ABSTRACT

CHATTOPADHYAY, RITVIK. Design of High Performance Electric Motors with Reduced Magnet
Utilization for Electrified Transportation. (Under the direction of Dr. Igbal Husain).

The electrification of mobility in recent years has been spurred on by an increased concern and
awareness of climate change. This transition has led to the development of new enabling technolo-
gies as well as the adaptation of existing ones to meet the new, more constrained requirements.
Among the most notable of these is the use of electric motors for the propulsion of electric vehicles
and aircrafts in place of internal combustion engines (ICEs) and jet engines.

The requirement for compact, high-power density electric motors for traction and propulsion
applications led to the widespread adoption of Permanent Magnet Synchronous Machines (PMSMs).
However, the rare-earth and heavy rare-earth magnets used in these motors are in short supply in
nature with prices increasing.

This dissertation explores the mitigation of magnet usage in high-performance motors through
design improvements in both PM and PM-free synchronous machines. These design improve-
ments can be categorized into three categories: Magnet weight minimization of slotless PMSMs,
power factor improvement of wound field type synchronous machine using rare-earth free bi-axial
excitation rotor, and saliency ratio and torque ripple improvement of conventional wound field syn-
chronous machines(WFSM). Magnet weight minimization of slotless PMSMs is achieved through
better cooling which permits higher electrical loading, winding volume reduction which increases
power density for the same magnet volume, and partial discharge-free winding design to enable
high voltage operation. Next, a unity power factor bi-axial excitation motor has been explored for
traction applications, and its superiority to conventional WFSMs has been demonstrated in terms
of power density and inverter utilization. Finally, efficiency and torque ripple improvements of
conventional WFSMs is studied through novel rotor designs.

For the torque density improvement of slotless PMSMSs, a novel winding embedded liquid cool-
ing technique is proposed. This method introduces coolant through the non-magnetic winding
supports in close proximity of the windings. The windings supports are made of thermally conduct-
ing plastic to reduce the thermal resistance between the winding and coolant, and the windings are
encapsulated in thermally conducting ceramic epoxy to improve the thermal contact. This method
allows current densities as high as 39A/mm? for 18 seconds and enables meeting of the torque
target with a smaller volume of magnets in the rotor or in a smaller frame size.

Insulation design for the windings of slotless PMSMs has been explored to enable higher volt-
ages, and thus higher speeds. For this purpose, high dielectric strength ceramic encapsulant has
been conceptualized for winding potting of slotless PMSMs, and the effect of the introduction of
the encapsulant on the partial discharge inception voltage (PDIV) has been studied at pressures
corresponding to altitudes up to 40,000 ft. The effect of defects such as voids and delamination on



the partial discharge behavior of the windings has also been studied.

Winding volume reduction in slotless PMSMs has been achieved through the use of copper-
on-ceramic substrate windings. Active metal brazed copper is proposed due to higher copper
metallization thickness, and high thermal conductivity of Aluminum Nitride (Al N) substrate. The
use of ceramic substrate substantially reduces the winding volume and effective airgap. This enables
areduction in the stator excitation, while also improving the power density, as a result, the magnet
volume on the rotor can be significantly reduced. Further, the maximum permissible current density
is also significantly improved, enabling the use of a smaller magnet volume for the same torque.

The final part of this dissertation focuses on the power factor, power density, efficiency, and
torque ripple improvements for WESMs. A modified, bi-axial excitation rotor is proposed for traction
WFSMs with both wound field and ferrite magnet excitation on the rotor. The use of ferrite magnets
adds only marginal cost while enabling unity power factor. This enables us to extract more power
from a given frame size of the motor, while also lowering the inverter cost. The proposed design was
optimized to maximize torque and minimize torque ripple while ensuring demagnetization-free
operation of the ferrite magnets up to -40 °C.

For enhanced reluctance torque, a segmented rotor structure is proposed with a high saliency
ratio which enables greater reluctance torque, thereby reducing field excitation and copper loss.
This results in overall cost savings as a smaller rotor field power converter is needed to achieve the
same rated torque. For torque ripple improvement, a rotor with unequally spaced rotor poles is
presented which mitigates torque ripple without any added manufacturing complexity or increased

copper loss.
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CHAPTER

1

INTRODUCTION

1.1 Requirements for High Performance Motors

Historically, electrical motors have been used for wide-ranging industrial and household applica-
tions such as pumps, blowers, fans, machine tools, compressors, appliances, and heavy vehicle
propulsion. While in some of these applications, the motor power and torque rating may be high,
there is generally no signi cant constraints on the motor frame size and thus there are generally no
stringent requirements for power and torque density. The electric motors used in these applications
have less energy density in their eld source, and the rotor eld is generally provided by an electric
current. This current may be induced on the rotor by the stator eld, as in induction motors, or
supplied to the rotor by means of an external circuit, as in wound eld synchronous motors. Alterna-
tively, the rotor may have no eld at all and the machine can run purely on reluctance torque, such as
synchronous and switched reluctance machines. However, with the advent of electric vehicles and
aircraft, the requirement for power and torque dense electric machines has increased. These motors
need to be compact and lightweight in order to minimize the weight and size of the propelled vehicle
or aircraft and achieve high overall system ef ciency. This has given rise to the use of energy-dense
rare earth permanent magnets in the rotor to achieve higher air gap ux density which translates to
high torque density.

Apart from the torque and power density requirements, traction motors have several other
requirements. A wide constant power speed ratio (CPSR) is hecessary to enable high speeds without
a signi cant drop in power. The torque ripple should be small to minimize vibrations and NVH



issues.

1.2 Choice of Magnets for PMSMs

Figure 1.1: B-H curves of commonly used magnet grades

The most commonly used type of rare-earth magnets in high performance motors is Neodymium-
Iron-Boron (NdFeB). These magnets are attractive due to their high residual ux density ( B,) and
coercivity ( H.), which leads to a high energy product [1] and relative abundance of constituent
elements in nature [2]. However, since high performance applications often require motors to be
operated at elevated temperature, Dysprosium(Dy) must be added to NdFeB magnets improve their
thermal stability and retain the desired magnetic properties at high temperature.

However, nearly half the world's rare-earth reserves, particularly Nd and Dy, are located in
China [3] which leads to political factors and concentration of supply playing a signi cant role in
determining the cost and availability of rare-earth magnets. This has resulted in increased interest in
a transition away from over-reliance on NdFeB magnets. One of the alternatives to NdFeB magnets
that has emerged in recent years is Samarium Cobalt (SmCo) magnets.

SmCo magnets have a much smaller temperature coef cient of remanence compared to NdFeB,
making them attractive for high temperature applications. Although the B, of SmCo is lower and
the cost is higher, the lack of dysprosium in these magnets due to inherent thermal stability and
recent advances in the improvement of B, means that SmCo [4] is an attractive alternative to NdFeB
in the long run.

Another important metric to consider while choosing magnets in electric machine applications



is the H, which is a measure of the demagnetization resistance of the magnetic material. A higher
H. implies that a larger external magnetic eld is required to demagnetize the material, thus making

it less likely to demagnetize during rated operation of the machine or under short-circuit fault
conditions. The B-H curves of commonly used magnets in high performance motors are shown in
Fig. 1.1.

1.3 Transition to PM-free Designs

Permanent magnet prices, particularly those containing rare-earth and heavy rare-earth magnets are
subject to severe market volatility due to economic policies and limited reserves in nature. Although

the production of rare-earth elements has increased the most of all mineral groups since 1956  [5],
demand has outpaced production, especially in recent years due to the criticality of rare-earth
elements in electri ed transportation. Prices of Neodymium, the primary component in NdFeB
magnets used in Traction IPMs have increased 300% since the beginning of 2020, while Dysprosium
has increased by 120% and is close to $ 670/ kg, as shown in Figs. 1.2 and 1.3.

Figure 1.2: Neodymium(Nd) Price Chart

Such prohibitive costs and unforeseeable market variations make it imperative to explore alter-
native rare-earth and heavy-rare earth magnets. This has initiated interest in transitioning away
from the use of permanent magnets in EV traction motors, as magnet price in ation and uctuation
adversely affect the production costs of IPM traction motors and thus present a bottleneck in the
mass adoption of EVs. Some of the magnet- and rare-earth free topologies being explored are:

¢ Induction Machines
« Synchronous Reluctance Machines

* Ferrite-Assisted Synchronous Reluctance Machines



Figure 1.3: Dysprosium(Dy) Price Chart

* Wound Field Synchronous Machines

Among these, the Induction Motor has been utilized in production vehicles in the past by Tesla,
while the Wound Field Synchronous Machine is currently in use in the Renault Zoe and BMW iX3
vehicles. These are shown in Figs. 1.4, 1.5, and 1.6. Due to the low power density of Synchronous
Reluctance Machines and the low saliency ratio of high pole count machines, they have not yet been
used commercially, however, with ferrite assistance, they may also be used in traction applications.

Figure 1.4: BMW WFSM Figure 1.5 Renault WFSM Figure 1.6: Tesla IM

1.3.1 Induction Machines

Induction machines have been extensively explored as a propulsion component in electri ed
powertrains [6, 7, 8, 9]. They are attractive as a PM-free alternative due to their simple construction,
good torque characteristics and relatively simple control. As the rotor eld is produced through
electromagnetic induction, there are no frictional components such as brushes and slip rings which
makes the machines maintenance-free. The absence of magnets means that induction motors have
a low cost of production. These advantages have seen it being used as a traction motor in EVs such
as Tesla Model S and Audi e-Tron. However, there are issues such as rotor heating, and the torque



density is not as high as synchronous machines.

1.3.2 Synchronous Reluctance Machines

Unlike the other topologies of motors discussed in this chapter, synchronous reluctance machines
do not have a magnetic eld source on the rotor and rely on the saliency of the rotor to produce
reluctance torque. Therefore, the torque can be expressed as

3P o
Te = T((Ld Lq)'d'q) (1.1)
The maximum power factor of these machines is also dictated by the saliency ratio and is given by

La Lg

cos( )= Lol
q

(1.2)
Although these machines have low manufacturing cost and no rotor heating issues, poor power
factor, ef ciency, and unsatisfactory CPSR make their adoption in automotive applications chal-
lenging. Also, their torque and power density are not high enough to enable adoption in compact
electric powertrains such as passenger cars and e-bikes. One way of improving their desirability in
high-performance applications is to include rare-earth-free ferrite magnets in their rotor, which
increases both the ef ciency and power factor [10].

1.3.3 Ferrite-assisted Synchronous Reluctance Machines

These motors are structurally similar to synchronous reluctance machines, but with magnets em-
bedded in the ux barrier to improve the output torque by adding a reaction torque component.
The output torque for these machines has a similar form as IPMSMs and can be expressed as

3P . oo
Te=T( pm'q +(Ld Lq)ldlq) (13)

Due to the saturation of the ux bridges by magnet ux, the saliency ratio is also further improved
over conventional synchronous reluctance machines, and this improves the power factor as well.
Since the magnets used are non rare-earth ferrites, there are no concerns about cost and long-term
availability of of raw materials with this kind of machine.

1.3.4 Wound Field Synchronous Machines

Inwound eld synchronous machines(WFSMs), the rotor eld excitation is provided by a DC current,
supplied through a DC-DC converter, usually fed from the same DC bus as the inverter supplying the
stator currents. The power transfer to the rotor is achieved either using a brush-slip ring assembly,
or a wireless power transfer circuit, which may be inductive or capacitive. Unlike the rotor currents



in an induction machine or the B, of magnets in a PMSM, the eld current in a WFSM can be
independently controlled. This adds an added degree of freedom in the controls and also allows for
loss minimization. Moreover, as there are no magnets in the rotor, there is no demagnetization risk
and thus these machines can be operated at elevated temperatures compared to PMSMs, which
makes them suitable for high torque density applications.

Torque production in WFSMs is similar to PMSMs, with both reluctance and reaction torque
being produced due to rotor saliency. The torque produced in a WFSM can be expressed as:

3P

Te:T

(melfiq+(|—d Lq)idiq) (14)

Figure 1.8: Schematic of Figure 1.9: Schematic of
Synchronous Reluctance Wound Field Synchronous
Machine Machine

Figure 1.7: Schematic of In-
duction Machine

1.3.5 Bi-axial Excitation Machines

Another kind of unconventional rare-earth free motor topology explored in detail in the later chap-
ters of this dissertation is the bi-axial excitation machine. The rotor structure of this machine is
a combination of the ferrite-assisted synchronous reluctance machine and the wound eld syn-
chronous machine. Therefore, there are ferrite magnets oriented along the negative g-axis of the
rotor for stator g-axis ux cancellation, while the primary d-axis rotor ux is provided by DC eld
coils. This enables the machine to operate at a theoretically unity power factor in the constant power
region, thus eliminating the need for inverter oversizing.



1.4 Research Objectives

The research presented in this thesis achieves the desired outcome of reducing rare-earth and heavy
rare-earth utilization in high performance motors through four avenues:

* Reducing magnet volume in slotless PMSMs with rare & heavy rare earth magnets to achieve
high torque density by enabling higher current densities through improvements in thermal
management and use of ceramic windings.

* Improving the insulation design of slotless PMSMs to enable partial discharge-free operation
at higher voltages and lower atmospheric pressure.

« Improving inverter utilization of rare-earth free traction motors through the development of a
unity power factor bi-axial excitation motor.

« Designimprovements magnet-free wound eld synchronous motor to enable their adoptionin
high-performance applications through rotor loss minimization and torque ripple reduction.

1.5 Thesis Outline

In Chapter I, we explore the fundamentals behind methodologies to improve the torque and power
density of rare-earth magnet-free electrical machines as well as the challenges in the adoption of
these motors for high performance applications. The approaches that were adopted in this thesis
in implementing these improvements and overcoming the challenges are de ned. These include
improving thermal performance to increase the slot current density, enabling higher voltages to
achieve higher speeds, and improving the power factor for maximum inverter utilization. The trends
in the industry to transition to rare-earth free motors is explored, and the research gaps and oppor-
tunities are outlined.

In Chapter Ill, a novel winding embedded liquid cooling strategy is presented for improving the
current and torque density of slotless PM motors. This method utilizes the space within the non-
magnetic windings supports of a slotless machine to circulate coolant in close proximity to the
windings. Detailed CFD analysis is presented for the proposed method to demonstrate its ef cacy.
A lumped parameter thermal network model of slotless motor is also developed to estimate the
the temperature at various locations without the computational burden associated with CFD or
FEA analysis. The proposed cooling method employs thermally conducting injection molded poly-
mer winding supports and thermally conducting ceramic winding encapsulant to maximize the
current density. A prototype 10.5 kW stator with the proposed cooling concept is fabricated and
tested at both peak and continuous operating conditions, and the experimental results are presented.



In Chapter IV, analysis of partial discharge in slotless motors for aerospace applications is pre-
sented. This is of particular interest as high-speed motors in aerospace applications operate at high
frequency and low pressure, both of which increase the risk of partial discharge in the windings. The
insulation design considerations for slotless windings are presented, with special attention to the
effect of pressure variation on partial discharge inception. The minimum inter-turn and inter-phase
insulation thickness needed as a function of operating altitude is analyzed using 2D electrostatic FEA.
The ef cacy of potting the windings with a high dielectric strength material is shown, and the effect

of defects such as voids and de-adhesion is analyzed. Finally, test samples are prepared using the re-
sults from FEA analysis as guidelines and tested at high voltage to measure the PDIV and its variation.

In Chapter V, novel ceramic substrate windings using active metal brazed(AMB) copper to en-
able higher current densities in slotless motors are presented. These windings are fabricated by
directly brazing the copper conductors onto a thermally conducting ceramic substrate. This enables
better thermal contact and reduces the overall thermal resistance of the stator. A 10.5 kW radial ux
slotless machine is designed with AMB windings using electromagnetic FEA. The electromagnetic
performance of the designed machine is presented, and compared with a conventional slotless
motor to show the improvement in torque density achieved using AMB windings. Analysis of all loss
sources, including AC copper losses is presented and the windings are designed to minimize total
loss. Thermal FEA analysis is also presented to demonstrate the superior thermal performance of
AMB windings.

Also, a 0.75 kW coreless axial ux PMSM with ceramic substrate (AMB) windings is designed using
3D FEA and prototyped. Various design considerations, such as choice of trace width, conductor
thickness, pole count, and magnet thickness are presented. Finally, the design is prototyped, and
experimental veri cation of the design is presented.

In Chapter VI, the design of rare-earth free bi-axial excitation synchronous machines is explored.
The bi-axial excitation motor is structurally similar to a wound eld synchronous motor with non-
rare earth ferrite magnets embedded along the negative g-axis of the rotor to achieve unity power
factor in the constant power region, thereby enabling better inverter utilization. First, a 4.2 kW
BESM is designed and prototyped. Design considerations such as demagnetization, magnet grade,
rotor structural integrity, ef ciency, and power factor are explored in detail. The 4.2 kW design with
Y30BH ferrite magnets is prototyped and tested in a dynamometer test bench, and the experimental
characterization of the machine is presented. Following the same methodology as the 4.2 kW BESM,
a 100 kw BESM with FB6H La-free ferrite magnets is designed using FEA, and detailed performance
as obtained from FEA simulations is presented.

In Chapter VII, a segmented rotor structure for WFSMs (SR-WFSM) which allows for a higher
saliency ratio is presented, thereby increasing the reluctance torque and reducing the rotor copper



loss while also reducing rotor weight and material cost. Electromagnetic FEA models are devel-
oped for the segmented rotor designs and their ef cacy is demonstrated by comparing them to
conventional WFSM rotors. The design of a 50 kW and 100 kW SR-WFSM is presented and the 100
kW SR-WFSM is prototyped.



CHAPTER

2

APPROACHES FOR THE REDUCTION OH
MAGNET UTILIZATION

The reduction of magnet utilization in high performance electric machines reported in this disserta-
tion have been achieved through two avenues:

« Enabling magnet volume reduction in permanent magnet synchronous machines
» Design improvements in PM-free topologies to improve torque and power density

On a fundamental level, both of these objectives are achieved through similar physical means. To
enable magnet volume reduction in PMSMs, it is necessary to improve their power density such that
the same output power can be achieved with a lower volume of magnets. To bring the performance
level of rare-earth and PM-free designs to PMSM levels, it is also necessary to improve their power
density. To understand this, we can look at the maximum output power of any electric machine,
which can be de ned as:

Pmax = Tmax! b (2.1)

where T2« is the rated torque of the machine, and !  is the base speed of the machine. Therefore,
the power density of the machine for a given frame size can be increased by either increasing the
torque density or by enabling a higher base speed. Torque density in particular is important in
electric propulsion applications, both EV traction and aerospace. In EV traction applications, the
maximum speed is often limited by safety-constrained DC link voltages and gear ratios, therefore,
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torque density must be increased to improve power density. Recent advances such as 800 V DC link
have enabled higher speeds as a means to improve power density as well [11].

In aerospace propulsion, since load torque and thrust are both proportional to speed, anincrease
in speed must be accompanied by an increase in torque density. However, EV traction applications
are more focused on the volumetric torque density (Nm /L) and aerospace propulsion on mass
torque density (Nm /Kkg).

The torque generated in a synchronous machine, which is the most commonly used in traction
applications and the focus of research in this dissertation, is given by:

ka e“B D 2I—s'(k

T. = — 2.2
e P2 (2.2)

where k,, is the winding factor, A isthe electrical loading, B isthe air gap ux density at the rotor
surface, D is the air gap diameter, and Ltk is the stack length. From equation (2.2), we can see that

to improve the torque density, we can:

 Improve the winding factor
« Increase the electrical loading

* Increase the rotor ux density

Increase the air gap diameter

* Increase the stack length

The winding factor of commonly used winding topologies is already high at 0.93-0.96, and it is not
possible to theoretically increase them further. Increasing the electrical loading or total amp-turns
for a machine is a possibility, but for a given frame size it requires that the current density in the
slots be increased, which introduces thermal challenges. Increasing the magnetic loading involves
increasing the magnet volume or increasing the rotor amp-turns in the case of a WFSM. Finally,
increasing the air gap diameter and stack length also proportionally increases the volume of the
machine and therefore does not improve the torque density unless also accompanied by an increase
in A or B, which is usually possible with the increased volume. Therefore, in summary: to improve
the torque density of the machine, the following avenues can be explored for research:

« Increasing the current density

* Increasing the magnet volume

The other avenue for increasing the power density is to increase the base speed. The base speed of a
synchronous machine is given by:

2Von,
b — . ph,max (23)

|
H \.1 -
P 2m+(Lgm+Lq)iZ
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where Vo max is the maximum phase voltage, P isthe pole count, and Ly and Lg; is the magne-
tizing and leakage g-axis inductances, respectively. Therefore, to improve the base speed or corner
speed, we can:

* Increase maximum phase voltage
» Reduce pole count
» Reduce leakage inductance

Increasing the maximum phase voltage can be done by either increasing the DC link voltage or by
improving the DC link utilization by improving the power factor. Reducing the pole count increases
the base speed; however, it comes at the cost of a reduction in torque density due to an increase
in the stator yoke thickness. Reducing leakage inductance is feasible only to a certain extent due
to physical constraints on end winding length and has the undesirable side-effect of reducing the
constant power speed ratio (CPSR) of the machine. Therefore, the following avenues of research
can be pursued to increase the base or corner speed to expand the torque-speed envelope of the
machine and improve the power density:

* Improve the power factor
* Increase DC link voltage

Thus, four research avenues to improve the power density of electric machines in traction appli-
cations: increasing the current density, increasing magnet volume, improving the power factor,
and increasing the DC link voltage. As highlighted in the previous chapter, the goal of the research
presented in this dissertation is to minimize the utilization of magnets in high-performance electric
drives. Therefore, the three methodologies to improve the performance of electric machines while
reducing reliance on rare-earth magnets presented in this dissertation can be broadly classi ed as
follows:

* Increase the current density
« Improve the power factor
* Increase DC link voltage

However, each of these methods comes with its challenges. This will be elaborated on in the subse-
guent sections.
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2.1 Increasing Current Density

The current density or electric loading of a machine is a measure of how much electrical excitation
is present in the stator of an electric machine. For a slotted machine, this can be calculated as:

J= NI (2.4)
KNpAg '
Where N isthe number of turnsinaslot, | isthe RMS phase current, k is the slot |l factor of the

windings, N, isthe number of parallel paths per phase, and A is the area of the slot.

The higher the current density of a motor, the higher the speci c copper loss. However, a high cur-
rent density is also necessary to achieve high torque density as the size of the slots and consequently,
of the machine would otherwise increase to accommodate the required number of amp-turns to
generate the desired torque.

Therefore an exceptionally high current density generally indicates a higher operating tem-
perature and the possibility of formation of thermal hotspots in the stator winding [12]. A high
electric loading could also indicate incomplete utilization of the magnetic material within the motor,
especially in slotted designs. Therefore, while increasing the current density, it is critical to ensure:

* The ratio of tooth area to slot area is maintained such that the magnetic teeth are not under-
utilized

« The thermal management of the machine is suf cient to extract the copper loss from the
windings to ensure operation within permissible temperatures

Due to the absence of magnetic teeth, the rst point is not of concern while designing a slotless
machine. However, due to the reduced thermal mass in the stator, thermal management is challeng-
ing, particularly for transient conditions.The lower inductance of a slotless motor also necessitates
a higher stator current density compared to an equivalent slotted machine to achieve the same
torque. Therefore, it is imperative to design a cooling method for slotless motors that would allow
them to achieve high current densities without exceeding the thermal ratings for the insulation and
magnets.

In this dissertation, magnet reduction in slotless PMSMs through improvement in the maximum
permissible current density is explored through the introduction of a novel Winding Embedded
Liquid Cooling(WELC) technique. Also, higher current density enabling ceramic substrate wind-
ings are explored for both radial and axial ux machines. These windings spread more ef ciently
than conventional magnet wire and PCB windings, thus allowing higher current densities than
conventionally possible. Due to the planar nature of ceramic substrates, they are better suited to
axial ux machines, which are known to have a higher torque density than radial ux machines [13].
Therefore, the prototype of ceramic substrate windings is developed for a coreless axial ux machine.
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2.2 Power Factor Improvement

The maximum output power of a machine under a constrained DC bus voltage and phase current
can be expressed as: 3p 5
Pout = — Vdclph,max cos (2.5)
Where ,Vjc,lph,max,COS are the ef ciency at peak power, DC bus voltage, rated phase current,
and power factor, respectively. A higher power factor indicates better utilization of the available DC

bus voltage. Therefore, it is evident that if two machines have identical ef ciency and are operated

at identical bus voltage and rated current, then the machine with the higher power factor will have

the higher output power. Therefore, increasing the power factor at rated power is one of the ways in
which the power density of a machine can be increased. Machines with a rotor eld generally have

a higher power factor than machines without a rotor eld. This can be understood by looking at the

phasor diagrams of SynRMs, as shown in Fig. 2.1, and that of IPMs, shown in Fig. 2.2. The presence

Figure 2.2: Phasor Diagram of IPMSM
Figure 2.1: Phasor diagram of SynRM

of magnet ux linkage in the IPMs, denoted by pm has the effect of shifting the stator voltage vector
to the second quadrant, which reduces the phase angle, , thus improving the power factor. In a
SynRM, the phase angle is large due to the voltage and current phasors lying in different quadrants
and this negatively impacts the power factor. The rated torque of SynRMs, given by Eq. 1.1, occurs
at a phase advancement angle of stator currents of 45 °, or when iy = iy. Therefore, from the phasor
diagram, the power factor of SynRMs at maximum torque can be deduced as

1
cos( )= Bﬁ (2.6)
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Figure 2.3: Phasor diagram of WFSM in motoring operation

where = L4=L4, is the saliency ratio of the machine. Evidently, the power factor at maximum
torque has a similar behavior as the maximum power factor from Eq. 1.2 and increases with

Wound eld synchronous machines generally have a moderate power factor in between that of
IPMSMs and SynRMs due to their normally salient rotor structure, with Ly > L4 and rotor excitation
along the more inductive d-axis, which results in the voltage vector lying in the second quadrant and
current vector in the rst quadrant during motoring operation. If the eld excitation is suf ciently
large, the voltage vector shifts closer to the g-axis, and the power factor is improved. The phasor
diagram of a typical WFSM is shown in Fig. 2.3

2.3 Higher DC Link Voltage

Eqgn. 2.3 and 2.5 also suggest that having a higher bus voltage would also improve the output power
of an electric machine for a given current limit. This is mainly achieved by the higher speed allowed
by a higher bus voltage. As a result of this and other advantages afforded by higher voltages, there is a
push for a transition to 800 V DC-link voltage from the more commonly used 400 V DC-link [14, 15].
However, utilizing high bus voltages comes with challenges such as insulation design, bearing
stress, and EMI issues associated with higher switching frequencies. If the insulation is not designed
to withstand the higher voltages, partial discharge could occur, which would result in the accelerated
aging and degradation of the insulation and ultimately result in insulation failure.
In inverter-fed drives, which are most commonly used in electri ed powertrains, there is the

dv ; ;
qt» especially when using

additional issue of elevated rst-turn voltage on account of the high
wide-bandgap devices. This could also lead to premature aging and insulation failure in an electric

machine.
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Therefore, with higher voltages, insulation becomes a key consideration in motor design. This is
especially true for slotless motors in aerospace applications, as these motors would operate at high
altitudes and low atmospheric pressure, which increases the risk of partial discharge. The higher
electrical loading also results in high temperatures during takeoff, and this is also not favorable as
the Partial Discharge Inception Voltage(PDIV) decreases with an increase in temperature.

2.4 Takeaways

Based on the analyses enumerated in this section, the research presented in this thesis explores
power density improvements using the following approaches:

 To enable high current density

— Winding embedded liquid cooling (WELC) for slotless PMSMs

— Ceramic substrate windings for slotless PMSMs
« To improve power factor

— Bi-axial excitation synchronous machine (BESM) with ferrite magnets

— High Saliency Ratio and Low Torque Ripple Wound Field Synchronous Machines
« To enable higher DC bus voltages

— Partial Discharge Analysis and Insulation Design for slotless PMSMs
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CHAPTER

3

WINDING EMBEDDED LIQUID COOLING
FOR SLOTLESS PERMANENT MAGNET
SYNCHRONOUS MACHINES

3.1 Introduction

The growing market for unmanned aerial vehicles and more electric aircraft have resulted in an
increased interest in high power density electric motors to meet the power demand of a propulsion
system while keeping the base weight of the aircraft to a minimum. High-speed permanent magnet
(PM) machines are the popular choice for high-power density applications  [16]. Among different
types of PM con gurations, slotless machines are attractive candidates due to their high speci ¢
power density and better ef ciency at higher speeds [17]. High pole count slotless motors meet these
criteria by eliminating laminated teeth and reduced back iron in the stator [18]. Moreover, the use
of a Halbach magnet array further eliminates the need for lamination on the rotor [17]. The primary
heat source in slotless motors is the copper loss. The non-magnetic winding supports typically
used in slotless motors are generally poor thermal conductors. Therefore, the reduction in mass
comes at the cost of higher operating temperatures for the same current densities when compared
to a conventional slotted motor. In this chapter, a novel thermal circuit to effectively achieve high
current density particularly for slotless motors is presented.

An outer jacket cooling system has been proposed by Tiysiiz et al. where axial duct cooling and
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annular gap cooling are used [19]. This method is suitable only for slotless motors with inner rotor
and not for machines with outer rotor topology. Karnavas et al. proposes the placement of a water
jacket in the inner circumference of the stator to cool a hub motor ~ [20]. This indirect cooling method
can effectively achieve a continuous current density in the range of only 10-11 A /mm?. Lindh et
al. proposed a direct liquid cooling (DLC) method for an axial ux machine, which can achieve a
continuous current density of 14 A /mm 2 [21]. The drawback of this method is that it reduces the
overall winding |l factor. Therefore, an effective cooling strategy is required which is suitable for
slotless machines without sacri cing the winding area and is also applicable for the outer rotor
topology. The effective cooling method should also further increase the allowable maximum current
density over the state-of-the-art cooling methods to increase the power density of slotless motors.

In conventional slotted machines, slot embedded heat exchangers are employed to introduce
coolant in close proximity to the windings  [22, 23, 24, 25, 26, 27]. However, these methods reduce the
copper llfactor as the heat exchanger is inserted in the slot. Direct conductor cooling by introducing
coolant between layers of windings have also been reported in literature  [28]. In [22], a maximum
end winding temperature of 200 °C has been assumed for steady state operation, which requires
expensive high grade insulation when a safety factor is included in the design considerations. The
use of a copper heat exchanger would result in increased eddy current losses and demands better
insulation to isolate the electrically conducting heat exchanger from the windings [24]. The problem
of eddy currents in the heat exchanger would be more pronounced in a slotless machine as the

ux ows through the windings due to the absence of laminated teeth. Therefore, these solutions
would not be feasible for a slotless machine. In-slot cooling of high-speed SPM machines has been
presented in [29], but as with other in-slot methods, the Il factor is compromised. Direct oil cooling
of end windings has also been proposed [30], but is challenging to implement for the outer rotor
topology investigated in this chapter.

Figure 3.1: 3D view of the proposed concept.
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In this dissertation, a novel WELC method is proposed to increase the continuous current density
compared to conventional liquid cooling methods for a slotless machine. Thermal management
of slotless motors is more challenging since this motor has lower thermal mass, which results in
higher temperature rise during peak power operation [31]. This issue is addressed by introducing
cooling channels in close proximity to the winding. Critical thermal paths of a slotless machine are
identi ed. The non-magnetic thermal plastic-based winding support also accommodates cooling
channels. A high thermal conductivity plastic material is used to fabricate the winding supports.
This provides a low thermal resistance path from the heat source in the windings to the heat sink in
the coolant channels. With the slotless machine, it is possible to introduce liquid cooling within the
winding supports without sacri cing the electromagnetic performance. Therefore, the temperature
rise is within the thermal limits for the worst-case operating condition. A comprehensive analysis of
the proposed thermal management system is presented and compared with the conventional axial
slot water jacket cooling. Both steady-state and transient performance of the proposed concept for
a 11.5 kW slotless machine are investigated using a lumped parameter model and CFD analysis.
Moreover, the dependency of winding temperature on the ow rate and thermal conductivity of
the winding support and potting material is investigated. Finally, the simulation results have been
validated experimentally.

3.2 Low Thermal Resistance Cooling System for Slotless Machine: WELC
Method

An 11.5 kW slotless machine is considered to demonstrate the novel thermal management concept.
The outer diameter and stack length of the considered machine are shown in Table 6.1. The base
speed of the machine is 7,000 r / min, which is set based on the DoE 2025 roadmap guidelines [32]. A
12-slot/ 14-pole con guration is considered due to its high winding factor (0.933) and lower ripple

Figure 3.2: 2D schematic of investigated motor.
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Table 3.1: Parameters of investigated motor

Parameters Values
Peak torque (Nm) 15.8
Peak power, 18 seconds (kW) 115
Continuous power (kW) 55
Base speed (i min) 7000
Rotor outer radius (mm) 75
Active length (mm) 28

Stator yoke inner radius (mm) 50
Stator yoke outer radius (mm) 55

Slot/ pole 12/14
Turns/ slot 130
Peak Current (A) 20
Lamination thickness (mm) 0.25
Magnet N42UH
(a) (b)

Figure 3.3: FEA results of the investigated motor: (a) Back EMF at 7000 r / min and (b) torque pro les
at different current densities.

harmonics. It also supports both single-layer and double-layer concentrated winding con gurations.

A double-layer winding is selected due to its reduced end-turn length. The windings are wound
around thermal plastic support structures in place of conventional laminated teeth as presented in
Fig 3.1. The rotor has magnets in a Halbach con guration consisting of three segments per pole to
circumvent the need for rotor core  [17]. A non-magnetic rotor support is used to hold the magnet as
shown in Fig 3.2. The coreless rotor minimizes the magnet loss and has zero rotor core loss. This
helps to keep the thermal management for the rotor simple. The considered machine is optimized
to maximize the torque density and minimize the total loss while maintaining the parameters within
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Table 3.2: Loss data of the Slotless Machine at rated continuous operation

Current Density CopperLoss Stator lronLoss Magnet Loss
19A, s=mm 2 337 W 14 W 7.8W

the constraints given in Table 6.1. The optimization is not the focus of this research but was carried
out to give the best platform for the proposed thermal concept evaluation. The simulated back-EMF
and torque pro le are shown in Fig. 3.3(a) and Fig. 3.3(b), respectively. The loss data obtained using
the FEA method outlined in [17] is presented in Table 3.2.

Since the winding supports of a slotless motor are non-magnetic, a liquid crystal polymer (LCP)
material (Coolpoly D5506 [33]) with an integrated cooling channel is used as winding support in the
stator. The thermal plastic is an electrical insulator, but thermally conducting. The winding supports
are manufactured using injection molding of this material. This helps to introduce cooling channels
through the winding support without the need for additional machining. The coolant tubes and
their placement with respect to the heat sources are shown in Fig 3.1. The design objective is to
place the coolant paths as close as possible to the primary heat source, i.e., the windings to achieve
the best thermal performance of a slotless machine. Cooling channels are positioned in a way so as
to not decrease the |l factor of the winding. The rotor is not considered for the thermal analysis
since the rotor in this design has trivial loss; the heat ow from the stator to the rotor is negligible
due to the high thermal resistance across the air gap and the presence of a low thermal resistance
path from the windings to the coolant.

3.3 Thermal Analysis

3.3.1 Lumped Parameter Thermal Network

Critical thermal paths in the stator are analyzed using an LPTN model shown in Fig. 3.4. Due to the
symmetry of the machine, for the LPTN analysis, a section of the stator comprising one winding
support and half of each of the neighboring slots along with the corresponding section of the stator
core is considered. This represents 1=12!" of the entire stator. The center of the winding supports is
assumed to be at the temperature of the coolant. Heat ow across the air gap is neglected as the
thermal resistance to ambient is considerably higher along that path. The materials used in the
construction of the slotless motor are presented in Table 3.3. The equivalent thermal conductivity
of the slot material, g, is determined using the modi ed Hashin and Shtrikman approximation
presented in [34], and is found to be 9.82 W =mK with potting and 0.068 W =mK without potting.
The general form of conductive thermal resistance in the lumped parameter network is given by

Rip = —

- (3.1)
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Figure 3.4: Lumped parameter thermal network of WELC system.

where L is the length of the component along the direction of heat ow, is the thermal conductivity
of the material, and A is the area of cross-section of the component normal to the direction of
heat ow. The tangential and radial thermal resistances of the winding support and the tangential
thermal resistance of the yoke are calculated using equation (3.1). The radial thermal resistance of
the stator yoke can be calculated using

R S s (3.2)
fam rad = 2 Is lam I’i+l’0 .

where |, isthe thermal conductivity of the lamination, |4 is the stack length, and r, and r; are
the outer and inner radius of the stator yoke, respectively. The thermal resistance of the portion of
the yoke connected to the winding supports and slot is then calculated from

2
Riam rad1= —Riam rad (3.3)
1

Riam rad2 = Z_ZRlam,rad (3.4)
where 4 is the angle of the arc of the winding supportand 5 is equal to half the angle of the arc of
the slot. The copper loss per coil is divided equally between the end winding and slot nodes in the
LPTN circuit as the length of the end turn is similar to the active length. Therefore, Pcus=Pcuew=
0.251 °R;, where | is the current through the coiland R is the resistance of the coil. The iron loss is
also distributed among three nodes in the yoke.

The tangential and radial thermal resistances of the slot are calculated using

(ro+hg) 2
Rstang = 20 s—hsTs (3.5)
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where hg is the slot height. The winding axial thermal resistance can be accurately modeled using a
T-network with three thermal resistances. The thermal resistance between the inner circumference
and the middle of the end winding is calculated as

1 €r12 S

In
tW S f1

Rewrad1= (3.7)

where t,, is the thickness of the end winding, rq, is the mean radius of end winding curvature, and

r1, is the inner radius of end winding curvature. Similarly, the thermal resistance between the middle
and outer circumference of the end winding is calculated as

1 € S
In -2 (3.8)
tw S r12

Rewrad2=

where r,, is the outer radius of the end winding. Finally, the winding axial resistance can be calculated
using

lc
R = — 3.9
W ,ax 2 CukAs ( )

where | is half the mean turn length of the caoil, cu is the thermal conductivity of copper, Kk isthe
winding llfactorand Ag isthe slot area. However, for motors with short axial length, such as the one
investigated in this chapter, Ry, a4« is very small compared to Rgy rag1 and Rew rad2. Therefore, the
T-network can be replaced by a single equivalent resistance Rg 5 utilizing the equivalent thermal
conductivity of the winding, as shown in Fig. 3.4. This resistance is calculated as

IS

Rsax = E (3.10)
In the investigated motor, the thermal resistance between the end winding hotspot and the sink
was found to be 9 K =W using the T-network and 9.7 K =W using the equivalent single resistance,
with an error of less than 8%. The natural convection thermal resistances from the windings to the
surroundings, labeled as R, s and R, ¢y in Fig. 3.4, are more convoluted due to the number of
non-linearities involved, such as surface area of windings, the shape of the coils, local convection
phenomena, etc. and needs to be determined empirically by exciting the windings with a constant
current and measuring the temperature rise in absence of liquid cooling. The thermal capacitance
of each component is also included in the LPTN model and is calculated using the general form
Cin = ¢ V, where c is the speci c heat capacity of the material, is the density, and V is the
volume.
The convection thermal resistance at the coolant-winding support interface is explored in the next
subsection.
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Table 3.3: Materials used in motor under consideration

Component Material Conductivity (W / m-K)
Stator yoke HF-10 20.6

Winding Copper 385

Winding support Coolpoly D5506 9.6

Potting / encapsulant Resbond 906 5.8

3.3.2 Choice of coolant channel size

The critical parameters for determining the nature of the coolant ow within the winding supports
are the Reynolds Number and Prandtl number

cVL
Rez= (3.11)
Cp
Pr= (3.12)
C
where . isthe coolant density, v isthe uid velocity, L isthe length of the cooling channel, is

the dynamic viscosity, c, is the speci c heat capacity, and . is the thermal conductivity of the
coolant. For 0.5 Pr 2000,and 3 10°<Re<5 105, the Nusselt number can be calculated using

Gnielinski's relation
(f =B)(Re 1000)Pr

T I 12.7(f805Pr3 1)

(3.13)

where f =(0.790In (Re) 1.64) ?is the Darcy-Weisbach friction factor calculated using Filonenko's
approximation in [35]. For lower Reynold's numbers, where the ow is laminar, the Nusselt number
in the circular channels of the winding supports can be calculated as  [36]

0.065d=L)RePr

Nu = 3.66+
! 1+ 0.04(d=L)Re P )23

(3.14)

where d is the cooling channel diameter. After calculating the Nusselt number, the heat transfer
coef cient is calculated from

_NU . (3.15)
r .
The thermal resistance corresponding to this heat transfer coef cient can be calculated as:
R -1 (3.16)
th,coolant — dL .

To determine the optimum channel diameter, the heat transfer coef cient is calculated analyti-
cally for pipe diameters in the range of 2.5 mm to 8mm.
The head loss due to friction at the pipe walls was also determined for the aforementioned pipe
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diameters using the Darcy-Weisbach equation which relates the head loss due to friction and the
average ow velocity as

_ fLv? (3.17)
L7 2dg '
The pumping power required to compensate for the head loss due to friction effects is given by
P=gh_ V¢ (3.18)

where V; is the volumetric ow rate of coolant, and g is the acceleration due to gravity, assumed to
be constant at 9.81 m =s2.
The copper loss also varies with the cooling channel diameter, as the slot area decreases with an
increase in channel diameter. The resistance per slot can be calculated using
Cu(|s+ Iend)N 2

Rs = 3.19
; A (3.19)

where ¢ is the electrical resistivity of copper, |y is the stack length of the machine, ¢4 isthe
length of end turn of the coil, N isthe number of turns per slot, and k is the Il factor of the winding.
The RMS phase current is then determined as:

lg= (3.20)

where J is the rated slot current density. From the above two equations, the copper loss per slot can
easily be determined as
_2
I::'cu,slot - Is Rs (3-21)

After determining all the necessary parameters, a gure of merit( FOM) is de ned and calculated
for each value of cooling channel diameter as follows

FOM = T (3.22)
F:‘cu,slot +P
where T is the output torque of the machine. This gure of merit takes into account the effectiveness
of cooling in terms of the heat transfer coef cient, , and the torque produced per unit sum of
copper loss and pumping power.

Keeping the uid physical properties and ow rate constant, the F OM was calculated for each
value of cooling channel diameter. From Fig. 3.5, it can be seen that the maximum value of FOM
is achieved for smaller channel diameters. However, to keep the tubing within its rated pressure
of 35 psi even at high ow rates, and also taking into account the machining and manufacturing
constraints associated with such a small cooling channel, 3.5 mm was chosen as the channel
diameter in the prototype. It should also be noted that 3.5 mm has the highest FOM for ow rates
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Figure 3.5: Variation of Figure of Merit ( F OM ) with cooling channel diameter.

greater than 3 |/ min and would result in optimum performance if the machine is operated at those
ow rates. However, due to pumping power constraints, the prototype has been tested at a maximum
ow rate of 0.9 1 / min. The maximum pressure in the cooling channel in pounds per square inch is
calculated as
Pmax =1.45 10 *h, ¢ (3.23)

And its variation with coolant channel diameter at different ow rates is shown in Fig. 3.6.

Figure 3.6: Variation of maximum pressure in the cooling channel with its diameter.
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Table 3.4: Cooling Performance at Different Positions of Cooling Channel

Channel Position ~ Hotspot Temperature  Maximum J

(% of radial length) ( T=80°C)
25 112.5°C 18.3A=mm ?
50 106.2 °C 19.0A=mm ?
75 116.2°C 17.9A=mm ?

3.3.3 CFD Analysis

A CFD analysis has been conducted with controlled ow rates ranging from 0.45-2 liter ~ / minute to
accurately determine the temperature distribution and temperature rise in different sections in

the liquid-cooled stator. The entire active length of the stator comprising the windings, winding
supports with embedded cooling channels, and stator yoke are considered for the CFD analysis.
The ow of coolant through the channels is seen in Fig. 3.7. The copper losses are introduced in the
simulation as the internal heat source of the winding, and the iron loss is included as an internal
heat source in the stator yoke. All the coolant paths through the winding supports are connected in
series for the analysis, however, in practice, they may be connected in parallel to reduce the pressure
drop and thus the pumping power required. The radial position of the cooling channel through the
winding support was varied from 1 /4™ to 3/ 4" of the radial length to nd the optimum location of
the channel. It was found that placement of the channel in the middle results in the lowest hotspot
temperature. This is because positioning the channel at either extremity of the winding support
increases the length of the thermal path, and thermal resistance from the opposite extremity of the
end winding, which adversely affects the thermal hotspot already present there. The results obtained
by varying the channel position in the CFD simulations are in Table 3.4. Further, positioning the
channel in the middle reduces the chances of mechanical failure of the winding support due to
uid pressure, as the wall thickness in the radial direction is higher and uniform. The coolant used

in this research is water-ethylene glycol (50-50%) mixture as this is the widely used coolant for
traction applications. Even though the coolant sees the magnetic eld variation, due to very low
conductance, the generated eddy current loss in the coolant is negligible.

CFD simulations are performed for different load conditions to demonstrate the effectiveness

of the cooling mechanism. Figs. 3.8(a)-(b) show the temperature distribution in the stator with
and without winding embedded liquid cooling. The ow rate was chosenas 0.91  /min since further
increasing the ow rate does not result in a proportional reduction in temperature, as shown in Fig.
3.9. The temperature of the coolant at the inlet has been assumed to be constantat 23  C since this
was the temperature used in the prototype experimental setup.
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3.4 Simulation Results

The LPTN is used to provide a quick estimate of temperatures at different locations in the motor
for different slot current densities. The CFD simulation provides a higher spatial resolution of
the temperature distribution in the machine. Both these simulation results are validated against
experimental results in Section 3.5.

Figure 3.7: Coolant ow velocity in the CFD model.

The sensitivity of the winding hotspot temperature, and thus the maximum permissible slot
current density, to the ow rate is analyzed by varying the coolant ow rate in the CFD simulation
from0.41/minto 41 /min, as shownin Fig. 3.9. To analyze the effectiveness of the thermal conductivity
of the winding support material, the hotspot temperature of the winding is studied for different
thermal conductivities ranging from 0.2 W / m-K (similar to PEI) to 28 W / m-K (similar to alumina).
Using that data, the maximum slot current density for a temperature rise of 80 °C is determined,
as shown in Fig. 3.10(a). It is found that the continuous current density can be increased using
materials with higher thermal conductivity. It is also found that at higher values, the bene t of higher
thermal conductivity in increasing the maximum permissible slot current density saturates. This is
re ected by the fact that even though alumina has a thermal conductivity of 100 times that of PEI,
the maximum slot current density obtained using alumina is only 1.6 times that obtained using PEI.

Finally, the effect of winding encapsulant or potting material thermal conductivity variation is
simulated using CFD and presented in Fig. 3.10(b). As expected, more favorable results are obtained
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(a) (b)

Figure 3.8: Temperature distribution for slot current density ~ J=19.0 A(RMSY mm ? (a) without
WELC and (b) with WELC.

using potting materials of high thermal conductivity. From Figs. 3.10(a) and (b), higher thermal
conductivity potting material is more effective in increasing the maximum permissible slot current

density than a higher thermal conductivity winding support material. However, such materials are
not commonly available and are more expensive.

3.4.1 Transient Performance

The transient performance is evaluated for the peak operating condition by introducing thermal
capacitances in the LPTN model. The initial temperature is assumed to be 27  °C and the period of
peak power output of 11.5 kW is 18 seconds [37]. Beyond 18 seconds, the output power is set for
5.5 kW continuous operation. Therefore, for the rst 18 seconds, the load is at peak and after that,
the load is reduced to the continuous load level. This situation can be considered as the worst-case
operating condition.

The LPTN provides a quick and accurate estimation of temperature during the transient phase
without performing time-stepping iterations of computationally intensive CFD. Fig. 3.11 shows the
temperature rise during 18 seconds of rated peak operation followed by rated continuous operation
using the LPTN model.

3.4.2 Comparison with conventional in-slot water jacket cooling

In order to compare additional advantages offered by WELC, the results obtained are compared
to a conventional axial slot water jacket, which is a commonly used cooling mechanism for this
type of machine. The simulation is carried out in MotorCAD. The same ow rate of 0.9 | /minis
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Figure 3.9: Maximum permissible slot current density for a temperature rise of 80  ° C at different
ow rates.

introduced in the slot water jacket. The coolant, lamination, winding support, potting materials,
and slot Il factor are kept the same. There are a total of 12 slot water jacket channels, one for each
slot. The maximum slot current density achieved for the same temperature rise of 80 C,asseenin
Fig. 3.12, is 14.1A=mm 2. Therefore, the winding embedded cooling strategy proposed results in a
35% improvement in continuous current density over conventional methods. This improvement
has been achieved through the higher thermal conductivity winding support which provides the low
resistance thermal path between the copper heat source and coolant. However, in the conventional
method, the thermal path between the windings and coolant is primarily through the potting, which
has a lower thermal conductivity, and therefore, results in a larger temperature gradient between
the hotspot and coolant. From the result, it is clear that the proposed WELC concept achieves higher
slot current density without sacri cing the slot |l factor as the cooling channel is not present in the
slot like in conventional axial water jacket cooling.

3.5 Prototyping and Experimental Results

A prototype stator of an 11.5 kW slotless motor with WELC has been constructed and tested for slot
current densities up to 39.8 A=mm 2. The resulting power density of the motor at a base speed of
10,000 rpm is 41 kW =L, excluding the end turn extension. The stator construction consists of three
main parts: thermally conducting plastic teeth with embedded coolant channels, lamination, and
windings. The stator assembly is shown in Fig. 3.13.
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Figure 3.10: Variation of maximum permissible slot current density with thermal conductivity of
winding support material (a) and potting material (b) for a temperature rise of 80° C.

3.5.1 Winding Support with Embedded Cooling Channels

The winding supports are fabricated from Coolpoly D5506 thermally conducting polymer using an
injection molding process. The thermal conductivity of the materialis 9.6 W =mK . Each winding
support has a central coolant channel to allow uid to pass close to the windings. Each end of
the coolant channel is threaded to allow for the insertion of a heat-resistant barbed nylon tube
tting which links the coolant channel and coolant tubes. The ttings are screwed into the winding
supports and the xture is made waterproof using marine-grade sealant. The coolant ows through

the teeth from top to bottom and bottom to top in an alternate fashion. The coolant is fed from an
industrial chiller which extracts heat from the coolant and circulates it.

The hole diameter was chosen using the method described in Section 3.3. Using a large diameter
for the cooling channel maximizes heat transfer, but at the same time reduces the wall thickness,
which introduces complexity during assembly and machining. Also, the size of the winding supports
increases with the increase in hole diameter, which reduces the area available for the windings,
which would eventually increase the copper loss.

The base of the winding supports has ns that tinto grooves in the lamination to ensure a
stable xture. Adraft of 0.5 °has been included in the walls of the cooling channel and the vertical
walls of the winding support to allow for a non-damaging release from the mold after injection
molding.

3.5.2 Lamination

The lamination steel used in the slotless stator is HF-10 with a thickness of 0.25 mm. The width of
the stator yoke is 5 mm and the lamination contains grooved patterns that allow insertion of the
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Figure 3.11: Transient temperatures for peak load followed by maximum continuous load.

winding supports, thus creating "slots" for the insertion of windings. Prior to winding the cails, all
exposed surfaces of the stator lamination are covered with Kapton tape to electrically isolate the
laminations and the windings and prevent turn-ground faults.

3.5.3 Windings

Since the prototyped stator has 12 slots and 14 poles, each slot contains two coils which are wound
around the two winding supports adjacent to each slot. Therefore, the winding of the stator has 12
coils distributed evenly among the three phases. Each coil comprises 65 turns of AWG 20 magnet
wire. Due to the symmetry with respect to the winding supports and the presence of one cooling
channel per winding support, the temperature of each coil is not in uenced by the neighboring
coils. Therefore, it is suf cient to test two adjacent coils and the temperature distribution obtained
can be circularly repeated six times to obtain the temperature distribution throughout the machine.
K-type thermocouples have been inserted at three locations in the windings: At the interior of end
windings, on the surface of end windings, and between neighboring coils in a slot.

For the second stage of testing the prototype, the region surrounding the windings and the
winding embedded liquid cooling channels is potted using Resbond 906 magnesia based adhesive.
This potting material has a thermal conductivity of 5.8 W =mK and helps to provide a low-resistance
thermal path from the windings to the coolant channels.
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Figure 3.12: Temperature distribution in the machine with conventional axial water jacket cooling
when J=14.1A=mm 2.

3.5.4 Experimental Results

The thermal performance of the stator has been evaluated by supplying DC currents to the windings
such that the copper loss per slot in the stator is the same as that obtained from the FEA analysis of
the full motor. AC winding loss is neglected as the gauge of wire used is small enough to prevent
signi cant AC loss in the range of operating frequencies. From CFD, it was found that the contribution

of iron loss to the temperature rise was only around 1.5%, thus the temperature distribution in the
machine at various operating conditions can be faithfully recreated by using a DC current density
equal to the RMS AC current density used in FEA. Direct current is supplied from a current-controlled
DC power source, eliminating the need of an inverter. The coolantusedisa50 /50 mixture of ethylene
glycol and water and is circulated using a CW-5200 liquid chiller.

The stator was excited with DC current using a TDK-Lambda power supply. K-type thermo-
couples were attached to the end windings, interior of the coil, and between two adjacent coils to
measure the temperature rise at these key locations. The thermocouples were interfaced to a com-
puter using an Agilent 34972A data acquisition unit. The sampling rate for steady-state temperature
measurement was 6 samples/ min. while for the peak transient temperature measurement, it was 60
samples/ min.

First, the stator was excited without potting the windings. Coolant was circulated through the
channels and the temperatures at various locations were measured. Then, the machine was potted
and the same procedure was repeated. The experimental setup is shown in Fig. 6.15.

Constant DC current was supplied to the windings till the windings reached the thermal steady
state. Thermal steady state was de ned as a temperature rise of lessthan 1  °C per 30 minutes of
continuous loading [38]. The maximum current density for which the temperature rise at thermal
steady state is within 80 ° C is de ned as the rated continuous current density of the machine. For
de ning the peak current density ratings, three different durations have been tested for different
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