculated and
drawn in Fig. 4.9.
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Figure 4.7: Connection of a 3-strand wire in one slot.

In Fig. 4.8 three cases are compared and the difference of end-length of the windings is not
considered. They are ideal case which has small current difference among the strands; nor-
mal case which is more similar to a real motor and the worst case which has maximum
current difference among strands. The corresponding strand currents of these cases are
shown in the left column of Fig. 4.9. It clearly shows that the currents in the strands of the
ideal case and the normal case are very similar, while the currents of the worst case are
much different in both the amplitude and the phase angle. The losses of the ideal case and
the normal case are comparable. Even though the maximum current in the strands of the
worst case is higher than twice that of the other two cases, the Joule losses of the worst
case is still not much higher as it can be seen in the right column of Fig. 4.9. It is because
the eddy current caused by the slot leakage is dominant.
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(@ (b)

Figure 4.8: Three different distributions of multi-strand wires (each color represents a strand) in one slot.
(a) Ideal distribution. (b) Normal distribution. (c) Worst case.

Based on the previous analysis it is known that the conductor which is close to the slot
opening has highest current density. In order to reduce the total losses, these arecas which
are close to the slot opening are not used. When a smaller size of wire consisting of 5-
strand is used, and the distribution of the conductors as is shown in Fig. 4.10(a), the Joule
losses of the strands are presented in Fig. 4.10(b). It shows that the Joule losses difference
among the conductors of different positions is reduced. This is because the slot leakage
flux density decreases along the radial direction of the slot.

The comparison of the Joule losses of the wires consisting of 3-strand and 5-strand respec-
tively is presented in Table 4.1. In Table 4.1 the nominal current density is equal to the
phase RMS current divided by the wire area. Although the nominal current density of the
big wire is lower than that of the small wire consisting of higher number of strands, the
Joule losses of the big wire are still higher than those of the small wire as aformentioned.
It is because the eddy current losses in the conductors which are close to the slot opening
are dominant.
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Figure 4.9: Wire currents and wire Joule losses of the multi-strand wires corresponding to differen wire

distributions. (a) Ideal distribution. (b) Normal distribution. (c) Worst case.

Although the compact windings as shown in Fig. 4.10 can dramatically reduce the Joule
losses, to realize such a high filling factor is challenging. The copper filling factor of the
stator in this case is higher than 0.54, even though part of the slot is not used. Moreover,
the overload performance is reduced due to the narrow tooth. For example, when the mag-
neto motive force of one slot is 700 A-RMS, the torque of the parallel tooth motor is only
1.88 Nm while the torque of the parallel slot motor is 2.44 Nm, which is about 30% higher.
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Figure 4.10: Conductors distribution and Joule losses of the stator using 5-strands wire. (a) Conductors dis-
tribution. (b) Joule losses of the conductors in one slot.
Winding type 3-strand 5-strand
Area of one strand in mm? 1.44 0.69
Total area of one phase in mm? 4.32 3.45
Nominal current density in A/mm? 15.05 18.84
Torque in Nm 1.47 1.46
Max. conductor losses density in W/cm? 139.40 24.40
Total Joule losses in one slot in W 31.74 14.47
Table 4.1: Joule losses comparison of 3-strand and 5-strand wires at 125,000 /min.

4.1.2.2 Flat wires

Different from the parallel tooth stator, the slot width of the parallel slot stator is constant.
Based on the analysis as presented in Fig. 4.6 it is known that the eddy current of the con-
ductors are induced by the currents of the other conductors in the same slot. Hence, even
though all the conductors are far away from the air gap, the one closest to the air gap still
has a high Joule loss. Hence, it is better to use a wide slot. However, this may decrease the
magnetic conductivity of the stator. By changing the number of turns of the coil in one slot,
the Joule losses of the conductor which is closest to the air gap may be reduced. However,
this improvement is limited. For example, when the number of turns of one slot is changed,
the maximum conductor losses and the total Joule losses of one slot are compared in Ta-
ble 4.2. It can be found that when the number of turns of one slot is equal to 8, the maximum
conductor losses is lowest and the total Joule losses of one slot is also low. However, a
smaller number of turns results in a lower back-EMF, and a higher phase current is required
to generate a specific torque. Because the current limitation of the power electronic module,
higher number of turns is preferred to fit the specifications of the PWM inverters.
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4 Multiphysics design of the proposed IPM motor

Number of turns per slot 6 8 10
Phase rms current in A 80 60 52
Torque in Nm 1.46 1.45 1.46
Max. conductor losses in W 7.53 6.85 6.99
Joule losses in one slot in W 22.80 23.50 29.03

Table 4.2: Joule losses comparison of different number of turns per slot.

4.1.2.3 Litz wires

To decrease the Joule losses of the conductors caused by the slot flux leakage, an effective
method is to apply litz wire. When a flat litz wire is used, the current density and the Joule
losses of the conductors in one slot are presented in Fig. 4.11. It shows that the difference
of the eddy current losses of the conductors of one turn distributed in different position is
very small. This menas the Joule losses caused by the slot leakage are significantly reduced.
However, although the litz wire is better than the flat wire in terms of the high-frequency
Joule losses, the copper filling factor of the litz wire is much lower than that of the solid
flat wire. This reduces the efficiency of the motor at a low speed and limits the overload
performance of the motor.

93 29%0 2
220
B T 0 08 1.6 24 32 4 48
TN\ ?..OQ — o
N Time in s «1074
() (b)
Figure 4.11: Current density distribution and Joule losses of the flat litz wire. (a) Conductors distribution.

(b) Joule losses of the conductors in one slot.

4.1.3 Slotless

In order to decrease the rotor losses, slotless stator is a good choice. However, besides the
manufacture difficulty of the slotless windings, the performance of the motor configured
with the slotless winding is also not competitive with the slotted motors in terms of torque
and power densities. Since the equivalent air-gap length of the slotless motor is much larger
than that of the slotted motor, the air-gap flux density is relatively low which results in a
low torque. Moreover, without the stator teeth to guide the flux line, the windings are di-
rectly exposed to the rotor PM field. This causes high eddy current losses in the windings.
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4.2 Rotor design

This problem becomes more serious at a high speed. The losses and the torque of the motors
equiped with slotted and slotless windings as shown in Fig. 4.12 are compared in Table 4.3.
It can be found that even though the current densities of the slotless windings are much
higher than that of the slotted winding, the torques of the slotless motors are much lower
than that of the slotted motor. Moreover, the losses of the slotless windings are much higher
than those of the slotted windings. Therefore, the slotted stator is better because of higher
torque and lower winding Joule losses.

(b)
Figure 4.12: Slotless motors. (a) Slotless 1. (b) Slotless 2.
Stator type Slotted | Slotless 1 | Slotless 2
Nominal current density in A/mm? 18.40 28 28
Torque in Nm 1.21 0.51 0.45
Copper losses* in W 249.96 1349.78 | 2981.33
Stator core losses in W 290.44 8.82 7.81
Rotor core losses in W 2.45 0.60 0.57
PM losses in W 2.60 0.05 0.07
Shaft losses in W 25.81 0.01 0.01
Total losses in W 571.26 1359.26 | 2989.79
*End-winding copper losses are not included.
Table 4.3: Performances comparison of slotted and slottless motors at 125,000 /min.

4.2 Rotor design

It is well-known that the load ability of a motor generally depends on the heat dissipation
ability. However, for the high-speed motors, besides the thermal limitation, the torque is
also subjected to the diameter and the axial length of the rotor. The diameter of the rotor is
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4 Multiphysics design of the proposed IPM motor

determined by the mechanical stress on the rotor and the axial length of the rotor is limited
by the natural frequencies of the rotor. In order to protect the rotor from centrifugal force,
the mechanical stress on the rotor must be lower than the yield strength of the rotor core or
the sleeve materials. To ensure the natural frequencies of the rotor are higher than the fun-
damental frequency at maximum speed of the motor, the effective length of the rotor cannot
be very long. Hence, mechanical analysis is essential for the design of the high-speed mo-
tors.

4.2.1 Rotor stress analysis

4.2.1.1 Maximum stress of the rotor core

For the proposed rotor structure, the PM is buried into the rotor and its volume is limited.
Consequently, the flux linkage provided by the PM is limited. To withstand the centrifugal
forces of the rotor, flux bridges are needed. Then, the width of the flux bridges plays an
important role on both the electromagnetic and mechanical performances of the rotor. In
order to reduce the flux leakage, it is necessary to reduce the width of the flux bridges.
However, higher stress will be induced when the width of the flux bridges is reduced.
Hence, it is necessary to optimize the size of the rotor diameter and the width of the flux
bridges in parallel. The width and the thickness of the PM, W and Hm, are limited by the
rotor radius R1 and the width of the flux bridge 7 and they have a relationship of

W2+H:=4(R-T,) 4.2).

The parameters of the rotor are indicated in Fig. 4.13. The maximum flux @max provided
by the PM can be expressed as

@mux :BOWmLfe (43)

where Bo, Wm and Lt are the magnetic flux density of the PM on the working point, the
width of the magnet and the length of the rotor stack, respectively.

When the influences of the slot opening and the saturation of the iron core are not consid-
ered, the magnetic flux density of the PM on the working point is expressed as

1
By =B——— (4.4)
b gy

m

where Br and ppm are the remanence and the relative permeability of the magnet, respec-
tively; 0 and Hm are the air-gap length and the PM thickness, respectively.
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4.2 Rotor design

When the flux leakage on the flux bridge area is considered and the flux density on this
area is assumed to be 1.5 T which is the saturation flux density of the amorpous core, the
flux supplied by the rotor to the stator @max rotor can be written as

2 2
o | g WHETD) M 45
max_rotor T 2 fe ( . )
| 20
+/urpm H

m

To simplify the stress analysis, the shaft is not considered and the rotor core is shown in
the left figure of Fig. 4.13. Since the maximum stress happens at the positions 4, the rotor
core can be seperated into three parts as presented in the middle figure of Fig. 4.13 and
then it can be equivalented into two concentrated forces working at a ring as presented on
the right figure of Fig. 4.13. The centrifugal force of the two yellow parts on a ring, P, is
equal to

ngpa);m(zf +(sin(g)-1)(R -7, ) ~tan(8)((R —Tb)COS(@))a) (4.6)

Hm
0, = arccos (m] 4.7)

where p and wrotor are the density of the rotor core and the rotation angular speed of the
rotor, respectively.

Then the maximum stress omax on the flux bridge area can be calculated by

. (4.8)

where K is the stress concentration factor and it is decided by the PM thickness, the radius
of the rotor core, the width of the flux bridge, and the parameters of the shaft, etc.

For example, when the PM thickness is constant and it equals to 5 mm, in order to keep the
maximum stress on points 4 constant to about 600 MPa, the thickness of the flux bridge
and the stress concentration factor (SCF) as a function of the rotor radius are shown in
Fig. 4.14. It shows that the stress concentration factor decreases non-linearly when the ra-
dius of the rotor increases. Hence, finite element method (FEM) is better to be used for the
analysis of the stress on the rotor.

69



4 Multiphysics design of the proposed IPM motor

Ty

Figure 4.13: Rotor core without considering the shaft and its equivalent to a ring.
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Figure 4.14: The thickness of the flux bridge and the stress concentration factor as a function of rotor radius.

Based on FEM, by keeping the maximum stress at points 4 constant to about 600 MPa, the
width of the flux bridge for different magnet thicknesses as a function of the rotor radius
are shown in Fig. 4.15. It can be found that the influence of the magnet’s thickness on the
rotor stress is not very high when the rotor radius is constant. Hence, an equation can be
used to describe the relationship between 7 and R as

1, = _0'0014R14 + 0.0569R13 - 0.8349R]2 +5.4669R, —12.9825 4.9)

When the air-gap length is 0.5 mm and the rotor stack is 50 mm; a high temperature FeNdB
magnet N35AH which can work over 200 °C is employed; and the remanence and the rel-
ative permeability of the magnet are 1.024 T and 1.057, respectively, the maximum flux
linkage provided to the air gap @max_rotoraccording to (4.5) as a function of the PM thickness
and the rotor radius can be drawn as shown in Fig. 4.16. It clearly shows that when the
rotor radius is about 10 mm, the rotor can provide a maximum flux linkage to the air gap.
Hence, the radius of the designed rotor is 10 mm and the thickness of the flux bridge is
1.5 mm. Since the maximum flux linkages generated by the PM are almost the same when
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4.2 Rotor design

the PM thickness is about 5 mm to 7 mm, and by considering the shaft stiffness at the same
time, a small value of 5 mm is chosen for the PM thickness.

w
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Figure 4.15: Influence of PM thickness on the thickness of the flux bridge as a function of rotor radius.
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Figure 4.16: Influence of PM thickness on the thickness of the flux bridge as a function of rotor radius.

4.2.1.2 Maximum stress of the PM

In order to avoid high-temperature demagnetization of the PM, a high-temperature magnet
is necessary. Commonly, high-temperature high-performance magnets, such as sintered
Neodymium (NdFeB) magnets and sintered Samarium Cobalt (SmCo) magnets are em-
ployed in the motors of high-power density. In general, the NdFeB magnets have higher
remanence and mechanical strength whereas SmCo magnets can work at higher tempera-
ture. The characteristics of the NdFeB and SmCo magnets are compared in Table 4.4. In
this work, because the rotor runs at a high speed, the mechanical strength of the PM is more
important. Moreover, because the electrical resistivity of the SmCo magnet is lower than
that of the NdFeB magnet, higher rotor eddy current loss will be induced when SmCo
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4 Multiphysics design of the proposed IPM motor

magnets were used. Since the Curie temperature of the AMM 2605SA1 is only 395 °C
[132] and its saturation flux density is easily influenced by the temperature, a higher work-
ing temperature of the PM is unnecessary and a lower eddy current losses of the PM is
prefered. Hence, the NdFeB magnet is chosen in this work.

PM type NdFeB SmCo
Density in g/cm® 7.6 8.3

Maximum remanence in T >1.35 <1.20
Flexural strength in MPa 240 120
Tensile strength in MPa 75 45
Young's modulus in GPa 150 140
Electrical resistivity p in uQ-cm 190 90
Maximum operating temp. in °C 230 350
Specific heat in J/(kg-K) 450 350
Thermal conductivity in W/(m-K) 8.5 10
Curie temperature in °C 380 825
Table 4.4: General characteristics comparison of NdFeB and SmCo magnets. [133]-[136].

Based on the finite element analysis, the maximum stress of the PM without the support
from the AMM rotor core is 42 MPa as shown in Fig. 4.17. In this figure, the horizontal
and vertical directions represent the thickness and the height of the PM, respectively. Since
the maximum stress at the maximum speed is lower than the tensile strength, the PM is
safe at the maximum speed. In order to strengthen the rotor, the gaps among the PM, the
shaft and the rotor core are filled with high-strength epoxy.

Stress: MPa

0 Max: 42

Figure 4.17: Stress in the PM at maximum speed.
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4.2.2 Rotor natural frequencies

In order to make sure the rotor can run to a high speed, dynamic analysis of the rotor is
necessary. The natural frequencies of the rotor should be higher than the mechanical fre-
quency of the rotor, i.e. 2083.3 Hz at 125,000 /min, to avoid resonance.

The natural frequency is defined as [137]

Natural Frequency = fm (4.10).
Mass

For a simple beam structure supported by pin joints at each end, the natural frequencies
can be expressed as [137]

_(iﬂ)2 EI
22 \dm

f 4.11)

where L is the length, E is the modulus of elasticity, / is the area moment of inertia and dm
is the mass per unit length.

It is easy to find that the natural frequencies are inversely proportional to the square of the
rotor length. Hence, it is necessary to shorten the length between the two bearings. By using
Ansys software, the natural frequencies of the rotor are analyzed. Fig. 4.18 shows the first
mode of the rotor supported by the two bearings. Table 4.5 lists the natural frequencies of
different rotor stack lengths. Because the bearings are considered as fixed in the model, to
have a large safety margin, the rotor stack length of 50 mm is chosen for the prototype.

Figure 4.18: First mode of the rotor.
Rotor stack length 50 mm 60 mm
1 mode 4374.1 Hz | 3706.6 Hz
2" mode 4588.1 Hz | 3849.3 Hz
3" mode 6773.6 Hz | 6171.6 Hz
Table 4.5: Natural frequencies of first three modes of the rotor.
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4.2.3 Rotor eddy current losses

4.2.3.1 Losses of the PM and the shaft

For the proposed rotor structure, the PM magnetic flux needs to pass through the solid shaft,
and the flux lines from the armature reaction need to pass through the solid shaft and the
PM. Moreover, the flux lines of the armature reaction are easier to pass through the shaft
than the magnet because the relative permeability of the iron is much higher than that of
the PM. The flux lines generated by different sources are shown in Fig. 4.19. Thus, the
eddy current losses in the shaft are high for the proposed rotor. In order to keep the PM
safe, the losses in the rotor should be limited. Hence, the calculation and optimization of
the losses of the shaft is of great importance. To promise the calculation precision, the
meshes of the PM and the shaft regions are dense and mapped mesh is used. The mesh
result is shown in Fig. 4.20(a). The eddy current densities of the PM and the shaft at
125,000 /min and 1.2 Nm generated by armature reaction are illustrated in Fig. 4.20(Db).
The eddy current distribution shows that the eddy current of the shaft concentrates on a
thin depth from the surface of the shaft. In addition, the eddy current losses of the PM is
much lower than those of the shaft. Hence, the design of this rotor is focused on the losses
of the shaft instead of the losses of the PM. A trade-off design of the shaft to consider the
shaft losses and the rotor stress is necessary.

Figure 4.19: Flux lines of no-load and armature reaction. (a) No-load. (b) Armature reaction.
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Current density in 10°A/m?

(b)

Figure 4.20: Calculation of the eddy current losses of the shaft and PM. (a) Mesh of the rotor. (b) Eddy
current distribution of the shaft and PM caused by armature reaction field.

4.2.3.2 Influence of the current leading angle

For the proposed IPM rotor structure, the d-axis inductance Lq is smaller than the g-axis
inductance Lq. Hence, the torque 7 of this motor can be separated into two parts, i.e. per-
manent magnet torque and reluctance torque. It can be expressed as

T=% P(Aueniy +(Lo— L, )i, ) (4.12)

where m is the phase number; p is the pole-pair number; Adapm is the d-axis flux linkage
generated by PM; ia and iq are the d-axis and g-axis current, respectively.

Based on the torque equation it can be known that in order to take full advantages of the
torque performance of the motor, it is necessary to use negative d-axis current, i.e. the
current leading angle 4 is larger than zero. To determine this angle, the torque and the shaft
losses need to be considered at the same time. When a round shaft is used, and the radius
of the shaft is 7 mm, the torque and the shaft losses as a function of current and current
leading angle are shown in Fig. 4.21.

Fig. 4.21 shows that when the current leading angle 6 is increased, the torque is firstly
increased and then decreased, while the losses of the shaft are decreased. In order to mini-
mize the shaft losses, it is better to use a large current leading angle. However, considering
the maximum torque ability, it is better to choose 30 degree for the current leading angle.
When the current is decreased and the current leading anlge is set to 30 degrees, to generate
a same torque of 1.2 Nm, the shaft losses are 34.5 W, while the shaft losses of a higher
current with the current leading angle equals to 52 degrees are lower than 30 W. Hence,
high current with large current leading angle is better to reduce the shaft losses. However,
even though a higher current with a larger current leading angle is helpful to decrease the
shaft losses, the armature current is limited by the stator heat dissipation ability.
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Figure 4.21: Torque and shaft losses as a function of current and current leading angle.

4.2.3.3 Trade-off design of the shaft

In order to reduce the shaft eddy current losses, a small radius of the shaft Rsnar is preferred.
However, the smaller the rotor shaft radius, the higher the rotor core stress. For example,
when the radius of the shaft is reduced from 8.35 mm to 7 mm, the maximum core stress
is increased as illustrated in Fig. 4.22. Hence, a trade-off design of the shaft dimensions is
necessary.

(®)
Figure 4.22: Stress distribution of the rotor core (Unit: MPa). (a) Rshart = 8.35 mm. (b) Rnart = 7 mm.

The rotor stress and the shaft losses as a function of the shaft dimensions are shown in
Fig. 4.23. It can be seen that when the radius of the round shaft (left figure in Fig. 4.24) is
increased, the stress on the rotor is decreased, whereas the shaft losses are increased. As
for the flat shaft (right figure in Fig. 4.24), when the radius of the shaft is increased, the
shaft losses are increased, while the stress on the rotor is firstly decreased and then in-
creased. When the radius of the shaft is increased, the width of the rotor core near to the
shaft is decreased. Then the maximum stress will happen at this position instead of at the
flux bridges. Hence, the maximum stress of the rotor firstly decreases and then increases
when the radius of the shaft increases. The shaft losses of the flat shaft are always lower
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than those of the the round shaft when the shaft radius is fixed. Since the round shaft cannot
significantly decrease the rotor stress and it may add stress to the magnet, it is not selected
for the demonstrator motor. For different combinations of shaft thickness and radius, when
the rotor stresses are comparable, the shaft losses are also comparable. Hence, in this work
the shaft thickness is selected to 6 mm which is equal to the bore diameter of the rear bear-
ing, by considering the manufacture of the shaft and assembly of the rotor. To verify of the
high strength property of the AMM core, a small shaft radius of 7 mm is chosen for the

prototype.
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Figure 4.23: Rotor stress and shaft losses as a function of shaft dimensions. (a) Rotor stress. (b) Shaft losses.

Amorphous
core

Hollow
shaft

Magnet

Figure 4.24: Difference of the round shaft (left, Dr. Markus Schiefer proposed) and the flat shaft (right).

4.2.4 Rotor air-friction loss

Besides the mechanical limitation, rotor air-friction loss is also a challenge for the high-
speed motors. Generally, the rotor air-friction loss can be calculated by [138]

B =kCirp, @' R'L (4.13)
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where Prair is the rotor air-friction loss; k is the roughness coefficient, its value is 1 for
smooth surfaces and 2.5 for axially slotted surface [139]; Cr is the friction coefficient; pair
is the density of the air in kg/m?; w is the angular velocity of rotor in rad/s; Ri is the radius
of rotor in m; L is the length of the rotor in m.

In order to improve the heat dissipation ability of the stator, the stator will be encapsulated
with epoxy resin. Then, the inner surface of the stator becomes a smooth surface and the
roughness coefficient is 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
air-friction loss can be reduced.

In Equation (4.13), the air-friction coefficient Cr depends on the air-gap length, the radius
of the rotor and the Reynolds number [140], and is expressed as

0.3
C =0515M 500 < Re, <10*
f ° ReO,S > 8
)

(5/R1 )0.3

0.2 ’
Re;

(4.14).

C, =0.0325 10* < Re,

The Couette-Reynolds number Res describing the nature of tangential gas flow inside the
air gap is expressed as

@R O
8::L)em’ 1 (415)
M

Re

where ¢ is the air-gap length in m; x is the dynamic viscosity of air in Ns/m?,
The dynamic viscosity is given by [141]

_ 1.458x10°T°

T, +110.4 (#.16)
where Tk is the absolute (kelvin) temperature.
The air-friction loss on the end surface of the rotor can be calculated as
Py =0.5C, 0" (RS — RS, ) (4.17)

where Rshaft 1S the radius of shaft in m.
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The corresponding number describing the nature of tangential gas flow at the end surfaces
is the tip Reynolds number, defined as

R’
Re, = L% (4.18).
H
According to the Reynolds number Rey, the air-friction coefficient Cr is:
4
.= Re <30
3Re,
3.87
C= 5 30 <Re, <3x10° (4.19).
0.146
Cf:ﬁ’ 3)(105<]Rer
e,

Since the air-friction loss is proportional to the cube of the rotor angular speed, the air-
friction loss is very high and they cannot be neglected. To consider the influence of tem-
perature and pressure, the density of the air is expressed as [141]

27315 Da
Par = £ 273.15+ T, 0.1013x10°

(4.20)

Where po is the air density at the state of 0 °C, 0.1013 MPa and po=1.293kg/m?; Tcis the
Celsius temperature and pair is the absolute pressure in Pa.

25 T T .
—<—— §=0.5mm 1
= 20F | —©—— 0=0.6mm g
g ———— §=0.7mm Loss on
% 15k §=0.8mm cylindrical
= —&—— 6=0.9mm rotor surface
o —#—— 0=1.0mm
5 10F
E Loss on
= 5t rotor end
< surfaces _ _ _
2 4 6 8 10 12 14 16
Rotor speed in /min «10%
Figure 4.25: Air-friction losses on the rotor surface and the end surface.

For a temperature of 100 °C and standard pressure of 0.1013 MPa, the dynamic viscosity
is 2.173 X 10 Ns/m? and the air density is 0.946 kg/m>. The air-friction losses of the rotor
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at different speeds and air-gap lengths are shown in Fig. 4.25. Since the air-friction losses
of different air-gap length are not much different, a small air-gap length of 0.5 mm is se-
lected to reduce the air-gap magnetic resistance of the motor.

4.3 Water-cooled housing

In order to increase the electric loading of the stator to increase the torque density of the
motor, forced water-cooled system is employed. Generally, a spiral water-cooled channel
as shown in Fig. 4.26 is used since its inlet pressure is low and the manufacture of this type
of channel is simple. However, in this case, the axial stiffness and the wall area of this
water-cooled housing are restricted by the tooth dimensions of the channel. When the tooth
depth of the channels is increased, the axial stiffness is decreased, on the contrary, the wall
area is decreased. In order to improve the cooling performance without significantly de-
creasing the stiffness of the housing, a special water-cooled channel as presented in
Fig. 4.27 is designed. The cross section of the proposed channel as shown in Fig. 4.27(b)
is designed to increase the wall area so as to increase the cooling performance. This special
design can obtain almost two times larger area than the spiral channel.

(a) (b)
Figure 4.26: Spiral water-cooled channel. (a) 3-D rendergraph. (b) Cross section.

(@) (b)
Figure 4.27: Proposed water-cooled channel. (a) 3-D rendergraph. (b) Cross section.
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4.3 Water-cooled housing

4.3.1 Natural frquencies of the water-cooled housing

When both the two ends of the housings are fixed, the natural frequencies of the two water-
cooled housings with the stator core inside are compared in Fig. 4.28 and Table 4.6. Based
on the results it can be found that the proposed water-cooled housing has slightly higher
natural frequencies. Because the cover of the water-cooled housing is not added to the
analyzed model, the first bending frequency of the water-cooled housing is relatively low.

(@) (b)

Figure 4.28. First bending mode of the housings with stator core inside. (a) Spiral channel. (b) Proposed
channel.
Water channel Spiral Proposed
1% mode 3113.8 Hz 3262.9 Hz
2" mode 3131.6 Hz 3270.9 Hz
3" mode 5572.9 Hz 5171.4 Hz
Table 4.6: Natural frequencies of the first three modes of the housings.

4.3.2 Heat conduction coefficient of the water-cooled housing

As for this special water channel design, when the inlet velocity is fixed, the inlet pressure
is higher than that of the spiral type. If the inlet pressure is kept constant, when the inlet
velocity of the proposed water channel is 1 m/s, the corresponding inlet velocity of the
spiral channel is 1.616 m/s. The wall heat conduction coefficients of the two housings are
compared in Fig. 4.29 and Fig. 4.30. It can be seen that the spiral channel has higher wall
heat transfer coefficient than that of the proposed channel. However, because the proposed
channel has almost two times larger wall area than the spiral channel, the cooling
performance of the spiral channel might not be better.
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Figure 4.29:

Figure 4.30:

3.269e+003
1.634e+003

0.000e+000
[W mA-2 KA-1]

‘Wall heat conduction coefficient of the proposed channel at inlet velocity of 1.0 m/s.

3.750e+003

1.875e+003

0.000e+000
[W mA-2 KA-1]

Wall heat conduction coefficient of the spiral channel at inlet velocity of 1.6162 m/s.

4.4 Thermal field analysis

4.4.1 Heat transfer coefficient of the air gap

Heat can transfer from the rotor to the stator across the air gap by convection and radiation.
For the rotor in the designed motor, the heat convection ability of the air gap is the most
important, because there is no forced cooling device on the rotor. In order to predict the

temperature rises of the rotor, the heat transfer coefficient of the air gap is needed.

4.4.1.1 Flow modes

With the increase of the rotor speed, the flow mode of the air gap transforms from purely
laminar flow to Taylor vortices and finally to turbulent and the heat convection ability keep
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4.4 Thermal field analysis

improving. Generally, the flow modes of the air gap are divided into four modes as follow-
ing [142]:

1) Purely laminar flow;

2) Laminar flow mix with Taylor vortices;
3) Turbulent flow mix with Taylor vortices;
4) Turbulent flow.

To predict the transition of the flow modes, Reynolds number (Re) is commonly used. It is
a dimensionless quantity, which is the ratio of intertial forces to viscous forces within a
fluid. In an annular air gap between stator and rotor, it can be expressed as [142]

_O5R,
14

Re 4.21)

where Q is the velocity of the fluid in m/s; J is the air gap length in m and v is the kinematic
viscosity of the fluid in m%/s.

Another nondimensional quantity, which is more appropriate to be used in annular geom-
etries is Taylor number (Ta). It is the ratio of the centrifugal to the viscous forces and can
be expressed as [143]

(4.22)

where wrotor is angular speed of the rotor in rad/s and Fg is a geometrical factor which has
many different forms proposed by different authors. Gardiner and Sabersky proposed [144]:

4
_m (2R +9) (4.23)
: 2R P
5 sY'
P= 1697[0.0571[1 - 0.652—} ¥ 0.00056[1 —0.652;] } (4.24).
1 1

4.4.1.2 Critical speed

Once the rotor rotating speed exceedes the critical speed, the flow in the annular air gap
presents instabilities which is known as Taylor vortices. Taylor determined the critical
speed with Tac = 1708 [143]. As the speed continues to rise, once the Taylor number is

above 1300 times Tac, the flow turns into turbulent flow. For the designed motor with rotor
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4 Multiphysics design of the proposed IPM motor

radius R1 = 10 mm, the Taylor number as a function of the air-gap length and the rotor
speed is shown in Fig. 5.31. This figure shows that a larger air-gap length and higher speed
can achieve a higher Taylor number.
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5 —O— §=0.6mm
= 10 —%—— 6=0.7mm | }
S 6=0.8mm
10% — 55— §=0.9mm | 1
1 ——— 6=1.0mm
10 :
107! 10° 10! 107 10°
Rotor speed in 1000/min
Figure 4.31: Taylor number as functions of the air-gap length and the rotor speed.

4.4.1.3 Heat transfer coefficient

In order to evaluate the convection intensity, the Nusselt number (Nu), which is the ratio
between convective and conductive heat transfer, is used [142]:

hD,
k

Nu = (4.25)

where % is the convective heat transfer coefficient, & is the fluid conductivity, Dy is the
hydraulic diameter, and Dx = 24.

The value of Nu is based on the Taylor number Ta and is expressed as [142]

Nu=25/(RIn(1+5/R,)), Ta<1700

Nu=0.128Ta"*", 1700<Ta<10" (4.26).
Nu=0.409Ta"*', 10* <Ta<10’

Through (4.22) to (4.26), the convective heat transfer coefficient 4 of the air gap with rotor
radius R1 = 10 mm, as a function of the air-gap length and the rotor speed is shown in
Fig. 4.32. It shows that the convective heat transfer coefficient of a smaller air-gap length
at a low speed is higher. When the speed is higher than 10,000 /min, the difference of
convective heat transfer coefficient of different air-gap lengths is small.
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Figure 4.32: Convective heat transfer coefficient as a function of the air-gap length and the rotor speed.

The thermal conductivity as a function of speed and air-gap length is presented in Fig. 4.33.
It can be noticed that the thermal conductivity of the air gap is increased when the air gap
is enlarged or the speed is increased. However, compared with the thermal conductivity of
the iron, the thermal conductivity of the air is still much lower. For example, at
125,000 /min, the convective heat transfer coefficient of the air in the air gap is about
409 W/m2K, the corresponding thermal conductivity is only 0.2045 W/mK. However, the
thermal conductivity of the AMM core is about 10 W/mK. Since the thermal resistance of
the air gap is proportional to the air-gap length and inversely proportional to the thermal
conductivity, a large air-gap length cannot significantly help to reduce the air-gap thermal
resistance. Hence, by considering the heat dissipation and the torque density, a small air-
gap length of 0.5 mm is adopted.
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Figure 4.33: Thermal conductivity as a function of the air-gap length and the rotor speed.
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4 Multiphysics design of the proposed IPM motor

4.4.2 CFD analysis of the temperature rises

Because the windings, the AMM rotor core and the NdFeB magnet can be damaged at a
high temperature, and the high temperature always happens at a high speed with high load,
it is necessary to predict the temperature rises at the maximum speed and the rated load.
To consider the water-cooling, computational fluid dynamics (CFD) is employed in this
work. A complete 3-D model of the prototype is better in order to consider the temperature
difference between the end-windings and the windings in the slots. The overall structure of
the designed motor is presented in Fig. 4.34. The mesh of the 3-D model and the mesh on
the radial cross section of the motor are shown in Fig. 4.35. Different from the electromag-
netic FEA method, the finite element method used for the structural and thermal analyses
does not require a consistent mesh of the contacted surfaces of two components.

Water-cooled
housing

Housing cover Rear end cover

inding
Front end cover

Rear bearing

Sensor magnet

Figure 4.34: Overall structure of the designed motor.
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4.4 Thermal field analysis

Figure 4.35: Mesh of the CFD model. (a) 3-D mesh. (b) Mesh on the radial cross section.

The thermal properties of the materials used in the models of this disseration are listed in
Table 4.7. One point to note is that the AMM has only half the thermal conductivity of the
silicon steel.

Materials Thermal conduc- | Specific heat ca-

tivity in W/mK pacity in J/kgK
Carbon fiber/epoxy [145] 0.87 970
2605SA1 [146] 10 540
NdFeB [147] 9 440
Copper winding [147] 390 383
Silicon steel [147] 20 447
Carbon steel shaft 46 500
Insulation [147] 0.175 1500
Aluminum housing [148] 180 896
Epoxy resin 0.6 1000

Table 4.7:  Thermal properties of materials used.

4.4.2.1 Cooling performance comparison of the two water-cooled housings

When the ambient and the inlet water temperature is 26.85 °C (300 K), the inlet water
speed of the proposed water channel is 1 m/s and the corresponding inlet velocity of the
spiral channel is 1.616 m/s, at 125,000 /min and 1.2 Nm, the temperature distributions of
the motors with two different water-cooled housings are compared in Fig. 4.36. The max-
imum temperature rises are compared in Table 4.8. The CFD results show that the proposed
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4 Multiphysics design of the proposed IPM motor

water-cooled housing has better cooling performance due to its larger cooling area. Ac-
cording to the former analyses, it is known that the proposed water-cooled housing has
higher natural frequencies. Hence, this water-cooled housing will be used for the prototype.

Temperature (C) Temperature (C)
27.026 49.794 72.563 95.332 118.10 140.87 27.259 50.977 74.694 98.412 122.13 145.85
() (W]
Figure 4.36: Radial sectional temperature distribution at 125,000 /min and 1.2 Nm. (a). Proposed channel.

(b). Spiral channel.

Water channel Proposed Spiral
Rotor 93.85K 9574 K
Windings 129.19K 144.07 K

Note: the maximum temperature rise at the windings is located at the end-winding.

Table 4.8:  Comparison of the two water-cooled housing.

4.4.2.2 Cooling performance enhanced by encapsulating the stator with
epoxy resin

In order to improve the cooling performance and increase the natural frequencies of the
motor, the stator will be encapsulated in a vacuum tank. An epoxy resin with higher thermal
conductivity is preferred. However, by filling high thermal conductive powders to increase
the thermal conductivity of the composition may result in degradation problem of electrical
insulation [149]. In addition, the cure temperature and cure time and maximum working
temperature are also important for electrical machines. Currently, the thermal conductivity
of the epoxy resin used for the electric machines is generally lower than 1 W/m-K. To
evaluate the performance of the epoxy resin, the axial and radial temperature distributions
of the motor at the maximum speed and rated torque are analyzed through CFD as pre-
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4.4 Thermal field analysis

sented in Fig. 4.37 to Fig. 4.40. When the stator is not encapsulated, the temperature dis-
tributions are shown in Fig. 4.37. It can be found that the highest temperature of the stator
is at the left end-windings. When the stator is encapsulated with epoxy resin of the thermal
conductivity of 0.2 W/m-K, the highest temperature of the stator is still the same as the
stator without encapsulation. It can be seen that the hottest point of the stator moves from
the left to the right side after encapsulation. It is because without encapsulation, the right
side of the stator will be cooled down by the surrounding high-speed air caused by the
high-speed rotor.

égg/ - — j@f@éj

Temperature (C) Temperature (C)
26.80 53.20 79.59 106.0 132.4 158.8 27.04 50.50 73.96 97.42 120.9 144.3
Figure 4.37: Temperature distribution when the stator is not encapsulated with resin epoxy.

) —MCRCES.
Temperature (C) Temperature (C)
26.80 53.20 79.59 106.0 132.4 158.8 27.04 50.20 73.36 96.51 119.7 142.8
Figure 4.38: Temperature distribution when the stator is encapsulated with resin epoxy of thermal conduc-
tivity 0.2 W/mK.

When higher thermal conductive epoxy resins are used, the hottest points will move from
the right end-windings to the middle windings as presented in Fig. 4.39 and Fig. 4.40. The
temperature rises of both the stator and the rotor are significantly decreased. The CFD
results show that when the thermal conductivity of the epoxy resin is low, the heat dissipa-
tion ability of the motor might not be improved. However, a high thermal conductive epoxy
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4 Multiphysics design of the proposed IPM motor

resin is helpful to decrease the temperature rise and increase the power density of the motor.
Hence, the prototype will be encapsulated.
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Temperature (C) Temperature (C)
26.85 48.96 71.08 93.19 115.3 137.4 27.03 47.67 68.30 88.94 109.6 130.2
Figure 4.39: Temperature distribution when the stator is encapsulated with resin epoxy of thermal conduc-
tivity 0.6 W/mK.
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Temperature (C) Temperature (C)
26.85 45.54 64.23 82.93 101.6 120.3 27.04 45.18 63.33 81.47 99.62 117.8
Figure 4.40: Temperature distribution when the stator is encapsulated with resin epoxy of thermal conduc-

tivity 1.4 W/mK.

4.5 Comparison with rotor made from M330-35A

As for the proposed rotor structure, it is better to employ AMM for the rotor core. This is
not only because the AMM has much lower core losses at high frequency than the silicon
steels, but also because AMM has lower saturation flux and higher mechanical strength
than the silicon steels. The high mechanical strength of the AMM is suitable for the pro-
posed rotor to avoid sleeves. In addition, the width of the flux bridge exsisting in IPM rotor
can be reduced. Consequently, the flux leakage is also decreased. This is also a very im-
portant aspect as the diameter of the high-speed rotor is limited. The relatively low satu-
ration flux density of the AMM further helps to reduce the flux leakage in the flux bridge
area. To evaluate the advancement of the proposed rotor made from the AMM core, the
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4.5 Comparison with rotor made from M330-35A

electromagnetic, mechanical and thermal performances of the proposed rotor structure with
amorphous 2605SA1 rotor (AR) core are compared to those of the silicon steel M330-35A
rotor (SR) core.

4.5.1 Mechanical limitations

To ensure that the rotor can run at a high speed, the maximum stress on the rotor at the
highest speed should be below the yield strength of the rotor core material. Because the
mechanical strength of the M330-35A is much lower than that of the AMM, the flux-bridge
width of M330-35A rotor core is larger than that of the AMM. The maximum stress of the
two rotors is compared in Fig. 4.41 and the designed dimensions of them are listed in Ta-
ble. 4.9. Based on the analysis in Section 4.2.3.3 it is known that the maximum stress of
the AR can be reduced by increasing the radius of the shaft. However, the stress of the SR
cannot be further reduced in the same way. In order to reduce the stress of SR, the thickness
of the flux bridge must be increased and this will result in a worse electromagnetic perfor-
mance of the motor. Hence, it is believed that the AMM is more suitable for the proposed
high-speed IPM rotor in terms of mechanics.

(a) ()
Figure 4.41: Mechanical stress on the rotor cores at 125,000 /min (unit: MPa). (a). 2605SA1. (b). M30-35A.
Rotor core material 2605SA1 M330-35A
PM thickness Hm 5 mm 5 mm
Radius of the shaft Rshaft 7 mm 7 mm
Thickness of flux bridge Tb 1.5 mm 2.55 mm
Thickness of the shaft Hsnaft 6 mm 6 mm

Table 4.9:  The dimensions of the rotor cores made from different materials.
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4.5.2 Electromagnetic analysis

For both AR and SR, the d-axis and g-axis inductances are unequal. Fig. 4.42 shows the
torque and the rotor losses as a function of the current leading angle for different values of
the phase RMS current. The curves are plotted for both the AMM and M330-35A materials
and they are labeled with A and M, respectively, in front of the phase RMS current value.
For example, A 20A means that amorphous material is used for the rotor core and the RMS
current is 20 A; M 20A means that M330-35A is used for the rotor core and the RMS
current is 20 A. It can be noted that the rotor losses of AR are much smaller than those of
SR, and the torque of AR is higher than that of SR. Table 4.10 compares the phase current,
the current leading angle and the corresponding losses of the motors with different rotor
core materials. To generate a torque of 1.2 Nm at 125,000 /min, the motor with M330-35A

rotor has higher copper losses and rotor losses.
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Current leading angle in deg 52 35
Shaft losses in W 16.63 3.03
PM losses in W 3.30 1.59
Rotor core losses in W 3.00 139.99
Air-friction losses in W 15.96 15.96
Stator core losses in W 275.55 428.65
Winding losses in W 467.40 537.96
Total rotor losses in W 38.89 160.57
Total stator losses in W 742.95 966.61
Total losses in W 781.84 1127.18

Table 4.10: Losses of the proposed rotor structure with different core materials

4.5.3 Temperature rise

Although the thermal conductivity of the silicon steels is higher than that of the AMM core,
the rotor temperature rise of the SR is still much higher than that of the AR due to much
higher core losses of the SR. The temperature distributions of the rotors with different core
materials at 125,000 /min and 1.2 Nm are compared in Fig. 4.43. The radial cross sectional
temperature distributions of the motors are compared in Fig. 4.44.

Because the flux leakage of the SR is higher than that of the AR, the stator current needed
is higher for the SR motor to generate a specific torque. Hence, the temperature rise of the
windings of the motor with the SR is also higher. The analyzed results show that the AMM
rotor has better performance than that of the M330-35A rotor. The superiority of the per-
formance of AR over SR is very clear. Hence, experimental verification is unnecessary.

Temperature (C) Temperature (C)
82.724 90.301 97.877 105.45 113.03 120.61 115.07 135.18 15528 175.38 19549 215.59

i R m |

(@) (b)
Figure 4.43: Temperature distribution of rotors at 125,000 /min and 1.2 Nm. (a). AMM. (b). M330-35A.
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Temperature (C) Temperature (C)
27.026 49.794 72.563 95.332 118.10 140.87 27.019 64.487 101.96 139.42 176.89 214.36
(a) (b)

Figure 4.44: Radial section temperature distribution at 125,000 /min and 1.2 Nm. (a). AMM. (b). M330-35A.

4.6 Design of a SPM rotor for comparison

Because the eddy current losses of the SPM rotors caused by pulse-width-modulation
(PWM) inverter are dominant. In order to avoid high eddy current losses of the sleeve, a
carbon fiber sleeve made by CarbonForce company is used. The properties of the sleeve at
90 °C are listed in Table 4.11. It is worth to notice that the thermal conductivity and the
tensile strength of this sleeve are higher than those of the AMM core. Furthermore, the
electrical resistivity of the sleeve is about 12 times that of the AMM core. The tensile
strength can be increased to 4,000 MPa by changing the alignment angle of the fiber. The
disadvantage of this sleeve is that its temperature resistance (recommended maximum
working temperature) is relatively low which is only 110 °C.

Because the SPM motor cannot provide reluctance torque, it is necessary to increase the
air-gap flux density to obtain a high torque at a low electric loading. Generally, the air-gap
flux density of the SPM motor is expressed as

Bair ap Ber (427)
- Hm + lurpm (5 + hsleeve )

Where B: is the remanence of the PM; Hn is the thickness of the PM; upm is the relative
permeability of the PM;  and /siceve are the air-gap length and the thickness of the carbon
fiber sleeve.

However, equation (4.27) does not consider the non-linear properties of the ferromagnetic
iron cores and the shaft. Moreover, as regards a high-speed rotor, the diameter of the rotor
is small, which results in significant changes of PM width along the radial direction. A
thicker PM may bring a lower air-gap flux density. This is not considered in (4.27) either.

94



4.6 Design of a SPM rotor for comparison

Hence, to precisely predict the air-gap flux density, FEA method is used. Due to the limi-
tation of the manufacturing, the mechanical air-gap length is kept the same as the IPM rotor
which is equal to 0.5 mm. The thickness of the sleeve and the PM should be determined by
the maximum stress and the air-gap flux density. However, to avoid high eddy current
losses of the rotor, the optimal air-gap length is generally larger than the summation of the
thickness of the sleeve and the mechanical air-gap length. Hence, in order to make full use
of the air gap, a thicker fiber sleeve is generally used. This can not only help to reduce the
rotor eddy current losses, but also help to reduce the maximum stress in the sleeve. A high
safety factor of the fiber sleeve can be obtained.

Parameter Value
Density in g/cm? 1.5-1.6

Thermal conductivity in W/mK 17
Specific heat in J/kgK 710
Tensile strength in MPa 900
Youngs modulus in GPa 60

Electrical resistivity in #Q-cm 1600

Temperature resistance in °C Upto 110

Table 4.11: Properties of the carbon fiber sleeve made by CarbonForce company [150].

The air-gap flux density and the maximum stress in the sleeve as a function of the PM and
sleeve thickness are presented in Fig. 4.45. It can be found that when the thickness of the
sleeve is fixed, a thicker PM can bring a higher air-gap flux density. The air-gap flux den-
sity will reach the maximum value at a medium PM thickness. The most effective way to
increase the air-gap flux density is to decrease the thickness of the sleeve. However, the
rotor stress is increased at the same time. Moreover, it is necessary to increase the air-gap
length to reduce the eddy current losses of the PMs caused by the PWM inverter. By con-
sidering all these aspects, the thickness of the sleeve of 1 mm and the thickness of the PM
of 3 mm are selected. The design results of the SPM rotor is listed in Table 4.12.

In order to reduce the eddy current losses of the PMs caused by PWM inverter, the PM
pole needs to be segmented along the circumferential direction. However, when the man-
ufacture of the rotor is considered, the PM segment cannot be infinitely small. Hence, each
PM pole is devided into four segments. To reduce the requirement on the manufacturing
tolerance of the PM segments, a convex is designed between the PM segments to evenly
locate and distribute the PMs as can be seen in Fig. 4.46. This special design will increase
the manufacture difficulty of the shaft. In addition, the convex will reduce the PM usage
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amount and decrease the air-gap flux density to some extent. Moreover, a gap in between
the PM segments may bring a higher stress of the sleeve at the edge of the PM. Hence, it
is necessary to reduce the thickness of the convex.
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Figure 4.45: The air-gap flux density and the maximum stress in the sleeve as a function of the PM and

sleeve thickness. (a) The air-gap flux density. (b) Rotor maximum stress.

Sleeve type Carbon fiber
Sleeve thickness 1 mm
PM thickness 3 mm
PM segments per pole 4
Radius of the shaft 6 mm

Table 4.12: Design results of the SPM rotor.
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Figure 4.46: Cross section of the designed SPM rotor.

4.7 Comparison of IPM and SPM rotors

In this work, high strength glue is used to fill the gap between the PM segments of the SPM
rotor. The stresses of the sleeve of 2 segments per PM pole and 4 segments per PM pole
are compared in Fig. 4.47. It shows that when the PM segments are evenly distributed, the
maximum stress of the sleeve can be reduced by increasing the number of the segments per
PM pole. The maximum stress of the sleeve locates at the edge of the PM segments.

(@ (b)

Figure 4.47: Rotor stress at maximum speed when the thickness of sleeve is 1 mm and PM thickness is 3 mm
(Unit: MPa). (a) 2 segments per PM pole. (b) 4 segments per PM pole.

The no-load air-gap flux density, back-EMF, torque and the torque as a function of the
current leading angle of the SPM and the IPM motors are compared in Fig. 4.48 and
Fig. 4.49. Even though the SPM motor has a little higher air-gap flux density and back-
EMF than those of the IPM motor, the torque of the SPM motor is lower than that of the
IPM motor as can be seen in Fig. 4.49 due to the reluctance torque in the [IPM motor. When
the current leading anlges of the IPM and SPM motors are 30 degrees and 0 degree respec-
tively and the phase RMS current is 40 A, the torque of the IPM motor is 1.30 Nm, while
the torque of the SPM motor is 1.12 Nm, which is about 14 % lower. Because the SPM
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motor consists of high amplitudes of 5" and 7" orders of the air-gap flux, the torque ripple
of the SPM motor is higher than that of the IPM motor.

When the influence of the PWM inverter is not considered, the phase currents fed to the
motors are sinusoidal. The losses of the two motors, especially the rotor losses are much
lower. When the motors run at the maximum speed of 125,000 /min and at the torque of
1.2 Nm, the temperature distributions of the two motors are presented in Fig. 4.50. It can
be seen that the SPM motor has a little higher temperature than that of the IPM motor when
both motors are fed with sinusoidal currents. Hence, it can be concluded that the IPM motor
has better electromagnetic performance while the SPM motor has better mechanical per-
formance.

g
2 et >
g 05 T RTTHTT T =
= 4 SPM | ™ s
= 0 , .
5 v —mmme IPM | [, &
= poh N
(=T MRS S N y— 1
NP :
8-
< -1 : : : : : -100 : : : :

0 60 120 180 240 300 360 0 0.2 0.4 0.6 0.8 1

Rotor position in degree Time in ms
() (b)
0.8 T T T T 100 T . . .
I srM I sPM

S 0.6} ™ | > 80 I PV
o o 60f
S04 i
E N
<027 i 1 < 20}

N BN

o 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10

Harmonic order Harmonic order
© @

Figure 4.48: Air gap flux density and phase back-EMF at 60,000 /min. (a) Air gap flux density. (b) No-load
back-EMF. (c¢) FFT of air gap flux density. (d) FFT of back-EMF.
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4.8 Temperature distribution of the designed IPM
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Figure 4.49: Torque ripple and torque as a function of current leading angle. (a) Torque. (b) Torque as a

function of current leading angle when the phase current is 40 A-RMS.
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Figure 4.50: Temperature distributions of the motors at 125,000 /min and 1.2 Nm when the influence of the
PWM inverter is not considered. (a) IPM motor. (b) SPM motor.

4.8 Temperature distribution of the designed IPM

The temperature distribution of each part of the IPM motor is presented in Fig. 4.51. The
outlet water is about 3 °C hotter than the inlet water. Because the eddy current losses of the
conductors in one slot are unevenly distributed, which has been analyzed in the Sec-
tion 4.1.2, the temperature rises of the conductors close to the air gap are about 40 °C
higher than that of the bottom conductors, which have lower losses and better heat dissipa-
tion condition. The maximum temperature rises of the rotor and the windings with rated
torque at the maximum speed are about 68.8 °C and 79.0 °C based on the CFD analyses.
The rotor has lower temperature rise than the windings because the losses caused by PWM
inverter are not considered and this problem will be illustrated in the next Chapter. Based
on the analytical results it is believed that the designed motor is feasible.
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Figure 4.51: Temperature distributions of the components of the IPM prototype encapsulated with resin
epoxy of thermal conductivity 0.6 W/mK. (a) Water-cooled housing. (b) Water. (¢) Windings.
(d) Stator core. (e) Rotor.
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5 Influence of PWM inverter on the
losses of the high-speed PM motors

The influence of the PWM inverter on the losses of the AC induction motors has obtained
the attention from the international electrotechnical commission (IEC). Because this prob-
lem is very important and it will result in higher losses and lower efficiency of the motors,
IEC has published specific test methods in IEC 60034-2-3 for determining losses and effi-
ciency of converer-fed AC induction motors and a new version will be published soon.
Since the influence of the PWM inverter on the losses of the motors was not considered in
Chapter 4, the analytical results showed that the proposed IPM motor has only minor ad-
vantages in terms of electromagnetics compared with the SPM motor. However, when the
influence of the PWM inverter is considered, the proposed IPM motor will has distinct
advantages and this case will be studied in this chapter. In order to provide the motor de-
signers valuable references for predicting the additional high-frequency losses of the mo-
tors caused by the PWM inverters in the design stage, analytical, FEA and coupled simu-
lation methods will be introduced in detail in this chapter.

5.1 Calculation of current harmonics generated by the

PWM inverter

To predict the additional losses of the motors, the phase currents fed by the PWM inverters
need to be firstly calculated. There are four available methods to obtain the phase currents:
1) conduct coupled simulation between the magnetic field simulator and control simulator
to calculate the phase currents [151]; 2) directly measure the phase currents from the ex-
periments [152]; 3) feed PWM voltages to the FEA model to calculate the phase currents
[153], [154]; and 4) calculatd through the mathematical model of the motor. Coupled sim-
ulation has a high prediction precise. Available coupled simulation softwares include Flux
with Simulink, Ansoft with Simplorer, etc. However, coupled simulation takes a much
longer time compared with the other methods. Directly measurement of the phase currents
in the motor design stage is unfeasible. When the third method is applied, in order to take
all the high-order voltage harmonics into consideration, the time-step needs to be very
small and this again results in a long simulation time. Hence, analytical equations to predict
the phase currents fed by the PWM inverter are valuable.

The schematic diagram of a PWM inverter connected with a PM motor is shown in Fig. 5.1.
The equivalent circuit of the A phase circuit is shown in Fig. 5.2. When the power switch
Sa” or Sa” is turned on, the voltage Vao is expressed as (5.1). Similarly, Vso and Vco can
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5 Influence of PWM inverter on the losses of the high-speed PM motors

be known. Since the voltage Von has the form of (5.2), the phase voltage Van can be ex-
pressed as (5.3). Then, the A phase current /an can be calculated by (5.4) according to the
phase circuit shown in Fig. 5.2. In (5.4) the back-EMF ean can be obtained by FEA or
analytical method.

Sa"| Ss_J Kj& S| Kj&
Vpc/2 /=
A
(6] B
C ¢
Vpe/2 ——
SRS
Figure 5.1: Schematic diagram of a PWM inverter connected with a PM motor.
Inn Ls Rs
Van __ T €aN
Figure 5.2: Equivalent circuit of A phase.
1 "
VAO = E VDC 5 SA = 1
: (5.1)
VAO __VDC’ S/; =1
1
Von :_E(VAO +Vo +Vc0) (5.2)
Van =Vao +Vox (5.3)
dl
Vin =Rl —exn = Lg d/;N (5.4)

When the fundamental frequency of the output current is 200 Hz and the PWM frequency
is 5 kHz, the calculated voltage Van and the current /an are presented in Fig. 5.3. The spec-
trum of the phase current clearly shows that the 49" and 51% current harmonics have highest
amplitudes. It is because the phase current rises and falls twice in one PWM period, which
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5.1 Calculation of current harmonics generated by the PWM inverter

is caused by the space vector PWM (SVPWM). The analysis of the phase voltage and
current in a PWM period is shown in Fig. 5.4. When the output voltage of the PWM in-
verter is higher than the back-EMF of the motor, the phase current increases. Conversely,
the phase current decreases. The corresponding current variations are expressed as (5.5).
When the RMS value of the phase current is equal to 0, the phase voltage supplied by PWM
inverter is equal to the back-EMF ean. Then the phase current variation satisfy (5.6) and #
is close to 0. Based on (5.5) to (5.7) the maximum current variation is derived as (5.8).
Based on (5.8) it is known that the amplitudes of the current harmonics generated by the
PWM inverter are determined by the phase inductance, the switching frequency, the DC-
bus voltage and the speed of the motor (correspond to the back-EMF). When the DC-bus
voltage is much higher than the back-EMF, the amplitudes of the current harmonics caused
by the PWM inverter are proportional to the back-EMF (the speed of the rotor) and are
inversely proportional to the PWM frequency. The amplitudes of the current harmonics
can be reduced when the switching frequency is increased or the phase inductance can be
increased. However, by increasing the PWM frequency to reduce the amplitudes of the
current harmonics may be not very helpful in reducing the eddy current (EC) losses because
the frequencies of the current harmonics are correspondingly increased.
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Figure 5.3: Voltage and current of A phase. (a) Voltage waveform. (b) Current waveform. (¢) Spectrum of

the phase current.
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Figure 5.4: Phase current analysis of one PWM period.

5.2 Prediction of eddy current loss of SPM rotor

Currently, the calculation of the EC losses of the PMs mainly depends on the FEA. Alt-
hough FEA method has a high precision on the losses calculation, it is time-consuming
because the calculation of EC losses needs to solve differential equations, which requires
a small time-step to consider the high-frequency EC losses. Therefore, analytical methods
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5.2 Prediction of eddy current loss of SPM rotor

are popular. In [155] and [156] analytical methods to calculate the no-load EC losses of
PMs caused by slotting are introduced. In order to predict the EC losses of PMs caused by
armature reaction field, equivalent current sheets method is frequently employed [157]-
[162]. However, using the winding and slot opening factors to calculate the equivalent
current sheets lacks precision at high-order current harmonics. In [160]-[162] the equiva-
lent current sheets are expressed as Fourier series, which are also adopted in this section.
Then the EC distribution in the PMs can be calculated by solving the time derivative of the
vector magnetic potential [160]. To take the slotting effect into account, the subdomain
model is used in [163]. The analytical results presented in [157]-[163] show a high analyt-
ical accuracy at low frequency. However, the EC losses caused by the high-frequency cur-
rent harmonics are not studied. Another method named Poynting vector method is also
used for this purpose in [164], but there is no detailed derivation and verification. Thus, in
this section, analytical equations to predict the EC density and losses of the PMs induced
by current harmonics are derived in detail.

5.2.1 Theoretical analysis

Generally, an electrical machine consists of abundant temporal current harmonics and spa-
tial magnetic field harmonics. If a spatial magnetic field harmonic rotates asynchronously
with the rotor, EC losses are induced in the magnets as the magnets are solid and conduc-
tive. The induced current obeys the right-hand rule and the EC loops are shown in Fig. 5.5.
To calculate the EC losses, the EC density in each PM unit cell must be calculated, as
shown in the right side of Fig. 5.5. In each unit cell, the induced voltage e can be calculated
by Faraday’s law as expressed in (5.9). When the resistance along the tangential direction
is ignored and the magnet is considered as a ring, the corresponding EC i and EC density
J can be expressed as (5.10) and (5.11).

Rotating

direction rA0
Figure 5.5: Principle of EC induced by magnetic field.
d LrAOdB
o=V __~2ravds (5.9)
dt dt
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5 Influence of PWM inverter on the losses of the high-speed PM motors

e erAOAr I (Ac9)2 ArdB

=— = - 5.10
: R L dt ( )
__ i ___rAgdB 5.11)

rAOAr dt

where e is induced voltage; v is flux; ¢ is conductivity of magnets; L is axial length of
magnet; R is resistance; B is flux density; Ar and »Af are the thickness and width of magnet
cell unit in polar coordinate and ¢ is time.

Then, the resulted eddy current loss of one PM P can be calculated by [165]

2

P= rdrd 0dz (5.12)

S C—
B —,

me—_—F
S

where Rm is the outer radius of the PM; R; is the outer radius of the rotor core.

The problem of using (5.11) to calculate current density J is that its value is determined by
A8. Another method to calculate the current density is to use the vector magnetic potential
A as expressed in [159]

Je-cPic (5.13)
ot

where C is an integration constant which is a function of time ¢ and to ensure the total
current in one PM block is equal to 0.

5.2.1.1 Equivalent current sheets

In order to calculate the vector magnetic potential 4, equivalent current sheet is employed
as aforementioned [160]. As for the designed motor of 2-pole/12-slot, the phase currents
can be expressed as (5.14). Since the stator current is distributed on the stator inner surface
and is concentrated in the slot opening area with thickness equal to 0, the equivalent current
sheets at time 0 are illustrated in Fig. 5.6.
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5.2 Prediction of eddy current loss of SPM rotor

i,()=Y1, cos(uat+a,)
i,(t)= Z]u cos(u(a)t+§ﬂj+auj
i(t)= Zlu cos(u[mt+%7rj+au)

(5.14)

where, I, is the amplitude of " temporal current harmonic; o is the phase angle of u™

temporal current harmonic; w is fundamental frequency and i, iv, ic are the phase currents.

Figure 5.6:

Distribution of armature current sheets.

With the use of fast Fourier transform (FFT) method, the phase current densities Ja, Jo, Jc
can be expressed in (5.15) and (5.16). Then the total current distribution along stator inner

circumference Js is equal to (5.17).

4Ni
J (t,0)= L K cos(vl
.0)= 5 K eos(10)
4Ni 2
J (t,0)= b Kcos|v|0+=x 5.15
b( ) Z"ﬁbo (V[ 3 j} ( )
4Ni 4
J (t,0)= < Kcos|v|O+—nx
(56) szwz'bO ([ 3 D
. 1 (v
K =s1n(v[—49t +00jj—s1n(—01j (5.16)
2 2

where N is the number of turns in one slot; v is the order of the spatial field harmonics; bo

is slot opening width; 6:is width of tooth and
as shown in Fig. 5.6.

6. is width of slot opening in polar coordinate
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J(t,0) =T, +J, +J, = Z

"Kcos(ua)t—v(9+a)
u=1,7,13...v=1,7,13... V7TO,

+ LK cos(uwt +v0 + o
u:I,Z,B... v:5;17... vrh, ( ! )
6NI
+ “K cos(uwt +v0+a, (5.17)
u % LZ,I} v”b() ( )

+

=5,11,17...v=

u=5,11,17...v=5,11,17...

“K cos(uwt—v+a,)
v7rh,

L K cos (uat £v0+a,)
vrrh,

u=1,5,7..v=1,5,7,11...

In equation (5.17) the orders of the current harmonics which are multiplier of 3 are not
considered because the windings of the motor are connected to star type. Theoretical, the
phase currents do not consist of even-orders current harmonics. Hence, they are also not
considered in equation (5.17). However, because of the influence of the cogging torque
and torque ripple, the phase currents may consist of even-order current harmonics. Then
they should be added to equation (5.17).

5.2.1.2 Armature reaction field

To avoid the influence of the stator slots and simplify the analysis, in the analytical model
some assumptions are made as follows: 1) the stator is considered slotless and the stator
current is distributed on the stator inner surface; 2) the nonlinear properties of the iron cores
are not considered; 3) the permeability of the iron cores is infinite; 4) the losses of the
sleeve are ignored; 5) the relative permeability of the magnet is equal to 1; 6) the effects of
the EC in the PMs on the armature reaction field and on the EC distributions in the PMs
are not considered. Then the boundary conditions of the air-gap magnetic field have the
expressions as

H 0

By, 0> (5.18).

r=R,=J,

The armature reaction field in the air gap and magnet regions is governed by (5.19) and 4
is the magnetic vector potential. The general solution for (5.19) is equal to (5.20) [165].
Vid=0 (5.19)

(r,0,1) ZZ(C 7' +D, 1 ")cos(uwtiv9+au) (5.20)

The radial and tangential magnetic flux components B and Bs can be calculated by (5.21)
and (5.22), respectively.
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5.2 Prediction of eddy current loss of SPM rotor

B.(r,0,t) = r% g‘;%}(q’er +Du,vr""’l)sin(ua)tiv0+au) (5.21)
r 49 t »
B,(r,0,t)=— —ZZv( D, r” )cos(uativt9+au) (5.22)

According to the boundary conditions (5.18), the coefficients C.,v and D,,» can be expressed
as (5.23) and (5.24), respectively.

1 1 61, NI K
D,, =~ 2 p-2v pr-1 o Fo (5.23)
’ v  R™'R™ —R, 7b,

=D, ,R™ (5.24)
where R: and Rs are the radius of rotor and stator cores, respectively.

5.2.1.3 EC distribution and loss

To calculate the ECs and their losses in the rotor PMs, the vector magnetic potential 4 is
transferred to the rotor frame firstly as expressed in (5.25). Then, the EC density J. caused
by the changing magnetic field can be calculated through (5.26) according to (5.13).

(r,0,t) ZZ(C r+D, r V)cos(ua)tiva)tiv00+au) (5.25)
A
J(r.0.0)= —0%+C(t) (5.26)

In (5.26), C(¢) is an integration constant which forces the total ECs in one PM equal to 0 at
any instant. For example, for a magnet which is from 6 to 62, it has the expression as (5.27).
Based on (5.27) the integration constant has the expression as (5.28) and (5.29).

R, 6,
er ja] J.(r,0,t)rdrdd =0 (5.27)

(5.28)
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K,, = cos(uwt vt +v0, +a, ) —cos (uwt tvat +v0, +a, ) (5.29)

where ap = 02 - 61; Rm and R; are the PM and rotor core outer radii.

Then the expression of EC density in one PM J. can be expressed as (5.30) and the EC loss
density Pe is expressed as (5.31).

u,v

r6t GZZuaﬁva)(C r'+D, " )

(5.30)
><s1n(ua)tithiv6’0 +a,)+C(1)
J2(r,6,t
Pc(r,H,t)zg (531)
o
where 6o is the initial angular position of the rotor.
Finally, the EC loss Pmag in one PM segment is equal to
P j j j (r,0.,t)rdrd0dz (5.32).

5.2.2 FEA verification

To verify the analysis above, the demonstrator SPM motor designed in Chapter 4 is ana-
lyzed. In order to avoid the influence of slotting of the stator, the phase currents are con-
centrated on small sheet regions with a thickness of 0.02 mm and the width is equal to the
slot opening in FEA model. The carbon fiber sleeve is considered as non-conductive, be-
cause the resistivity of the used carbon fiber sleeve is 1.6e> Qm, which is 10 times higher
than that of the PM.

5.2.2.1 Influence of the fundamental current

Because the current sheets are concentrately distributed in the slot areas along the stator
inner circumference, the armature reaction field consists of spatial field harmonics. For the
designed integral-slot PM motors, the fundamental spatial field component is dominant,
and this component caused by the fundamental current is synchronous with the rotor.
Hence, this component does not induce EC loss in the rotor. However, the other spatial
field harmonics caused by the fundamental current are asynchronous with the rotor. Thus,
EC losses in the PMs are induced. The FEA and analytical results about EC losses caused
by the fundamental current are compared and shown in Fig. 5.7 and Fig. 5.8, when the
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5.2 Prediction of eddy current loss of SPM rotor

rotation speed is equal to 20,000 /min and the peak value of the phase currents is equal to
20 A.

Fig. 5.7 shows the armature reaction field and the EC density in the PM region on the radius
of 8.99 mm. Based on (5.30) the EC densities in any radius, angle and time can be calcu-
lated. The EC distributions in one PM pole by using analytical and FEA methods are com-
pared in Fig. 5.8. It can be seen from Fig. 5.7 and Fig. 5.8 that a high accuracy is obtained
by the analytical methods in calculating the magnetic field and EC densities caused by the
fundamental current.

Fig. 5.8 shows that the EC caused by the high-order spatial field harmonics generated by
the fundamental current is concentrated on the surfaces of the PMs. It is because the spans
of the high-order spatical field harmonics are small. Due to the shielding effect, the pene-
tration ability of the high-order spatial field harmonics is poor. Hence, the EC is concen-
trated on the surface.
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Figure 5.7: Armature reaction field and the induced EC density of the fundamental current in the PMs at
radius of 8.99 mm. (a) Armature reaction field. (b) EC density.
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Figure 5.8: EC distribution of one PM pole caused by the fundamental current. (a) Analytical. (b) FEA.
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Figure 5.9: EC losses induced by fundamental currents. (a) Fundamental current 20 A at 20,000 /min.

(b) EC losses caused by fundamental current as a function of speed and amplitude of the current.

Since the EC distribution has been precisely predicted, the EC losses of the PMs can be
precisely calculated as shown in Fig. 5.9(a). The average error of the analytical EC losses
is about 3.8%. When the amplitude of the fundamental current and the rotor speed are
increased, the average losses in PMs are drawn in Fig. 5.9(b). The results show that the
analytical method has a very high accuracy in calculating the EC losses caused by the fun-
damental current. In addition, from Fig. 5.9 it can be noted that the EC losses caused by
the fundamental current are relatively low. This is mainly because the fundamental spatial
field harmonic generated by the fundamental current is dominant and it is synchronous
with the rotor. When fractional-slot single tooth windings are used, the EC losses of the
PMs caused by the fundamental current will be much higher.

5.2.2.2 Armature reactions of the high-order current harmonics

The air-gap magnetic field generated by the high-order current harmonics has the same
form with that generated by the fundamental current because they are decided by the wind-
ing configuration. The magnitudes of them are determined by the amplitudes of the cur-
rents. However, the rotating speed of those spatial field harmonics are decided by the fre-
quencies of the current harmonics. For example, the rotating speed of the 1% spatial field
harmonics generated by the 61 current harmonic is 61 times the rotor rotation speed. Fur-
thermore, the amplitude of the 1% spatial field harmonic is the highest and it is much higher
than those of the high-order spatial harmonics. Hence, this component will generate high
EC losses in the PMs. When the PWM frequency is 10 kHz, at 20,000 /min, the 61 current
harmonic has highest amplitude among current harmonics. When the amplitude of the 61%
current harmonics is 1 A, by using (5.27) to force the total EC in each PM segment equal
to 0, the analytical results are compared with FEA as shown in Fig. 5.10 and Fig. 5.11.
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5.2 Prediction of eddy current loss of SPM rotor

It can be found from Fig. 5.10(a) that the analytical error of the flux density is a little high.
This is because the amplitude of the high-order current harmonic is low and the influence
of the EC on the flux density is not considered. In this case, the error of EC losses in the
PMs shown in Fig. 5.12(a) is about 2.9 %. By comparing Fig. 5.12 with Fig. 5.9 it can be
known that the EC losses caused by high-order current harmonics are much higher than
those caused by the fundamental current.

It can also be noticed that the EC distributions in the PMs caused by the high-order current
harmoincs are not more concentrated on the surfaces of the PMs. Instead, the EC magni-
tudes along radial direction change slightly. This is because the 1% order spatial field is
dominant and its rotating speed is n times the rotor speed when this spatial filed is generated
by the n'" current harmonic. Because the span of the 1% spatial field is larger than the width
of the segmented PMs, the shielding effect is weak.
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Figure 5.10: Armature reaction field and the induced EC density of the 61* current harmonic in the PMs at
radius of 8.99 mm. (a) Armature reaction field. (b) EC density.
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Figure 5.11: EC distribution of one PM pole caused by the 61° current harmonic. (a) Analytical. (b) FEA.

Fig. 5.12(b) shows the EC losses as a function of speed caused by the 5" and 61% current
harmonics with amplitude equal to 1 A, respectively. Because the analytical method does
not consider the effects of ECs in the PMs on the armature reaction field and on the EC
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5 Influence of PWM inverter on the losses of the high-speed PM motors

distributions in the PMs, the difference between analytical and FEA EC losses at high speed
caused by high-order current harmonics is high. Hence, to predict the real EC losses in the
PMs, coupled simulation is also employed in the following section.
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Figure 5.12: EC losses induced by current harmonics. (a) 61% current harmonic of 1 A at 20,000 /min. (b) EC

losses caused by the 5" and 61° current harmonics of 1 A as a function of speed.

5.2.2.3 Diffusion effect

In order to correct the EC losses caused by the high-order harmonics at high speed, the
diffusion effect is considered. The function of diffusion effect can be considered as the
increase of the resistance of the PM [155]. A factor Kde, which is a function of the frequency
of eddy current and the size of the PM can be used to modify the conductivity of PMs and
it is expressed as

o, =K, o (5.33).

This factor is not higher than 1. Analytical calculation of the PM eddy current losses con-
sidering the diffusion effect can be found in [162]. In order to simplify the analysis, FEA
method is used to determine this factor. For example, as regards the analyzed SPM motor,
the factor Kde as a function of the frequency of eddy current for different size of PM seg-
ments is presented in Fig. 5.13. It shows that when the frequency of eddy current increases,
the factor decreases because of greater diffusion effect. A larger size of PM segment also

causes greater diffusion effect.
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Figure 5.13: A factor to modify the conductivity of PM because of diffusion effect as a function of the fre-

quency of eddy current for different size of PM segments.

5.2.2.4 Influence of slotting and PM segmentation

In [155] a simplified method to determine the PM eddy current loss caused by slotting is
presented. The mean value of the eddy current losses of PMs caused by slotting can be
expressed as [155]

2 2
P= OLH, B, @ R} WZK —(—sinﬂvj (5.34)
2 ThwW s
where Bo = B{(Rm— Rr)/(Rm — R: + pir(Rs — Rm)); w = Rm(62 — 61); s = 2nRs/Ns; Hn = Rn— Ry;
B: is the remanence of the PM; wrotor is the mechanical speed of the rotor; Ns is the slot
number of the stator; K, is the coefficients of the Fourier series of the modulation function,
which is obtained using conformal mapping method [155], [O8]. To avoid complicate con-
formal mapping, the flux density of the middle air-gap position at static state can be used
to calculate the coefficients K.

Because this method does not consider the variation of the eddy current in the thickness
direction of PM, the calculation error at a high speed is large. To solve this problem, the
PM is divided into x layers in thickness, then the coefficients K, are replaced by Ky .. The
improved calculation equation is expressed as

2
~  oR,OLH Bza)i SRIw, s . anw,
R= IR‘_ [ Z - sin R (5.35)

TNWp, s

€

where wry = Rx(62 — 61); K rx 1s the coefficients of the Fourier series of the flux density at
the radius Rx.
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5 Influence of PWM inverter on the losses of the high-speed PM motors

Generally, the PM EC losses caused by the stator slot cannot be ignored. However, com-
pared with the high-frequency EC losses caused by the high-order current harmonics, the
losses due to slotting are very small. In table 5.1, the PM losses caused by slotting, funda-
mental current, high-order current harmonics of different segmental PM poles are com-
pared. It shows that the EC losses caused by the slotting and the fundamental current are
much lower than those caused by the high-order current harmonics. The total EC losses
caused by these three aspects are close to those caused by the high-order current harmonics.
In addition, segmentation cannot dramatically reduce the EC losses caused by the slotting
and the fundamental current. However, it can dramatically decrease the EC losses caused
by the high-order current harmonics.

5.2.3 Verification by coupled simulation

Because experimental measurement of EC losses is very difficult to conduct, to validate
the feasibility of the analytical method and to predict the real EC losses in the motor, cou-
pled simulation is used. The external circuit applied in the FEA software for coupled sim-
ulation is shown in Fig. 5.14. In this figure, “Udc” is the DC bus voltage source; “S1”is a
power electronic switch which consists of a switch whose state is controlled by the PWM
signal from the Simulink; a DC voltage to represent the on-state voltage drop and an anti-
parallel diode. “Phase A” is the A-phase winding which consists of a coil, an inductance
and a resistance to take the end-winding into consideration. In the coupled simulation
model, the slots of the stator and the non-linear properties of the electrical steel are consid-
ered. The Simulink model is shown in Fig. 5.15. The component “Coupling with Flux” in
this figure is an interface between Simulink and Flux softwares. They exchange input and
output data through this interface.

2

S1 L A
Phase A
e i

Figure 5.14: External circuit of the FEA model.
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Figure 5.15: Simulink model of coupled simulation.

Fig. 5.16 shows the phase currents, spectrum of the phase currents, the PM EC losses
caused by currents with different orders and the total PM losses at different load conditions
at 12,000 /min through different prediction methods, when the switching frequency is equal
to 20 kHz. Because the phase current rises and falls twice in one PWM period which is
caused by SVPWM as aforementioned, the phase current consists of high amplitudes of
199% and 401% current harmonics as shown in Fig. 5.16(b). It clearly shows that when the
load increases, the amplitude of fundamental current increases in order to generate higher
torque. The low-order current harmonics such as 5% and 7" also increase significantly.
However, the amplitudes of 199" and 401 harmonics caused by the PWM inverter change
slightly.

The PM EC losses generated by each current harmonics are shown in Fig. 5.16(c). It can
be noticed that the low-order currents generate much lower EC losses than the 199% and
401% current harmonics, which are caused by the PWM inverter, even though the low-order
currents have much higher amplitudes. Hence, the total losses change slightly when the
load is changed as illustrated in Fig. 5.16(d). Fig. 5.16(c) and (d) also show that the ana-
lytical method is very accurate in predicting the PM EC losses.
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5.16:

Comparison of analytical, FEA and coupled simulation resuts when the switching frequency is

20 kHz and the rotor speed is 12,000 /min. (a) A-Phase current. (b) Phase current FFT. (c) EC
losses of PMs caused by current harmonics. (d) Total PM EC losses of PMs caused by sloting,

1%, 5% 7% 199" and 401* currents.

5.2.4 Methods to reduce the influence of PWM inverter

5.2.4.1 Increase the PWM frequency

When the switching frequency is increased, the orders of the current harmonics are propor-
tional increased, whereas the amplitudes of the current harmonics are inversely propor-
tional decreased. The EC losses variation under different switching frequencies and load
conditions are compared in Fig. 5.17. It shows that when the switching frequency is in-
creased, the EC losses are decreased. However, the reduction of the EC losses by increasing
switching frequency is unsatisfied. When the PWM frequency is increased from 8 kHz to
80 kHz, which is ten times increased, the PM eddy current losses are only 42.6% reduced.
Furthermore, Fig. 5.17 also shows that the EC losses in PMs are still very high even at
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5 Influence of PWM inverter on the losses of the high-speed PM motors

0 Nm torque condition. Considering the losses in power electronic module and the chal-
lenges of reducing the calculation and commutation time of the controller, by increasing
the switching frequency to decrease the EC losses is not a prefered method.
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Figure 5.17: PM eddy current losses at different PWM frequency and load when the rotor speed is
60,000 /min.

5.2.4.2 Increase the air-gap length

In terms of the machine design, increasing the physical air-gap length to reduce the arma-
ture reaction field is a possible way. If the mechanical air-gap, which is equal to 0.5 mm,
is constant, by increasing the thickness of the fiber sleeve, the physical air-gap length is
increased. In addition, the mechanical stress on the fiber sleeve is decreased. When the
thickness of fiber sleeve is increased, the variation of the EC losses is presented in
Fig. 5.18. It confirms that by increasing the thickness of fiber sleeve, the PM EC losses are
decreased. The disadvantages of this method are that the torque and the efficiency of the
motor are decreased. This method is generally adopted in the current design of the high-
speed SPM motors and this is the reason why the power density of the high-speed SPM
motor cannot be significantly increased by increasing the speed.
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Figure 5.18: PM eddy current losses at different sleeve thickness and load when the rotor speed is
60,000 /min and the PWM frequency is 40 kHz.
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5.3 Losses comparison of [IPM and SPM motors

5.3 Losses comparison of IPM and SPM motors

Because of the existence of the rotor core, the analytical method for predicting EC losses
of the SPM rotor cannot be directly applied to an IPM rotor. To compare the losses of the
two motors, FEA and coupled simulation methods are adopted in this section.

5.3.1 Rotor eddy current losses

5.3.1.1 d-axis and g-axis inductances

Based on (5.8) it is known that the amplitudes of the current harmonics generated by the
PWM inverter are inversely proportional to the phase inductance of the motor. Because the
equivalent air-gap length of the IPM motor is smaller than that of the SPM motor, the [IPM
motor has higher phase inductance, which leads to lower amplitudes of the current har-
monics. The d-axis and g-axis inductances of the two motors as a function of d-axis and g-
axis currents are presented in Fig. 5.19. It can be found that the inductances of the SPM
motor are constant, while the g-axis inductance of the IPM motor decreases dramatically,
when the g-axis current increases. Because of a small air-gap length, the IPM motor is
easily saturated. When the g-axis current is higher than 45 A, the g-axis inductance of the
IPM motor is lower than that of the SPM motor as can be seen in Fig. 5.19. When the g-
axis current is 60 A (rated torque current), the relative permeability of the two motors are
compared in Fig. 5.20. It is easy to find that the g-axis inductance of the IPM motor is
significantly decreased because the stator core is deeply saturated when the g-axis current
is high. Hence, at a high load the IPM motor will have comparable amplitudes of the current
harmonics caused by the PWM inverter with the SPM motor. The advantage of decreasing
the amplitudes of the current harmonics of the IPM motor at a high load is not obvious.
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Figure 5.19: d-axis and g-axis inductances of the two motors as functions of d-axis and g-axis currents. (a) d-

axis inductances. (b) g-axis inductances.
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Figure 5.20: Relative permeability of the two motors when the g-axis current is 60 A. (a) [IPM motor.

(b) SPM motor.

5.3.1.2 Losses at no-load

When the speed is 60,000 /min and the PWM frequency is 25 kHz, the 49" current har-
monic with high amplitude is generated based on the analysis in Section 5.1. Because the
inductance of the IPM motor varies when the phase current changes, to compare the rotor
losses of the two motors, a same current harmonic of a same amplitude is excited to the
two motors. Fig. 5.21 shows the phase currents and the corresponding rotor losses of the
two motors when the amplitude of the 49" order harmonic current is 1 A. Since the funda-
mental current is 0, the effective torque of the two motors is 0. The mean values of the
rotor losses are compared in Table 5.2. It clearly shows that the SPM rotor has much higher
losses than the IPM rotor even though the same current is fed to them. The shaft loss of the
IPM rotor is very low, it is because the AMM has much higher permeability than the shaft
when the phase current is low. However, because the armature reaction field generated by
the high-order current harmonic needs to pass through the PM, the PM eddy current loss
of the IPM rotor is high. Based on the FEA results it is believed that the IPM rotor has
much lower losses than the SPM rotor when the load is low.
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Figure 5.21: Phase currents and corresponding eddy current losses of SPM and IPM motors caused by 49™

current harmonic of 1 A at 60,000 /min. (a) 3-phase currents. (b) Rotor losses.
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Table 5.2:

Mean loss in W IPM SPM
Shaft 0.01 9.26
PMs 5.50 7.63

Mean values of SPM and IPM rotors’ eddy current losses caused by 49™ current harmonic of 1 A at

60,000 /min.

5.3.1.3 Losses atload

When the fundamental current is 60 A and the 49" current is 1 A, the phase currents and
corresponding rotor losses are presented in Fig. 5.22. It is worth to notice that the shaft loss
of the IPM motor contains a low-frequency component. This component is caused by the
fundamental current. Because the AMM rotor core is saturated at this load, the armature
reaction field needs to pass through the shaft and causes high loss.
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Figure 5.22: Phase currents and corresponding eddy current

losses of SPM and IPM motors caused by fun-

damental current of 60 A and 49th current harmonic of 1 A at 60,000 /min. (a) 3-phase currents.

(b) SPM rotor losses. (c) IPM rotor losses.

The mean values of the two rotors are compared in Table 5.3. The total losses of IPM rotor
is still much lower than that of the SPM rotor even though the same current is fed to the
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5 Influence of PWM inverter on the losses of the high-speed PM motors

two motors. The losses of the SPM rotor at no-load and load conditions are not much dif-
ferent. This is because the losses of the SPM rotor are mainly caused by the high-frequency
current harmonics, which has been analyzed and proved in Section 5.2.

Mean loss in W IPM SPM
Shaft 5.72 8.77
PMs 4.93 10.51

Table 5.3:  Mean values of SPM and IPM rotors’ eddy current losses caused by fundamental current of 60 A

and 49" current harmonic of 1 A at 60,000 /min.

When the current harmonics are not considered and the amplitudes of the fundamental
currents are 60 A and 30 A respectively, the rotor losses of the IPM rotor are presented in
Fig. 5.23. It can be found that the low-frequency loss component exists in the shaft loss
when the load is high. At a lower load, because the AMM rotor core is unsaturated, the
shaft loss is significantly reduced.

When all the current harmonics is considered, including the current harmonics caused by
the PWM voltage and the controller’s parameters, the rotors’ losses are much higher than
those presented in Table 5.3. Through coupled simulation, the rotor losses of the two mo-
tors at 60,000 /min and 1.2 Nm, when the PWM frequencies are 25 kHz and 100 kHz re-
spectively, are calculated and presented in Fig. 5.24. It clearly shows that the rotor losses
decrease when the PWM frequency increases. Moreover, the IPM rotor has much lower
losses than the SPM rotor. When the PWM frequency is increased from 25 kHz to 100 kHz,
the rotor losses of the IPM rotor are reduced by about 70.8 %, while the losses of the SPM
rotor are reduced by about 56.5 %. The IPM rotor has significant advantage in terms of
rotor losses compared with the SPM rotor.
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Figure 5.23: Rotor eddy current losses of IPM motor caused by fundamental current at 60,000 /min. (a) Fun-

damental current of 60 A. (b) Fundamental current of 30 A.
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Figure 5.24: Rotor eddy current losses of the two motors at 60,000 /min and 1.2 Nm through coupled simu-

lation when the PWM frequency is changed.

5.3.2 Copper losses

When a same current is excited to the two motors, the copper losses of them are almost the
same because the AC copper losses are mainly caused by the slot flux leakage and they
have a same stator. The conductors’ losses of one slot at 60,000 /min are presented in
Fig. 5.25. It is easy to find that the conductors’ losses caused by the high-order current
harmonics are influenced by the fundamental current. When the fundamental current has a
lower amplitude as presented in Fig. 5.25(a), the conductors’ losses generated by the high-
order current harmonics are low. The influence of the high-frequency current harmonics
on the conductor closed to the air gap is the greatest and this conductor has the highest
losses, which has been analyzed in Section 4.1.2.

Because the AC copper losses are mainly caused by the slot flux leakage, all the current
harmonics will cause loss in the copper windings. When the PWM frequencies are 25 kHz
and 100 kHz respectively, the conductors’ losses of one slot at 60,000 /min and 1.2 Nm of
the two motors calculated by coupled simulation are compared in Fig.5.26 and Fig. 5.27.
They show that the AC copper losses caused by the high-frequency current hamonics have
much higher amplitudes. By increasing the PWM frequency, the phase currents becomes
smooth and the losses can be significantly decreased. The mean values of the copper losses
of the two motors are compared in Table. 5.4. It shows that the SPM motor has higher
copper losses than the IPM motor. Moreover, when the PWM frequency is increased from
25 kHz to 100 kHz, the copper losses of the IPM motor are reduced by 53.5 %, while the
copper losses of the SPM motor are reduced by only 34.1 %. Hence, it is believed that the
IPM motor has much better performance in terms of copper losses.
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Figure 5.25: Conductors’ losses of one slot caused by fundamental current and current harmonics at

60,000 /min. (a) 49" of 1 A. (b) 1 of 60 A and 49" of 1 A.
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Figure 5.27: Conductors’ losses of one slot of the SPM motor at 60,000 /min and 1.2 Nm calculated by cou-

pled simulation. (a) PWM frequency is 25 kHz. (b) PWM frequency is 100 kHz.

Mean loss in W IPM SPM
PWM frequency 25 kHz 21.55 31.36
PWM frequency 100 kHz 10.03 20.66

Note: The losses of end-windings are not included.

Table 5.4: Mean values of the IPM and SPM motors’ copper losses of one slot at 60,000 /min and 1.2 Nm
calculated by coupled simulation.
5.3.3 Ironlosses

The high-frequency current harmonics also cause higher core losses. In [166] the influence
of the high-order current harmonics on the core losses has been studied. The DC-bus volt-
age and the PWM frequency were studied. A modulation index m which was the ratio
between the amplitude of the sinusoidal reference voltage and the amplitude of the trian-
gular carrier voltage was defined. It was found that a smaller modulation index resulted in
a higher iron loss. A lower PWM frequency or a higher DC-bus voltage caused a smaller
modulation index. When the maximum flux density is 1 T, the B-H loops of the core ma-
terial 35A360 at 50 Hz are presented in Fig 5.28. The results in [166] can also be under-
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5 Influence of PWM inverter on the losses of the high-speed PM motors

stood as: a lower modulation ratio between the PWM frequency and the fundamental fre-
quency, or a higher voltage ratio between the DC-bus voltage and the induced electromag-
netic force (EMF) of the coil around the tested core, will result in a higher iron loss. This
is because lower modulation ratio or higher voltage ratio will result in higher amplitudes
of current harmonics as analyzed in Section 5.1. Hence, the core losses of the high-speed
motor generated by the PWM inverter needs to be considered.
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B-H loops of the core material 35A360 at 50 Hz [166]. (a) PWM frequency is 5 kHz, DC-bus
voltage is 40 V and modulation index is 0.26. (b) PWM frequency is 1 kHz, DC-bus voltage is
40 V and modulation index is 0.22.

Figure 5.28:

Because the IPM motor has lower amplitudes of current harmonics than the SPM motor,
the additional core losses caused by the PWM inverter of the IPM motor are lower than
those of the SPM motor. Hence, the proposed IPM motor made from the AMM rotor core
will have much lower losses and higher efficiency than the SPM motor. The superiority of
the IPM motor over the SPM motor is clear.

5.4 Lossesreduction by adding current filters

Because increasing the switching frequency is very difficult, to reduce the amplitudes of
the high-order current harmonics in order to decrease the losses of the high-speed PM mo-
tors, another method is to connect a current filter between the PWM inverter and the motor
in series. Because of the existence of the current filter, the phase inductance is increased
and the dynamic response performance of the motor drive system is decreased. When the
inductance of the current filter is increased from 0.15 mH to 0.45 mH, the phase current,
torque, shaft and PM losses, and the conductor’s loss of the designed IPM motor are com-
pared in Fig. 5.29 to Fig. 5.32.
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Figure 5.29: Phase current of different current filter at 60,000 /min and 1.2 Nm when PWM frequency is
25 kHz.

Fig. 5.29 clearly shows that when the inductance of the current filter is increased, the phase
current becomes smoother. The high-frequency torque ripple and shaft loss caused by the
PWM current are correspondingly decreased as can be seen in Fig. 5.30 and Fig. 5.31.
However, the low-frequency components of the torque ripple and the shaft loss are almost
unchanged. Moreover, they have the same frequency because they are caused by the fun-
damental current. Hence, it is unnecessary to further increase the inductance of the current
filter in terms of torque ripple and shaft loss.

The influence of the current filter on the losses of the PM and the conductor, which is the
closest to the air gap, is presented in Fig. 5.32 and Fig. 5.33. They clearly show that when
the inductance is increased, the amplitudes of the PM eand the conductor losses are signif-
icantly decreased. The mean values of the losses are compared in Table 5.5. It can be no-
ticed that the current filter can help to dramatically reduce the losses of the motor, including
the shaft loss, PM loss and copper AC losses. However, when the inductance of the current
filter is further increased from 0.15 mH to a higher value, the losses of the shaft and the
copper winding cannot be further reduced. Because of the existence of the current filter,
the required output line-voltage of the PWM driver to drive the designed IPM motor to the
maximum speed at rated torque is significantly increased. For example, when the filter is
0.15 mH, the line voltage at maximum speed and rated torque is increased from 391 V to
485 V.
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5 Influence of PWM inverter on the losses of the high-speed PM motors

Figure 5.30:

Figure 5.31:

Figure 5.32:
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5.5 Comparison of SPM and IPM motors fed with PWM currents
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Figure 5.33: Conductor loss of different current filter at 60,000 /min and 1.2 Nm when the PWM frequency
is 25 kHz.
Inductance of current filter 0 0.15mH | 0.30 mH | 0.45 mH
Rotor shaft loss in W 69.02 16.41 17.16 17.52
Rotor PM loss in W 135.38 22.24 10.06 4.71
Copper loss of one slot in W 21.55 9.06 8.66 9.02

Note: The losses of end-windings are not included.

Table 5.5:  Mean values of IPM motor’s losses at 60,000 /min and 1.2 Nm calculated by coupled simulation.

5.5 Comparison of SPM and IPM motors fed with PWM
currents

Because the influence of the PWM inverter cannot be avoided and higher losses and higher
temperature rises of the motors will be induced. In order to protect the motors from high
losses and high temperature failure, it is necessary to analyse the losses and the temperature
rises of the motors driven by the PWM inverters. When the switching frequency is 25 kHz
and the DC-bus voltage is 600 V, at the maximum speed of 125,000 /min and at the rated
torque of 1.2 Nm, the losses and the temperature rises of the two motors are compared in
Table 5.6. Because of existence of a current filter of 0.15 mH, the line voltage of the SPM
motor is higher than the DC-bus voltage. In this case, the DC-bus voltage is increased to
700 V. The corresponding temperature distributions of the two motors with and without a
current filter are compared and presented in Fig. 5.34 and Fig. 5.35.
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5 Influence of PWM inverter on the losses of the high-speed PM motors

Rotor type IPM SPM
Current filter in mH 0 0.15 0 0.15
Shaft losses in W 20.05 19.38 87.30 40.53
PM losses in W 53.69 17.75 56.72 29.53
Rotor core losses in W 3.20 2.91 - -
Stator core losses in W 332.88 308.16 237.46 207.24
15 conductor losses in W 4.50 3.94 6.08 4.98
2" conductor losses in W 3.45 3.02 4.68 3.85
3t conductor losses in W 2.80 247 3.79 3.14
4" conductor losses in W 2.25 1.99 3.01 2.52
5" conductor losses in W 1.77 1.58 2.35 2.00
6 conductor losses in W 1.37 1.25 1.80 1.56
7% conductor losses in W 1.06 0.98 1.36 1.21
8 conductor losses in W 0.82 0.77 1.03 0.95
9™ conductor losses in W 0.67 0.64 0.81 0.77
10" conductor losses in W 0.59 0.58 0.70 0.69
Rotor temp. rise in K 137.71 99.57 196.80 126.84
Winding temp. rise in K 108.28 96.21 135.88 112.83

Table 5.6:  Losses and temperature rises of the two motors at the maximum speed of 125,000 /min and at the

rated torque of 1.2 Nm.

Table 5.6 shows that by connecting a current filter in series, the losses of both motors are
significantly reduced and the temperature of the motors are dramatically decreased. The
rotors’ temperature rises of the IPM and SPM motors are reduced by 34.18 °C and
69.94 °C, respectively. The shaft loss of the IPM motor is slightly reduced because it is
mainly caused by the fundamental current as aforementioned. The PM loss of the IPM
motor is reduced by about 67 %. The rotor losses of the SPM motor are reduced by about
51 %. The stator core losses of both motors are also reduced to some extent. Because the
IPM stator has higher flux density than the SPM stator, which has been proved in Fig. 5.20,
the stator core losses of the IPM motor are higher than those of the SPM motor. The copper
losses of the two motors are also reduced because of existence of the current filter. The
SPM motor has higher copper losses than the [IPM motor, it is mainly because the SPM
motors needs a higher RMS current to generate a high torque of 1.2 Nm. Hence, the SPM
rotor is 59.09 °C hotter than the IPM rotor without a current filter in series connected and
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5.5 Comparison of SPM and IPM motors fed with PWM currents

the SPM rotor faces with high risks of irreversible demagnetization. Even though a current
filter of 0.15 mH is connected, the SPM rotor is 27.27 °C hotter than the IPM rotor. The
superiority of the IPM rotor over the SPM rotor is obvious.
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Figure 5.34: Temperature distributions of the IPM motors at 125,000 /min and 1.2 Nm when considering the
influence of the PWM inverter. (a) Without current filter. (b) With current filter of 0.15 mH.
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Figure 5.35: Temperature distributions of the SPM motors at 125,000 /min and 1.2 Nm when considering
the influence of the PWM inverter. (a) Without current filter. (b) With current filter of 0.15 mH.
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6 Experimental verification

In this chapter, the prototyping techniques, the testbench and the driver are introduced. An
AMM IPM prototype and a fiber sleeve SPM prototype are built and tested and their per-
formances are compared to evaluate the feasibility and the superiority of the proposed ap-
plication of the AMM. The no-load EMF, flux linkage, load torque, temperature rise and
efficiency of the prototypes are measured. The influence of the PWM inverter on the losses
of the rotor is verified.

6.1 Manufacture of prototypes

6.1.1 AMM rotor core

In order to run the rotor to the maximum speed, the mechanical strength of the AMM rotor
core is the first concern. Hence, WEDM method is adopted for manufacturing of the rotor
core because it has the highest cutting quality among the three methods tested in Chapter 2.
To use the WEDM method, the amorphous ribbons are firstly laminated and solidified into
a stack as shown in Fig. 6.1. Then, the AMM rotor cores produced by three different com-
panies by using the WEDM method are presented in Fig. 6.2. It is worth to notice that the
cutting quality depends on the operation and the technique employed by different compa-
nies. The cutting surface may be significantly overheated as can be seen in Fig. 6.2(b).
Fig. 6.2(c) shows that the WEDM method may also cause a ridge which may decrease the
mechanical strength of the core. When the temperature during the cutting process is higher
than the crystallization temperature, the cutting contour will crystallize and the perfor-
mance of the AMM will change. The electromagnetic and mechanical performances of the
AMM cores might be influenced.

Figure 6.1: Laminated and solidified AMM stack.
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(a) (b)

Figure 6.2: AMM rotor cores made by WEDM method.

6.1.2 Hollow shaft

To realize a shaft with ferromagnetic and non-ferromagnetic segments, friction-welding
technique is employed. Since the shaft will be shorten during the welding process, to ensure
the required length of the ferromagnetic part, the raw material is about 11 mm longer than
the expected length. For example, the designed length of the ferromagnetic part is 54 mm.
The raw material used for welding is 65 mm. During the press process of the friction weld-
ing, the raw material is shortened to about 54 mm (each side is about 5.5 mm). The mate-
rials of the welded shaft are shown in Fig. 6.3. Because of high temperature during friction
welding, the junctions of the two materials become very hard. It needs a high hardness tool
to further process a hollow in the shaft. Then the shaft is milled under a clampling platform
as can be seen in Fig. 6.4. After finishing the hollow shaft, the PM can be inserted to the
shaft before assembling the rotor core. The hollow shaft inserted with the PM is presented
in Fig. 6.5.
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Non-magnetic Magnetic Non-magnetic
X5CrNiMo 17-12-2 C45 X5CrNiMo 17-12-2

Figure 6.3: Hollow shaft made from different materials by friction welding technique.

Figure 6.4: A clampling platform for manufacturing of the hollow shaft.

Figure 6.5: Hollow shaft inserted with PM.

6.1.3 Stator core

Because the slotting of the AMM is challenging, AMM is not used for the stator core even
though its core losses are much lower than those of the conventional silicon steels. Instead,
conventional silicon steel NO20, whose thickness is 0.2 mm, is employed for the stator
core. The stator laminations are cut by laser and then are solidified by the bonding varnish
on the surfaces of the laminations. The stator core is presented in Fig. 6.6(a). Because of
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high temperature during laser cut, the insulation layer around the cutting contour is burned
out. This may result in partial short circuit on the inner surface of the stator core and con-
sequently higher core losses. In order to improve the cooling performance so as to increase
the power density of the motor, the stator is encapsulated with high thermal conductivity
epoxy resin as shown in Fig. 6.6(b).

(@ (b)

Figure 6.6: Stators of the prototype. (a) Stator core. (b) Stator encapsulated with epoxy resin.

6.1.4 Water-cooled housing

To increase the torque density of the motor, forced water-cooled housing is implemented.
As aforementioned, a special water channel is designed in order to increase the axial stiff-
ness of the housing, instead of using a spiral channel. Then, the manufacture of the housing
is challenging. It needs a device, which can work on four axes. The device to manufacture
the housing developed by our institute is presented in Fig. 6.7. It consists of a spindle mo-
tor, which runs at a high speed and moves in z-axis, and a platform, which moves in x-y
plane and a rotating axis mounted on the platform to fix and rotate the housing. The man-
ufactured housing is presented on the right figure of Fig. 6.7.

Figure 6.7: Manufacture of the cooling channel on the housing.
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6.1 Manufacture of prototypes

6.1.5 Realization of the SPM rotor

The manufacture of the SPM rotor is challenging. When prestress is needed, a small un-
dersize is required. The inner diameter of the sleeve should be a little smaller than the outer
diameter of the PM rotor to add prestress. Then, heat shrinking or cold shrinking method
is necessary to assemble the sleeve into the rotor. This small undersize is determined by
the manufacturing tolerances of the shaft, PMs and sleeve. It is very difficult to obtain a
proper tolerance in the mechanical process. Hence, undersize is not adopted in this proto-
type. Instead, the inner diameter of the sleeve is slightly bigger than that of the rotor. The
gap between the rotor and the sleeve is filled with high strength adhesives Loctite 648.

To decrease the tolerance requirements of PMs, the shaft is designed to have convex as
shown in Fig. 6.8(a). Because of the existence of the convex, the PM usage will be reduced
when the segmental number per PM pole is increased. Consequently, the air-gap flux den-
sity will be reduced. Hence, each pole is cut into four segments considering the PM eddy
current losses and the PM usage. The shaft, carbon fiber sleeve and the SPM rotor are
presented in Fig. 6.8.

(®)
Figure 6.8: SPM rotor and components. (a) Shaft. (b) Carbon fiber sleeve. (¢c) SPM rotor.

6.1.6 Assembly of the prototypes

One of the most important components to ensure the rotor can be run to the maximum
speed is the bearing. In this work, mechanical spindle bearings HY KH 61900 C TA and
HY S 619/6 C TA produced by GMN are used. Their maximum speed are 135,000 /min
and 165,000 /min, respectively. The finished IPM rotor is shown in Fig. 6.9. The complete
SPM and IPM prototypes are presented in Fig. 6.10. The outer diameter of the prototypes
after housing is 84 mm; the total length is about 160 mm; the rotor is about 200 g and the
total weight of the prototype is about 2.8 kg.
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Figure 6.9: Finished AMM rotor.

Figure 6.10: Photos of the prototypes. (a) SPM. (b) IPM.

6.2 Design and manufacture of the testbench

Generally, a torque sensor is connected between the tested prototype and the load machine
through couplings. However, because of high-speed operation, it is better to reduce the
distance between the tested motor and the load machine. Hence, a special design for testing
the torque is realized as presented in Fig. 6.11. The two prototypes are directly connected
through a coupling. A strain gage based torque sensor TS70 produced by ME-Mefsystem
GmbH is connected between the end-cap of the IPM prototype and the base. For this con-
figuration, the stator is hold by two bearings as shown in Fig. 6.11 and Fig. 6.10(b). The
prototypes are covered by thick steels in order to ensure the stiffness and the safety of the
testbench.
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Figure 6.11: Structure of the testbench.

The connection of the PWM inverters and the two prototypes is presented in Fig. 6.12.
During the test, one of the prototypes is driven as a motor while the other is driven as a
generator. In order to increase the modulation ratio, silicon carbide (SiC) power module
CCS050M12CM2 is used. The two converters are connected to the same DC supply. The
DC supply only need to provide power for the losses of the converters and the prototypes.
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CCS050M12CM2

K+ F

Grin

Figure 6.12: Schematic diagram of the PWM inverters and motors.
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The motor is controlled by speed mode while the generator is controlled by current mode.
To test the angular position of the rotors, non-contact position sensor IC MHM produced
by iC Haus is used. The control system is realized by using Xilinx Zynq SoC (system on a
chip) XC7Z020. The structure of the hardware system is shown in Fig. 6.13. This SoC
consists of two ARM Cortex-A9 cores and 85 k programmable logic cells (Artix-7 FPGA).
One ARM core is used for communication while the other one is used to realize the control
strategies. The two ARM cores share data through the on chip memory. The PC and ARM
core 0 communicates through Ethernet. The PC sends the target values to and recieves the
state parameters from the ARM core 0. All the sensors, including the current, DC-bus volt-
age, temperature and rotor angular position, are connected to the FPGA. If any error is
detected by the FPGA, it will shut down the SVPWM immediately in order to protect the
motors and the power converters. The control strategies for the two motors are realized in
the ARM core 1. It calculates the duty cycles of the upper arms of the two PWM inverters
and sends them to the FPGA. The FPGA will calculate the turn on and off times of each
power electronic switches and add dead-time to avoid short circuit between the upper and
lower arms of one phase.

SD
Card

Boot files
Parameters
Speed :
Current On Chip
Enable Memory
P o ARM ” N
\,— Core 0 Core 1
Current Advanced eXtensible
Voltage Interface
Temperature
A Rotor position
Sensor FPGA

Xilinx Zynq SoC XC7Z.020

SVPWM PWM
—/

Inverters

Figure 6.13: Structure of the hardware system.

The schematic diagram of the speed control model is introduced in Fig. 6.14. Because the
IPM motor can provide additional reluctance torque, the current leading angle (Gamma in
the Fig. 6.14) is set based on the FEA and experimental results. In Fig. 6.14 the d-axis and
g-axis reference currents are calculated based on the mathematical model of the motor ac-
cording to the torque in need Mreq. The motor and generator drive system is shown in
Fig. 6.15.
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Figure 6.14: Speed control model realized in ARM core 1.

Figure 6.15: Photo of the motor and generator drive system.

6.3 Measurement of the prototypes

6.3.1 No-load test

First of all, the no-load back-EMFs of the prototypes are measured to ensure that the pro-
totypes are correctly built. To test the no-load EMFs, one of them is driven as motor to
drive the two prototypes to a specific speed and the other prototype is open circuit. The
phase current of the motor and the back-EMF of the counter prototype at 30,000 /min are
presented in Fig. 6.16.

The voltage probe is ten times attenuated and the current probe is 20 A/V. Because of rel-
atively low amount of PMs in the IPM rotor, the back-EMF of the IPM motor is about 18 %
lower than that of the SPM motor. However, due to higher inductance of the [PM motor,
the current harmonics generated by the PWM inverter of the IPM motor have much lower
amplitudes than those of the SPM motor. Furthermore, the phase current needed for the
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IPM motor is much lower than that of the SPM motor to drive the two rotors to 30,000 /min.
The SPM motor needs about 1.28 A-RMS current while the IPM motor needs only 0.69 A-
RMS when the current leading angle is equal to 30 degrees.
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Figure 6.16: Tested back-EMF and phase current at 30,000 /min. (a) EMF of IPM and current of SPM.
(b) EMF of SPM and current of IPM.

The experimental results compared with the FEA results of the two prototypes are pre-
sented in Fig. 6.17 and Fig. 6.18, respectively. In can be seen that the back-EMFs of the
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two prototypes contain high amplitudes of 3™ harmonic. Because the windings are con-
nected in star type, the phase current does not contain 3™ current harmonic. However, the
5% and the 7 back-EMF harmonics of the SPM will generate corresponding current har-
monics. The EMF errors between FEA and experimental results of the [IPM motor is about
7.4 %, while the error for the SPM motor is about 1.7 %.
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Figure 6.17: Comparison of the tested and the FEA back-EMF of the amorphous IPM motor at 30,000 /min.
(a) Back-EMF waveform. (b) Spectrum of the back-EMF.
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Figure 6.18: Comparison of the tested and the FEA back-EMF of the SPM motor at 30,000 /min. (a) Back-
EMF waveform. (b) Spectrum of the back-EMF.

The back-EMFs of the two prototypes as a function of speed are presented in Fig. 6.19.
The FEA results fit well with the experimental results and this proves that the FEA analysis
is credible. The decrease of the experimental EMF of the IPM motor, compared to the FEA
results, might be mainly caused by the flux leakage at the ends of the shaft, the inaccuracy
of the stacking factor and the inaccurate electromagnetic properties of the AMM rotor core.
Even though the error of the EMF of the IPM motor is a little higher than that of the SPM
motor, this error is still reasonable from the engineering point of view.
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Figure 6.19: Back-EMFs of the two prototypes as a function of speed.

6.3.2 Fluxlinkage measurement

Since the d-axis and g-axis inductances of the IPM motor are unequal and they are influ-
enced by the d-axis and g-axis currents due to the non-linear property of the AMM rotor
core, the d-axis and g-axis flux linkages are tested to optimize the torque control. The
mathematical model of the IPM motor is

di
uy = Rig+ L —t = Lo,
t

' di, ' (6.1).
u, =Ri +L, E+Lda)ezd + @Yo

It can be known that to derive the flux linkages, the phase voltages and currents, and the
rotor position need to be measured. For example, at 3,000 /min, when the d-axis current is
-25 A and the g-axis current is 45 A, the phase voltages, currents and the angular position
are illustrated in Fig. 6.20. Through Clarke and Park transformation, the d-axis and g-axis
currents and voltages are presented in Fig. 6.21. It shows that the d-axis and g-axis currents
are much stable. Their average values are used and the d-axis and g-axis currents are con-
sidered to be constant. Then the d-axis and g-axis flux linkage can be calculated through

(6.2).

ud = Rsld _a)el//q
u, =Ri +oy,

146



6.3 Measurement of the prototypes

Phase V@)ltages Ehase c':urrentsf

w0 : : | & : :
...l B0 ROTOEPOSItion s
= - S
Figure 6.20: Experimental phase voltages and currents and rotor position at 3,000 /min.
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Figure 6.21: Experimental d-axis and g-axis voltages and currents at 3,000 /min.

The tested flux linkages as a function of d-axis and g-axis currents are compared with the
FEA results and presented in Fig. 6.22 and Fig. 6.23, respectively. It shows a high accuracy
in predicting of the flux linkages through the FEA and the optimum current leading angle
can be determined. The FEA flux linkages of different currents fit well with the measured
flux linkage because the measured B-H curve of the AMM core is used in the FEA analysis.
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Figure 6.22: d-axis flux linkage of the IPM motor. (a) FEA. (b) Measured.
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Figure 6.23: g-axis flux linkage of the IPM motor. (a) FEA. (b) Measured.

6.3.3 Load torque test

Even though the SPM prototype has higher back-EMF than the IPM prototype, because the
IPM motor can provide additional reluctance torque, the IPM motor has higher torque when
the amplitude of the phase current is higher than 30 A based on the tested results as can be
seen in Fig. 6.24. In this figure, the current leading angles of the IPM and the SPM motors
are 30 degrees and 0 degree, respectively. The tested torque of the SPM prototype is about
9 % lower than the FEA value. As regards the [PM prototype, the tested error at low current
is high while at a high current this error is decreased to 5 %. The tested error might be
mainly caused by inaccurate magnetic properties of the solid shaft material and inaccurate
stacking factor and B-H curves of the stator and rotor cores. It is worth to notice that at
3,000 /min, when the amplitude of phase current is 55 A, the tested peak torque of IPM
motor is about 11% higher than that of the SPM motor. Compared with the analytical re-
sults as shown in Fig. 4.49, it is believed that the tested data is creditable. Because the
losses of the SPM motor increase faster than those of the IPM motor when the speed in-
crease, it can be expected that at a higher speed, the [IPM motor will has much higher torque
than the SPM motor. This will lead to a much lower efficiency of the SPM motor.
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Figure 6.24: Peak torque (test duration 30 seconds) of the two prototypes as a function of current amplitude

at 3,000 /min.

The tested torque of the IPM prototype as a function of the d-axis and g-axis currents is
compared with FEA results as shown in Fig. 6.25. Because the g-axis inductance is higher
than the d-axis inductance, the maximum torque occurs at flux-weakening regions. Based
on the comparison of the tested and FEA results, it is believed that the design of the motor
based on the test data of the AMM is highly precise and creditable.
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Figure 6.25: Torque of the IPM prototype as a function of the d-axis and g-axis currents. (a) FEA. (b) Test.

6.3.4 Temperature rises

To evaluate the feasibility of the proposal, the thermal behavior of the prototype needs to
be assessed. The temperature rises of the IPM prototype at 10,000 /min, 0.83 Nm and
30,000 /min, 0.51 Nm are measured and compared with the CFD calculation results. The
CFD analytical thermal distributions of the prototype in these cases are illustrated in
Fig. 6.26. The tested temperature rises of the prototype are compared with the simulation
results in Table 6.1.
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Temperature (C) Temperature (C)
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Figure 6.26: Predicted thermal distributions of the IPM prototype at different speed and load conditions.
(a) 10,000 /min and 0.83 Nm. (b) 30,000 /min and 0.51 Nm.

Speed and load Temperature rise CFD Experimental
10,000 /min and Windings in K 28.8 31.0
0.83 Nm Rotor in K 40.2 36.1
30,000 /min and Windings in K 17.6 17.1
0.51 Nm Rotor in K 42.6 37.4

Note: the maximum temperature rise at the windings is located at the end-winding.

Table 6.1:  Comparison of the tested and the CFD temperature rises of the IPM motor at different speed and
load conditions.

In Table 6.1, the temperature rises calculated through CFD software are the maximum val-
ues, while the tested temperature rise of the rotor is an average value and the tested tem-
perature rise of the winding is at the end-winding. Because directly measurement of the
rotor’s temperature is difficult at a high speed, in the test, the temperature rise of the rotor
is derived from the no-load back-EMF. Based on the temperature coefficient of the rema-
nence of the PM, the temperature rise is calculated. The CFD results show that the maxi-
mum temperature rise of the rotor locates at the middle position of the PM, while the max-
imum temperature rise of the windings happens at the end-winding. The experimental
results fit well with the predicted values through CFD software.
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6.4 Influcence of PWM inverter

6.4.1 Phase current fed by PWM inverter

Through (5.4) the phase current of the SPM prototype at different speed and load conditions
can be precisely predicted because the phase inductance of the SPM prototype changes
slightly when the load changes. For example, the predicted and experimental phase currents
at 12,000 /min and light load are compared in Fig. 6.27.
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Figure 6.27: Phase current at 12,000 /min when the PWM frequency is 12 kHz and the DC-bus voltage is
100 V. (a) Current waveform. (b) Spectrum of the phase current.

Fig. 6.27 shows that the analytical method can well predict the phase current and the cur-
rent harmonics generated by PWM inverter. Because of the existence of 5" and 7" EMF
harmonics as can be seen in Fig. 6.18, the phase current also consists of high-amplitudes
of 5" and 7% current harmonics. Since the low-order current harmonics do not play an
important role in the PM EC losses, the current harmonics caused by the PWM inverter are
the focus. As aforementioned, the phase current rises and falls twice in one SVPWM pe-
riod. When the speed of the motor is 12,000 /min, the fundamental frequency at this speed
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is 200 Hz of the designed motors. Since the switching frequency is equal to 12 kHz, the
phase current consists of high amplitudes of 119" and 121% current harmonics as can be
seen in Fig. 6.27(b). This figure also shows that the analytical values of the 119" and 121
current harmonics are a little higher than those of the experimental results. It is because the
experimental speed of the prototype is not exactly 12,000 /min, which causes the FFT re-
sults of the phase current consisting of high amplitudes of current harmonics around 119"
and 121% as shown in Fig. 6.27(b). Hence, the analytical method is feasible for predicting
the current harmonics generated by the PWM inverter. This method can be used for pre-
dicting the current harmoncs in the motor design stage.

6.4.2 Influence of PWM frequency

According to (5.8) it is known that the amplitudes of the current harmonics generated by
the PWM inverter are influenced by the PWM frequency, DC-bus voltage and the rotor
speed. When the DC-bus voltage is 100 V, the experimental phase currents at 12,000 /min
of different PWM frequencies are presented in Fig. 6.28. It clearly shows that the ampli-
tudes of the current harmonics decrease when the PWM frequency increases, which can be
explained by (5.8).
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Figure 6.28: Phase currents at 12,000 /min of different PWM frquencies.

Because experimental measurement of EC losses is very difficult to conduct and the tem-
perature is a reflection of the losses, to verify the analytical results, the temperature rise of
the rotor is used. The measurement of the temperature rise of the rotor is made for different
PWM frequencies. In order to avoid the influence of the stator copper losses on the rotor
temperature, the fundamental current is limited. In the test, g-axis current is equal to 1 A.
Due to a low phase resistance of the motor, 0.045 Q, the total copper losses of the motor
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6.4 Influcence of PWM inverter

are about 0.07 W. Therefore, the temperature rise of the rotor is mainly due to the PM and
the shaft eddy current losses. Then, the predicted PM losses, rotor temperature rises and
measured rotor temperature rises at different PWM frequencies are listed in Table 6.2. In
this table noload means the PWM is shut down and the tested prototype is driven by another
motor and the PM EC losses of the tested prototype are generated by slotting effect.

PWM fre- Predicted PM Predicted rotor | Experimental
temperature rotor tempera-
quency EC losses . .
rise ture rise
Noload 0.01 W 45K 53K
12 kHz 2.64 W 24.6 K 23.0K
15 kHz 241W 227K 218K
20 kHz 2.09 W 171K 18.6 K

Table 6.2:  Predicted PM EC losses and temperature rises of the rotor of different PWM frequencies at

12,000 /min.

The predicted temperature rises of the rotor have a small error with the measurement re-
sults. The accuracy of the analytical methods to predict the phase current, the PM EC losses
and the temperature rise are proved. Fig. 6.28 and Table 6.2 also illustrate that even though
the amplitudes of the current harmonics at a higher PWM frequency are significantly re-
duced, the PM EC losses and the consequent rotor temperature rise cannot be dramatically
decreased. For example, when the PWM frequency is increased from 12 kHz to 20 kHz,
the increasement is about 67 %, the temperature rise of the rotor is decreased from 23.0 K
to 18.6 K, which is only about 20 %. This is because at a higher PWM frequency, the fre-
quencies of the current harmonics are higher. This means that by increasing the PWM fre-
quency to reduce the PM EC losses of the SPM rotor is not a highly efficient method.

Furthermore, if the influence of the PWM inverter on the PM EC losses is not considered,
the predicted PM EC losses are much lower and the predicted rotor temperature rise is
much lower than the real temperature rise. This may result in PM irreversible demagneti-
zation due to high temperature. Hence, in the design of the surface-mounted PM motors,
the influence of the PWM inverter needs to be considered.

6.4.3 Influence of DC-bus voltage

Generally, the DC-bus voltage is fix and high to cover all the speed and load ranges. For
example, to run the two prototypes to the maximum speed at rated torque, the rated voltage
required is 500 V. However, because higher DC-bus voltage will induce higher EC losses
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of the PMs, in order to avoid a much high temperature of the PMs, it is better to adjust the
DC-bus voltage according to the speed and load. When the PWM frequency is 12 kHz, the
experimental phase currents of different DC-bus voltages are presented in Fig. 6.29. It
clearly shows that the amplitude of the current fluctuation increases when the DC-bus volt-
age increases. Because the amplitude of the phase back-EMF at 12,000 /min is much lower
than the DC-bus voltages applied in the test, the phase current fluctuation increases slightly
when the DC-bus voltage is higher than 100 V. This phenomenon can be also explained by
(5.8).
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Figure 6.29: Phase currents of different DC-bus voltage at 12,000 /min.

The predicted PM EC losses and the experimental rotor temperature rise of the rotor of
different DC-bus voltage at 12,000 /min are presented in Table 6.3. It shows that the tem-
perature rise of the rotor increases significantly when the DC-bus voltage increases. Even
though the DC-bus voltage is only 150 V and the speed is only 12,000 /min and the motor
is low load, the rotor temperature rise is high to 36.8 K. Hence, the influence of the DC-
bus voltage on the rotor losses is significant and needs to be considered.

Tl
voltage EC losses p. 'p
rise ture rise
50V 1.08 W 143K 13.6 K
100 V 2.64 W 246K 23.0K
150 vV 391 W 335K 36.8K

Table 6.3:
12,000 /min.
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6.4 Influcence of PWM inverter

6.4.4 Influence of rotor speed

Based on (5.8) it is known that when the PWM frequency and the DC-bus voltage are fixed,
the amplitudes of the current harmonics caused by the PWM inverter are decided by the
rotor speed (corresponds to the back-EMF ean). When the rotor speed is increased, the
amplitude of the current harmonic is firstly increased and then decreased. Since the PWM
frequency is fixed and it is much higher than the frequency of fundamental current, the PM
eddy current losses are almost proportional to the amplitude of the current harmonic. Con-
sequently, the trend of the rotor temperature rise is similar to that of the amplitude of the
current harmonic. When the PWM frequency is 25 kHz, the experimental rotor temperature
rise and the amplitude of the current harmonic for different DC-bus voltages as a function
of the rotor speed (back-EMF) are presented in Fig. 6.30. The experimental rotor temper-
ature rise is tested when the DC-bus voltage is 150 V. It clearly shows that the rotor tem-
perature rise has a similar trend with the amplitude of the current harmonic. To minimize
the rotor temperature, the DC-bus voltage should be regulated according to the speed and
load.
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Figure 6.30: Experimental rotor temperature rise and the amplitude of the current harmonic for different DC-

bus voltages as a function of the rotor speed (back-EMF).

6.4.5 Comparison of IPM and SPM rotors

The eddy current losses of the SPM motors caused by the PWM inverter have been ana-
lyzed in Chapter 5. It is known that the eddy current losses of the PMs caused by the PWM
inverter are dominant and they are influenced by the phase inductance, the PWM fre-
quency, the DC-bus voltage and the back-EMF (which corresponds to the rotor speed).
Because the IPM rotor has a ferromagnetic rotor core to guide the armature reaction field
and the air-gap length of the IPM motor is small, which leads to a high phase inductance
and low amplitudes of current harmonics, the eddy current losses of the IPM motor are
lower than those of the SPM motor. When the PWM frequency is 20 kHz and the DC-bus
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voltage is 150 V, the tested phase currents of the two prototypes at 30,000 /min are com-
pared in Fig. 6.31(a). In the test, one prototype is open circuit and the counter prototype is
driven as motor to drive the two co-axial prototypes to a specific speed. The effective cur-
rents of the two prototypes are used to overcome the losses of them, including the air-
friction losses and the electromagnetic losses of them. The spectrums of the current har-
monics are compared in Fig. 6.31(b).
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Figure 6.31: Phase currents of the two prototypes at 30,000 /min, light-load condition. (a) Phase current

waveforms. (b) Spectrums of the phase currents.

The FFT results of the phase currents show that the amplitudes of the fundamental currents
of the two motors are comparable. However, because the SPM motor consists of high am-
plitudes of 5" and 7" EMF harmonics, the 5" and 7" current harmonics at no-load condition
have high amplitudes. Furthermore, due to lower phase inductance of the SPM motor, the
amplitudes of the 79" and the 81° current harmoncis generated by the PWM inverter are
about 5 times the IPM motor.

When the DC-bus voltage is 150 V and the PWM frequency is 25 kHz, the temperature
rises of the two rotors at low-load condition (amplitude of the phase current of the load
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machine is 1 A) as a function of speed are compared in Fig. 6.32. It can be seen that the
IPM rotor has lower temperature rise than the SPM rotor. At 36,000 /min, the temperature
rise of the IPM motor is about 67% of the SPM motor. The IPM motor shows a better
performance in terms of the temperature rise of the rotor.
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Figure 6.32: Temperature rises of the two prototypes as a function of rotor speed.

6.5 Efficiency

Based on the torque measurement of the two prototypes as illustrated in Fig. 6.24, it is
known that the IPM prototype has higher torque than the SPM prototype when the ampli-
tude of the phase current is higher than 30 A. When the IPM prototype is driven as a motor
and the SPM prototype is driven as a generator, at 3,000 /min and 1.08 Nm, the phase cur-
rents corresponding to the rotor positions of them are drawn in Fig. 6.33. It can be seen that
the IPM has lower current even though it needs to overcome the friction losses of both

prototypes.
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Figure 6.33: Comparison of the phase currents of the two prototypes at load condition. (a) IPM prototype.

(b) SPM prototype.
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The efficiency maps of the two prototypes are tested and compared in Fig. 6.34 and
Fig. 6.35. It can be noticed that the efficiency of the IPM prototype is about 13 % higher
than that of the SPM prototype. It might be mainly because the SPM prototype has much
higher amplitudes of current harmonics caused by the PWM inverter as can be seen in
Fig. 6.31. The high current harmoincs of the SPM motor lead to higher losses and lower
efficiency. Hence, the advantages, such as higher torque density, higher power density and
higher efficiency of the proposed IPM rotor made from AMM rotor core are verified.
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Figure 6.34: Tested efficiency map of the proposed IPM prototype.
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Figure 6.35: Tested efficiency map of the SPM prototype.

6.6 High-speed operation

To run the motor to a high speed faces with many challenges. Firstly, the rotor dynamic
balancing experiment needs to be completed. At the maximum target speed of
125,000 /min, to reach grade G 0.4, the corresponding permissible residual specific
unbalance must be lower than 0.04 gmm/kg based on the international standard ISO 1940-
1 [167]. To reach grade G 1, the permissible residual specific unbalance must be lower than
0.1 gmm/kg. Currently, we do not have a balancing machine for this target value in our
institute. An universal balancing machine Pasio 05 developed by Schenck RoTec GmbH
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6.6 High-speed operation

can reach a minimum residual unbalance of 0.1 gmm/kg and this machine can help to reach
a highest grade of G 2.5 and it can be considered for further research. Secondly, to avoid
resonance of the motor, both ends of the prototype should be directly fixed to the platform,
instead of holded by using two bearings as shown in Fig. 6.11. In this case the torque cannot
be measured and the designed testbench needs to be redesigned and built. Thirdly, it is
necessary to reduce the influence of the PWM inverter on the losses of the motors.
However, currently it is difficult to increase the PWM frequency, because the calculation
time of the control strategies and the communication time of the sensors can be hardly
reduced in the current configuration of the driver. Another method to reduce the high-
frequency losses is to connect a current filter between the motor and the PWM inverter.
However the DC-bus voltage needs to be increased and a high frequency current filter is
required. It is better to use AMM for this current filter. Currently such a current filter is
unavailable in our institute. Fourthly, a high-speed position sensor is needed and the delay
of the sensor needs to be compensated. Otherwise, sensorless control strategies are
necessary. Because to realize a high-speed PM motor driver also faces with many
challenges, it is not developed in this dissertation. Hence, currently, the tested maximum
speed is 65,100 /min. In this speed, the surface velocity of the rotor is about 68 m/s. The
no-load back-EMF of the load motor at this speed is shown in Fig. 6.36.
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Figure 6.36: No-load back-EMF of the IPM prototype at 65,100 /min.

Based on the analysis and the experimental results, it is known that the IPM prototype has
better performance than the SPM prototype. It can be summarized as follows. Firstly, the
proposed IPM rotor has much lower amplitudes of the current harmonics caused by the
PWM inverter due to its smaller air-gap length and higher phase inductance. This helps to
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reduce the losses of the motor and results in lower temperature rises and higher efficiency.
Secondary, the flux-weakening ability of the IPM motor is much better due to higher d-
axis inductance. Thirdly, since the IPM motor can provide additional reluctance torque, the
IPM motor has lower copper losses. It is proved that the proposed IPM rotor made from
amorphous core is suitable for the high-speed high-power-density PM motors.
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Based on the literature it is known that when the speed of the high-speed PM motors is
higher than 50,000 /min, SPM rotors are more frequently applied. Metal sleeves are more
commonly used. However, because the solid-conductive sleeves and magnets of the SPM
rotors are directly exposed to the armature reaction magnetic field, the eddy current losses
of the high-speed SPM rotors are very high. Moreover, since the frequency of the motors
at a high speed is high and the modulation ratio of the PWM inverter is low, high ampli-
tudes of current harmonics are generated and these current harmonics result in high eddy
current losses in the SPM rotors. Based on the analysis in Chapter 5, it is known that the
high-frequency current harmonics due to the PWM inverter play an important role in the
rotor eddy current losses. This influence cannot be ignored when a high-speed motor is
designed. In order to reduce the eddy current losses, a larger air-gap length is commonly
employed for the high-speed SPM motors. However, this method sacrifies the power den-
sity of the motor. Moreover, because of low phase inductance, the flux-weakening ability
of the SPM motor is poor. Hence, an IPM rotor for high-speed operation is proposed in this
dissertation.

AMMs are well-known due to their low core losses and they have been commercially avail-
able for decades. However, their application to electrical machines still lack a break-
through progress. An important property, high mechanical strength of the AMM:s, lacks
attention. In order to obtain an IPM rotor with high strength and low core losses, AMM is
employed to the proposed high-speed IPM rotor. Due to the high strength and relatively
low saturation flux density of the AMM, the flux bridges of the AMM IPM rotor are re-
duced and a low flux leakage is obtained.

In order to better utilize the AMM for the proposed high-speed IPM rotor, the electromag-
netic and mechanical properties of the AMM cores are experimentally investigated. For a
comparison study, another five materials, including 10JNEX900, M235-35A, M330-35A,
M330-50A, and Vacodur 49, are tested as well. It is found that the AMM has the lowest
core losses, whereas the 10JNEX900 has the highest permeability and the Vacodur 49 has
the highest saturation flux density. The core losses of the AMM are only one seventeenth
of the commonly used silicon steel M235-35A. However, the core losses of the AMM cores
are easily influenced by the stress. The core losses of a stacked core can be a few times
higher than those of the raw AMM ribbon because of high stress induced during the man-
ufacture of the cores. The saturation flux density of the AMM is moderate which is about
1.56 T. It is easily influenced by the working temperature. When the temperature is in-
creased from room temperature to 150 °C, the saturation flux density is reduced by about
10 % for both non-annealed and annealed cores. Positive effects of the high temperature
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on the AMM cores are that the core losses are reduced and the relative permeability is
increased. When the temperature is increased from room temperature to 150 °C, the core
losses of the annealed and non-annealed AMM cores are reduced by about 13.3 % and
6.3 %; the relative permeability of the two cores are increased by about 100 % and 50 %,
respectively.

The influence of temperature on M235-35A and 10JNEXO900 cores are also tested. It is
found that M235-35A has much stable properties when the temperature is changed. When
the temperature is increased, the saturation flux density, the relative permeability and the
core losses of M235-35A are slightly reduced. The core losses at 150 °C are about 5.6 %
lower than those at room temperature. The influence of the temperature on the saturation
flux density and the relative permeability of 10JNEX900 is similar to the the conventional
silicon iron M235-35A. However, the core losses of 10JNEX900 at a high temperature are
higher than those at a low temperature, which is completely different from the AMM and
M235-35A cores. When the temperature is increased from room temperature to 150 °C,
the core losses of 10JNEX900 are increased by 24.7 % and the relative permeability is
reduced by about 60 %.

To ensure the rotor to run at a high speed, the mechanical strength of the AMM core is
measured and the tested data is used for the rotor design. Since the AMMs are brittle, they
do not have non-linear elastic region. The ultimate tensile strength (UTS) is tested instead
of the yield tensile strength. Based on the test it is found that the UTS of the AMM ribbon
is normally higher than 800 MPa. However, the mechanical strength of the AMM is very
sensitive to the mechanical process. A small defect on the AMM core may crack the core
because of its high brittleness. The tested yield strengths of M235-35A, M330-50A and
10JNEX900 are about 450 MPa, 350 MPa and 570 MPa, respectively. Based on the prop-
erties study, it is believed that the AMM is the best choice for the high-speed IPM rotor.

To study the feasibility of the proposed IPM rotor made from the AMM rotor core, a de-
monstrator motor is designed. The electromagnetic, mechanical and thermal performances
of the demenstrator motor are fully analyzed. In order to avoid the high rotor losses, inte-
gral-slot distributed-winding is adopted. Parallel slots configured with flat wires are em-
ployed in order to increase the copper filling factor of the slots and to improve the load
performance of the motor. By considering the stress in the PM and the high temperature
working condition of the rotor, high temperature NdFeB magnet, whose working temper-
ature is higher than 200 °C is used. A special water-cooled housing is designed in order to
increase the wall area of the water channel and the axial stiffness of the housing. The stator
is encapsulated with epoxy resin of high thermal conductivity to improve the cooling per-
formance and to reduce the air-friction loss of the rotor. The rotor diameter is determined
by the stress of the AMM core while the rotor axial-length is determined by the natural
frequencies of the rotor. A high maximum stress of 594 MPa in the rotor core is designed
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to verify the high mechanical strength of the AMM core. To evaluate the thermal perfor-
mance of the motor, the rotor air-friction losses and the heat transfer coefficient of the air
gap are calculated. Then the temperature rises of the motor are predicted through 3-dimen-
sional computational fluid dynamic (CFD) simulation.

To evaluate the superiority of the rotor made from the AMM core, the performance of the
rotors made from different core materials are compared. Based on the finite element anal-
ysis (FEA) it is found that if the AMM core is replaced by a M330-35A core, the thickness
of the flux-bridge is larger due to a lower yield strength of M330-35A. Since the saturation
flux density of M330-35A is higher, the flux leakage of the rotor is higher. This requires a
higher stator electric loading and leads to higher copper losses to generate a specific torque.
Moreover, due to higher core losses of M330-35A, the rotor losses of the M330-35A rotor
are about 4 times those of the AMM rotor. This leads to a 95 K higher temperature rise of
the M330-35A rotor. The superiority of the performance of the AMM rotor over the M330-
35A rotor is very clear.

Since the SPM rotors are commonly employed at a high speed, in order to show the ad-
vantages of the IPM rotor made from the AMM core, a SPM rotor protected by a high
thermal-conductivity carbon fiber sleeve is also designed as a comparison with the pro-
posed motor. The mechanical air-gap lengths and the stators of both motors are identical.
The thickness of the sleeve is determined by not only the stress in the sleeve, but also the
rotor eddy current losses. In order to avoid high eddy current losses in the SPM rotor, the
thickness of the sleeve is a little larger and the maximum stress in the sleeve is
about 300 MPa. Even though a thicker sleeve is used, the losses of the SPM rotor are still
higher than those of the IPM rotor. Because the SPM motor cannot provide reluctance
torque and its air-gap flux density is subjected to the rotor volume and the equivalent air-
gap length, it requires a higher electric loading to generate a specific torque than the IPM
rotor.

Finally, the designed IPM and SPM motors are built and tested. In order to ensure the
success of the AMM prototype, the slotting approaches of the AMM cores, including
WEDM, laser and punching approaches are experimentally studied. It is found that WEDM
has better cutting quality in terms of electromagnetics and mechanics. Hence, it is adopted
for the manufacturing of the IPM prototype with AMM rotor core. A strain gage based
torque sensor is connected to the housing of the IPM prototype to measure the output
torque. The no-load back-EMFs of the two prototypes are firstly measured. The EMF errors
between FEA and experimental results of the IPM motor is about 7.4 %, while the error for
the SPM motor is about 1.7 %. The flux linkages as a function of d-axis and g-axis currents
of the IPM motor are tested to optimize the torque control of the IPM motor. The torque,
the temperature rises and the efficiencies of the two prototypes are tested as well. The FEA
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results are consistent well with the experimental results, which proves that the FEA analy-
sis is credible. From the tested results it is found that the IPM motor has about 13% higher
efficiency than the SPM motor. The influence of the PWM inverter on the rotor losses are
verified. Due to the limitation of the PWM inverter and the testbench, currently, the tested
maximum speed of IPM prototype is 65,100 /min. In this case, the circumferential speed is
about 68 m/s. Based on the tested data of the prototypes, it is proved that the AMM is
suitable for the high-speed motors and the proposed IPM rotor made from AMM has better
performance than the SPM rotor.

In order to drive the motor to a higher speed, the PWM inverter needs to be improved and
a current filter needs to be designed and built. Since the core losses of the AMM is much
lower than the silicon steels, it will be used for the current filter. Our further work about
the control of the high-speed motor will be focused on increasing the switching frequency
and on developing of the sensorless control strategies. Another work concerning the motor
itself is to apply the non-heat-treated AMM core for this IPM rotor. By comparing the
performance of the non-heat-treated and the heat-treated rotor cores, we can find out which
AMM core is more suitable for the high-speed high-power-density IPM motors. Since the
slotting of the AMM is the major problem of the application of the AMM, it is necessary
to find out a high-efficiency and high-quality cutting approach. In this work, the WEDM
method is recommended for manufacturing of the prototype. When another approach is
used to cut the AMM core for the high-speed rotors, it is necessary to test the mechanical
strength of the AMM again, as the strength of the AMM is sensitive to the mechanical
process. Furthermore, since the high-silicon steel 10JNEX900 has higher strength and
much lower core losses than the conventional silicon steels, it has also potential for the
high-speed motors and worthes a further research.
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