INTEGRATED DESIGN OF ROTOR ASSEMBLY
FOR RADIAL FLUX SMPMSM



AN INTEGRATED DESIGN APPROACH OF ROTOR ASSEMBLY
FOR RADIAL FLUX SURFACE-MOUNTED PERMANENT
MAGNET SYNCHRONOUS MOTORS

By AKSHAY MANIKANDAN,

A Thesis Submitted to the School of Graduate Studies in Partial
Ful llment of the Requirements for

the Degree Master of Applied Science

McMaster University () Copyright by Akshay Manikandan, August
2023


https://gs.mcmaster.ca/
http://www.mcmaster.ca/

McMaster University
MASTER OF APPLIED SCIENCE (2023)

Hamilton, Ontario, Canada (Mechanical Engineering)

TITLE: An Integrated Design Approach of Rotor Assembly for
Radial Flux Surface-Mounted Permanent Magnet Syn-

chronous Motors

AUTHOR: Akshay Manikandan
B.tech (Automobile Engineering),

Hindustan University, Tamil Nadu, India

SUPERVISOR: Ali Emadi, Professor
Ph.D. (Texas A&M University)
IEEE Fellow

Canada Excellence Research Chair Laureate

NUMBER OF PAGES: xvi, 145



Lay Abstract

This thesis aims to increase the reliability and power density of a surface-mounted
permanent magnet synchronous machine (SPMSMs), a commonly used traction motor
in the automotive and aerospace industries. One of these machines' main challenges
is designing their components to withstand the high mechanical loads caused by
their fast rotational speeds. The studies performed in this thesis use a computer
modeling technique called Finite Element Modeling (FEM) to strategize and design
an integrated rotor hub/shaft by maximizing the durability of a 150kW radial ux
SPMSMs rotating at 20,000 rpm. Upon evaluating the integrated design using a
variety of physics-based simulations, the design was found to save 1.84kg in weight,
reducing centrifugal forces and improving the overall sti ness of the motor assembly.
This research could lead to more e cient and durable electric SPMSMs for various

applications.



Abstract

Enhancing the dependability and power density of a SPMSMs is crucial for its exten-
sive utilization in the automotive and aerospace sectors. One major concern regarding
these machines is the signi cant thermo-mechanical loads experienced by the overall
rotating assembly due to high rotational speeds and a wide operational temperature
range from 50C to 150 C. This poses a considerable challenge in maintaining struc-
tural integrity among the components. Redesigning components to reduce assembly
complexity and weight necessitates careful consideration of boundary conditions and
contact modeling to prevent catastrophic failures like magnet y-by conditions. To re-
duce model complexity, a simpli ed approach involves integrating the hub and shaft;
both machined from AISI 4340. Additionally, the application of a carbon ber sleeve
is investigated through 3-dimensional composite modeling to enhance structural in-
tegrity. The primary objective of this thesis is to scienti cally justify the design and
validation of an integrated rotor hub and shaft using e cient FEM and integration
strategies, with the aim of maximizing the durability of a 15&W radial ux SPMSMs
spinning at 20 000pm. The integrated topology optimization is evaluated using a
multiphysics platform alongside studies on motor assembly eigenfrequency. By em-

ploying the integrated approach and utilizing AISI 4340 for both the shaft and rotor



hub, a weight reduction of 184kg is achieved, eliminating the need for standard com-
ponents such as balancing end clamp plates, locknuts, and washers. Furthermore,
introducing a carbon ber sleeve enhances structural integrity, thereby reducing ad-
hesive stress. The design and optimization of the rotating components ensure that
the maximum von Mises stress is 50% lower than the material's yield strength. Re-
duced masses lead to lower centrifugal forces, thereby diminishing radial stress and

promoting component and assembly sti ness.
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Chapter 1

Introduction

Escalating concerns about climate change and the complications related to fossil fuel
energy have underscored the public's demand for environmentally friendly and sus-
tainable modes of transportation. In 2021, approximately:6 million electric vehicles,
encompassing both fully electric vehicles (EVs) and plug-in hybrid electric vehicles
(PHEVSs), were sold globally, marking a 109% increase from the previous year's sales
[13]. Forecasts suggest that one out of every four cars sold may soon be electric.
Prominent automakers like Ford, Cadillac, Bentley, Chrysler, Volvo, Subaru, GM,
Lexus, and Kia will be completely carbon neutral by 2035 [14]. As for the Vertical
Take-o and Landing (VTOLs) market, it's expected to witness signi cant growth,
with the market size projected to surge from USD :2 billion in 2022 to USD 129
billion by 2027, indicating a 57% increase at a compound annual growth rate (CAGR)
of 9:4%. This growth is attributed to numerous issues tied to VTOLs powered by
internal combustion engines (ICE), including the need for aircraft renewal, increased

aircraft mass, and high operational costs [15].
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The transition from hybrid to fully electric vehicles in the traction motor seg-
ment has placed signi cant demands on the industry to manufacture high-power,
compact motors. Figure 1.1 illustrates the compilation of multiple surveys conducted
to demonstrate the impact of electric motors in the VTOL segment. According to a
survey conducted by Custom Market Insights [16], the primary utilization of electric
traction motors was observed in railways and urban metros, with electric vehicles
following closely behind in terms of usage.

The two primary categories of electric traction motors are responsible for convert-
ing electrical energy, whether alternating current (AC) or direct current (DC), into
mechanical energy for generating rotational motion. These motor types are classi ed
as AC motors and DC motors. AC motors operate by supplying alternating current
to the stator, generating a magnetic eld. The frequency of this magnetic eld corre-
sponds to the AC current ow. As a result, the magnetic eld in the stator induces
a current in the rotor and develops its own magnetic eld. The interaction between
these two magnetic elds leads to the production of torque and rotational motion.
On the other hand, in a brushed DC motor, the armature coil of the rotor receives a
direct current from the brushes through the commutator. The commutator plays a
role in changing the current's polarity by making contact breaks with the brushes. As
a result of the current ow, the armature acts like a magnet and generates a magnetic
eld proportional to the current. The stator of a brushed DC motor consists of a per-
manent magnet or an electromagnet with a eld winding. The ow of current through
the eld winding of the stator generates a magnetic eld, which then interacts with
the armature's magnetic eld, resulting in rotor motion [17, 18].

When the stator windings are activated, they generate a rotating magnetic eld
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Figure 1.1: Electric machines in eVTOL market

and induce an electromotive force (emf). The rotor, which contains permanent mag-
nets in the case of a PMSMs (a type of AC motor), is in uenced by this force and
rotates nearing synchronous speed. This mechanism di ers from a brushless DC mo-
tor (BLDC), where the stator is wound with coils in a sinusoidal pattern. As a result,
an AC power supply is necessary to operate the motor. Consequently, the motor gen-
erates a sinusoidal back emf and produces a low torque repulsion. This characteristic
of low torque repulsion in a PMSMs enables it to deliver higher and smoother torque

with greater e ciency and reduced noise compared to a BLDC motor [19]. One key
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distinction between AC and DC motors is their speed control capabilities.

While an AC motor operates at the frequency of the AC power source, it exhibits
limited responsiveness to speed changes, even when the load uctuates [20]. The
synchronous speed of AC motors is determined by the number of poles it possesses
and the frequency of the power supply rather than being in uenced by its voltage or
load. As this thesis aims to develop a motor suitable for eVTOL (electric vertical
takeo and landing) applications, achieving a higher power density and maintaining a
consistent power output range una ected by varying loads, using an AC motor would
be highly advantageous. Figure 1.1 demonstrates an industrial trend that aligns with
a similar ideology, indicating a 20% greater utilization of AC motors when compared
to DC motors in eVTOL applications.

When selecting an appropriate motor type, crucial factors to consider include
torque, power rating, and power density [21]. These three aspects collectively en-
compass various aspects, such as speed, mass, e ciency, and cost, spanning across
multiple segments. Figure 1.1 illustrates that the 10 20kW category is the most
prevalent segment within the power rating and 5 10kW=kg for the power density
segment [15]. The prevalence of these segments in eVTOL motors is primarily due
to the emphasis on achieving higher power density by carefully optimizing the motor
geometry and incorporating better cooling strategies. This focus on compactness and
reduced mass allows for the utilization of power-dense motors and facilitates axial
stacking, resulting in higher power outputs within con ned spaces.

When discussing AC motors with higher power density, a gradual global shift is
occurring in the traction motors industry, moving away from AC induction motors

towards AC synchronous machines with permanent magnets. AC induction machines
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(asynchronous machines) works based on a "slip" that occurs because of a di erence
in the speed of the rotating magnetic eld (synchronous speed) and the rotor speed
(always lesser). The slip also known as the catching-up phase of the rotor, is neces-
sary for the induction motor to produce torque. The slip relies on various factors such
as rotor resistance, stator voltage frequency, and load torque. On the contrary, syn-
chronous motors operate at synchronous speeds, meaning that the rotational speed
of both the stator's magnetic eld and the rotor is identical. Consequently, with
permanent magnet synchronous motors, there is no slip, allowing the rotor to rotate
faster as the input frequency from the drive increases [22]. In the case of PMSMs,
a PMSM-compatible drive is necessary. This drive replaces the typical trapezoidal
waveform with a sinusoidal waveform that aligns with the back EMF, resulting in a
more seamless and smoother output of torque.

Expanding on the previous statement, Permanent Magnet Synchronous Motors
(PMSMs) exhibit high power density primarily due to two factors. Firstly, PMSMs
do not possess a squirrel cage rotor winding, which leads to a reduction in rotational
inertia. The absence of the winding allows for improved air ventilation, thereby en-
hancing thermal e ciency by providing more surface interaction for heat exchange.
Secondly, the reduced rotational mass in PMSMs leads to a signi cant decrease in
the centrifugal force experienced by the rotor. This reduction in force helps alleviate
overall stress and central de ection, creating additional room for topology optimiza-
tion and mass reduction. In the aerospace industry, it is known that reducing drag
results in an inverse increase in thrust. Hence, the high power density advantage of
PMSMs makes them a suitable choice for eVTOL applications and justi es the reason

for increased usage of PMSMs over the next 6 years, showcased in Figure 1.1.
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1.1 Background

PMSMs can be classi ed into two distinct subcategories based on the direction of
the ux travel vector: Axial- ux PMSMs and Radial- ux PMSMs. In an Axial- ux
motor, the ux travels in the longitudinal direction (in reference to the shaft axis) and
the back iron is placed perpendicularly facing the longitudinal axis of shaft. The back
iron acts as the ux deviating components and routes it back completing a closed ux
loop as shown in Figure 1.2 (a). Depending on the arrangement of the permanent
magnets on the rotor, there are two classi cations: Surface Permanent Magnet Syn-
chronous Motors (SPMSMs) and Internal Permanent Magnet Synchronous Motors
(IPMSMs). In SPMSMs, the magnets are mounted on the surface of the back iron,

while in IPMSMs, the magnets are embedded inside the rotor core.

Figure 1.2: (a) Axial- ux SPMSMs (b) Radial- ux SPMSMs

Considering the electromagnetic performance, the SPMSMs have the highest air

6
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gap ux density due to a relatively lower distance between the magnets. Adding on,
the SPMSMs are selected to maximize torque at the rated speed point as there is
no necessity to introduce negative d-axis current for ux weakening and the g-axis
current can be varied to increase torque. A slight increase in air gap brings in small
d and g-axis inductances. This results in smaller values of d-axis current, henceforth
giving rise to a control strategy for ux weakening [23]. In the case of IPMSMs,
speci cally designed for operation in the ux-weakened region, a negative d-axis and
a positive g-axis current is necessary to weaken ux and increase torque at a rated
speed.

The major concern with Axial- ux SPMSMs is relating to the mechanical in-
tegrity of the rotating assembly [24, 25]. In Axial- ux SPMSMs, the permanent
magnets experience centrifugal forces in the radial direction and magnetic forces in
the axial direction. At the maximum torque-rated RPM, the axial magnetic forces
exert a signi cant pulling force, leading to adhesive failure (excessive shear) between
the magnets and the rotor carrier. This can result in catastrophic motor failure as
the magnets are excessively de ected, potentially leading to contact with the sta-
tor poles. To prevent the magnets from detaching from the rotor carrier due to the
high torque at high rotational speeds, a retention mechanism is required. However,
the axial stacked construction of the motor poses challenges for the implementation
of lightweight materials such as carbon ber wrap for retention purposes. Fitment
and manufacturability issues arise, thereby restricting the usage of such materials in
high-speed applications.

In contrast, within a Radial- ux PMSMs, the ux path extends from the rotor to

the stator core in a radial direction and then returns back to the rotor [25] as seen in
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Figure 1.2 (b). When considering the direction of both centrifugal and magnetic forces
which are radially preponderant, it is important to note that the in uence of either
force predominating will solely impact the structural performance of the rotor. In this
case, with a rotating rotor mass of approximately kg and a radius of 65mm, spinning
at a rate of 2Q 000 pm, the centrifugal force generated amounts to approximately.a
meganewtons. At the maximum torque-rated RPM, the centrifugal forces decrease
to approximately 40(kN. Even at this level, the centrifugal forces remain higher
than the magnetic forces at any operational point of the motor. The usage of carbon
ber, known for its superior strength-to-weight ratio, can be utilized in Radial-Flux
SPMSMs as it can be winded on a mandrel and press- tted onto the rotor easily due
to the radial stack-up arrangement of the rotor assembly. The maximized retention

makes the radial ux SPMSMs an ideal candidate for high-speed operations.

1.2 Motivation

Numerous e orts and advancements have been made to enhance the electromag-
netic performance of Radial- ux Surface Permanent Magnet Synchronous Motors
(SPMSMs). However, the research focus on extensively utilizing Finite Element Anal-
ysis (FEA) techniques to optimize the structural integrity of these motors has been
relatively limited. The rationale behind this can be attributed to the limited adoption

of Radial- ux SPMSMs compared to Radial- ux IPMSMs across various applications.
As a result, SPMSMs have been relatively overlooked, nding their presence con ned
within research laboratories, academic literature, and patent lings, despite being
in existence for nearly two decades. Regarding the research papers, while many of

them delve into conducting comprehensive electromagnetic analyses to determine the

8
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optimal sizing of magnets for achieving superior performance in motors, the focus on
assessing the durability of these motors appears to be relatively limited.

For instance, the authors of [26, 3] have laid out magnet sizing and mechanical
construction of a Radial- ux SPMSMs. The authors primarily focus on mechanical
integrity, but considering an incorrect boundary de nition by applying constraints on
the shaft or simplifying the problem by applying "slipped boundary constraints” on
the permanent magnets leads to instilling additional sti ness in the model. Applying
additional assembly sti ness (which happens with incorrect boundary conditions) in
nite element analysis (FEA) changes the model behavior to either an increase in
the stress at bearing shoulder locations (load transfer intersections) or an incorrect
displacement contour. Concluding the design process without generating a frequency
array encompassing eigen, critical, electrical, and operational frequencies can poten-
tially result in resonance issues. These resonance e ects can lead to excessive shaft
whirling [27] or fatigue development in supporting boundary components, such as mo-
tor casing and bearing shims. Therefore, it is crucial to include a thorough analysis of
the frequency spectrum to mitigate the risk of resonance-related problems. Chapter 4
clearly outlines the common structural design-associated problems and their possible

countermeasure that will be explained in this thesis.

1.3 Thesis Contribution

Radial- ux Surface Permanent Magnet Synchronous Motors (SPMSMs) have been
extensively studied in the literature for the past two decades. However, a design is
considered complete only when these motors are successfully implemented in practi-

cal applications. The aim of this thesis is to start from where most of the literature

9
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Figure 1.3: Mechanical design cycle

papers conclude, i.e., to propose generic mechanical solutions by utilizing comprehen-
sive non-linear FEA to address the challenges outlined in the previous section. These
solutions are intended to be applicable to any Radial- ux SPMSMs, regardless of the
motor's speci cations. Figure 1.3 shows a simpli ed life cycle process for the design
of a Radial- ux SPMSMs. The electromagnetic design phase is briey discussed
with determining the appropriate sizing of magnets and back iron for optimal perfor-
mance. This is because there exist numerous intricate literature sources that focus on
enhancing the electromagnetic performance of Radial- ux SPMSMs [24, 26, 3, 28].
Once the dimensions of the magnets and back iron are nalized, the thesis contin-
ues by addressing the design process of the complete assembly of both the rotating

and stationary components of the motor. Throughout this stage, careful attention

10
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was given to factors such as ease of manufacturability, durability, and lower rota-
tional inertia. The manufacturability checks were conducted at every design stage
with machining experts, and necessary suggestions were applied and reiterated to
study structural impact. The durability was ensured using a physical test-like sce-
nario in FEA combined with rigorous use of nite element multiphysics setup. A
secure and stable base design was established, serving as the foundation for further
development. Subsequently, optimization techniques were employed to enhance the
mass and topology of the integrated design, aiming to achieve reduced rotational in-
ertia. By reducing the rotational inertia, the centrifugal forces experienced by the
rotor assembly were consequently diminished. This not only resulted in more uniform
loading on the bearing but also contributed to reduced component stress caused by

radial forces.

1.4 Thesis Outline

The main objective of this thesis outline is to highlight the crucial role of FEA in
optimizing the durability of the integrated design to enhance power density, particu-
larly in the context of aerospace applications. Additionally, it aims to emphasize the
signi cance of carefully selecting appropriate boundary conditions to ensure accurate
and reliable analysis results. The thesis will commence with a concise introduction,
outlining the rationale behind selecting Radial- ux SPMSMs and highlighting their
advantages, such as their simpler and structurally integral construction, which makes
them suitable for high-speed operations compared to Axial- ux SPMSMs.

Chapter 2 primarily centers around two key subjects: the aerospace applications

and construction of Radial- ux SPMSMs. SPMSMs are widely utilized in diverse
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aerospace applications, with a notable prevalence as thrust sources for eVTOL vehi-
cles. This preference is primarily attributed to their high power-density characteristics
and the capability to achieve maximum torque during high-speed operations. This
section will provide a general examination of the electromechanical components and
their working comprising a Radial- ux SPMSMs.

Chapter 3 presents a comprehensive exploration of the rotating mechanical com-
ponents of a contemporary Radial- ux PMSMs, encompassing aspects of design, man-
ufacturing, and assembly. The subsections also address the limitations and drawbacks
associated with the existing rotating assembly, intending to compare them with the
integrated design of shaft and hub proposed in the new few chapters.

Chapter 4 embarks on the initial phase of the integrated design by examining the
implications of substituting the conventional non-oriented electrical steel with a low-
alloy steel like AISI 4340. This latter material is highly regarded for its remarkable
core strength, wear resistance, and toughness, rendering it a favored option for a wide
range of high-speed applications. Within this chapter, a succinct assessment of the
electromagnetic performance of both materials is conducted, revealing promising in-
dications favoring the utilization of AISI 4340 for the rotor core. Chapter 5 showcases
the design procedure adopted towards the integrated design, such as considerations
on shaft and core dimensions, core air ventilation layout, cooling fan integration with
tension ring, assumptions of FOS for the preload force on bearings, carbon ber
sleeve retention calculation and several other considerations crucial towards a reliable
design. In addition, this chapter reinforces the notion of enhancing ease of manufac-
turability by focusing on design features aimed at reducing the manufacturing costs

associated with the component.
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Chapter 6 presents a comprehensive overview of the static multiphysics simulation,
incorporating the integration of thermal plots from CFD analysis with structural load-
ing to examine the thermal stress experienced by various components. Additionally,
the chapter delves into the dynamic framework, discussing the extraction of detailed
eigenmodes and exploring their impact on the overall design process. Chapter 7 and
Chapter 8 are interdependent and crucial chapters in the thesis, as they collectively
contribute to preparing the rotating assembly for the manufacturing phase.

Chapter 7 illustrates the pre-processing methodologies employed for nite element
modeling and integration, encompassing aspects such as meshing analogies, e cient
convergence of contact analysis, modeling of boundary conditions including stator
bolts and constraints, carbon ber complex-composite modeling, and the application
of interference methodologies. An optimal consideration of boundary constraints and
loading are further discussed in this chapter. In this chapter, the post-processing of
results entails an extensive examination of strains, thermal stress risers, and displace-
ment patterns. The objective is to verify the stability of the model and assess whether
all components remain within the elastic deformation region of the material's stress-
strain curve. Furthermore, the analysis involves studying the strain energy densities
alongside previously obtained results and through meticulous parametric optimiza-
tion, ensuring the development of a reliable design.

Chapter 8 focuses on the vibrational characteristics of the motor by analyzing
its eigen frequencies through speci ¢ eigen-mode analysis (free-free and constrained).

Additionally, the chapter includes the analytical estimation of the critical speed using
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modi ed Dunkerley and Rayleigh's method. Furthermore, a frequency array is tabu-
lated, encompassing the eigen, critical, electrical, and operating frequencies of the mo-
tor, enabling the evaluation of potential resonances within the analyzed model. Chap-
ter 9 provides a concise overview of the machining and assembly processes required for
manufacturing the complete rotating assembly, including the integrated design. This
section will also highlight common manufacturing challenges and demonstrate how
these issues can be e ectively addressed by implementing minor design modi cations.
Chapter 10 will encompass several testing procedures aimed at measuring strain and
temperature. Speci cally, half-bridge strain gauges will be employed to obtain data
that can be used to establish a correlation between the test results and FEA data.
In Chapter 11, the thesis will conclude with a summary, highlighting the key ndings
and conclusions. Additionally, this chapter will touch upon potential areas for further

optimization in the design, serving as a basis for future work and research.
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Chapter 2

SPMSMs for More Electric

Aircraft

The utilization of Radial- ux SPMSMs in aerospace propulsion applications is at-
tributed to various advantages, including a simpli ed machine design, enhanced ro-
tational integrity, increased torque at rated speed, and higher power/torque density.
The Clean Sky initiative is making signi cant investments in exploring and imple-
menting strategies to promote environmentally responsible operations throughout all
stages of aircraft utilization. Among the prominent initiatives garnering considerable
attention is the concept of utilizing electrical machines for traction during the taxi
phase of an aircraft, known as Green Taxiing (GT) [29]. This innovative scheme
aims to enable aircraft to maneuver on the ground without relying on the main en-
gines or traditional airport tow trucks. This e ectively establishes the dominance
of synchronous machines as the preferred choice for numerous electro-mechanical ac-
tuators in wheel applications. The utilization of electrically powered equipment is

generally on the rise in the aerospace industry. Typically, this movement is referred
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Figure 2.1. Advanced motor drive - EMA (left); Electric brake - Boing aircraft
(right) using PMSMs [1]

to as "Power-by-Wire" or "More Electric Aircraft" (MEA). In addition to provid-
ing considerable technological and nancial advantages over traditional mechanical,
hydraulic, or pneumatic systems, new electric-powered systems can satisfy these ob-
jectives. In his article, Wenping [30] proposed analytical techniques to evaluate the
relative bene ts of caged induction, reluctance, and PM motor technologies for MEA
applications. Figure 2.1 in the referenced source highlights various applications of
Radial- ux PMSMs, as mentioned by the authors. According to the research, the
dual (or triple) three-phase PMAC motor drive could be a good option for general
aerospace applications since it strikes an equilibrium between redundancy and com-
plexity, ensuring a balanced functioning in the event of a breakdown.

The application of Radial- ux PMSMs in More Electric Aircraft (MEA) has been
implemented since the early 2000s. In 2002, Mitcham [31] proposed the concept of
using PMSMs as generators for the low-pressure (LP) shaft in gas turbine engines.
This LP generator would provide power to the aircraft when the engine is shut down

during ight. The authors argue that, considering a reasonable level of fault tolerance,
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Figure 2.2: GT traction hub motor designed for aircraft taxiing [2]

the PM generator is preferred due to its high speci c weight, e cient performance
across di erent speeds, ease of cooling, robustness, and potential for greater reliability
than conventional wound eld generators.

In recent years, there has been an increasing focus on adopting traction hub motors
for aerospace applications in line with advancements in green taxiing. In a publica-
tion by Galea [2], the use of an outer rotor Radial- ux SPMSMs for a wheel actuator
traction motor (WATM) was designed and tested as shown in Figure 2.2. The selec-
tion of the appropriate motor type for such applications poses common challenges,
including the need to achieve high torque density and meet fault tolerance require-
ments. To address these challenges, the authors opted for a Radial- ux SPMSM
with a Halbach array con guration and concentrated windings. A Halbach array en-
courages more substantial sinusoidal air gap ux density, which increases the ratio
of the fundamental air gap ux (which generates torque) to the overall air gap ux.
This setup in uences the stator core's saturation, thereby increasing the machine's
maximum peak torque capability [32]. Companies like Amazon, Joby Aviation, Volo-

copter, and others are investing signi cantly in the eVTOL (electric Vertical Takeo
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and Landing) market. These companies recognize the potential of these lightweight
aircraft for a range of applications, including unmanned military missions, grocery
deliveries, and short-distance travel. While there have been numerous advancements
focused on enhancing the electromagnetic performance of Radial- ux SPMSMs [33],
the signi cance of mechanical construction has often been overlooked. This thesis
seeks to address this gap by emphasizing the importance of mechanical design and
how a well-simulated design approach can contribute to increasing power density and

improving motor reliability.
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Chapter 3

Electromagnetic Construction of a

Radial-Flux SPMSMs

Radial- ux SPMSMs have specic dimensions for each component. They are de-
termined by the overall output of the machine and the optimization strategies are
framed to obtain the desired performance. A generic layout and explanation will be
provided for the three main divisions of Radial- ux SPMSMs, namely the electro-
magnetic, structural, and thermal design. The design process begins by determining
the stack length of the laminated electrical steel and the dimensions of the permanent
magnets. The electromagnetic analysis is then conducted to verify the virtual perfor-
mance, and subsequent optimization is performed to achieve a balance between high
power output, minimal losses, and a lighter overall design. The entire structure and
thermal aspects of the motor are developed around the established electromagnetic
components, with the aim of achieving a high level of structural integrity. Several au-

thors have extensively studied the electromagnetic performance of an electric motor
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Figure 3.1. Simpli ed cross-sectional view of the stator assembly of a Radial- ux
SPMSMs [3]

[24, 26, 3, 28], with numerous literature sources focusing on optimizing its perfor-
mance. However, for a brief overview, the electromagnetic components of an electric

motor can be categorized into two main assemblies: the stator and the rotor.

3.1 Electromagnetic Assembly of the Stator

Figure 3.1 illustrates the stator assembly, primarily comprising the laminated slotted
stator core, stator windings, and the supporting casing. Examining the functionality
of each component, the stator core is composed of stacked and laminated electrical
steel sheets, forming a cylindrical shape with slots to accommodate the stator wind-
ings. These windings consist of insulated copper coils that are inserted into the slots
of the stator core. The stator assembly is enclosed and safeguarded by the stator

housing.
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3.1.1 Stator Copper Windings

As per Ampere's law [34], the ow of current in a conductor gives rise to generating
a magnetic eld. This magnetic eld forms circular patterns around the conductor,
following the right-hand rule. Applying these principles, the copper stator windings
have speci c PMSMs functions.

Generation of Magnetic Fields The stator windings are responsible for carrying
an electric current, resulting in the creation of a rotating magnetic eld. This rotating
magnetic eld interacts with the rotor's permanent magnet's magnetic eld, leading
to torque generation and motor rotation.

Electromagnetic Conversion The stator windings perform the crucial task of
converting electrical energy into a rotating magnetic eld. When energized with
alternating current (AC), the magnetic eld produced by the windings undergoes
changes in direction and strength, causing the rotor to rotate.

Control and Regulation The stator windings of a PMSMs are usually supplied
with AC current. The stator windings o er control and regulation capabilities for the
motor. By adjusting the amplitude and frequency of the current supplied to the wind-
ings, the speed, torque, and direction of the motor can be controlled. This allows for
customization of the motor's performance based on speci ¢ operating requirements.

Two main classi cations of windings used for PMSMs are overlapped and non-
overlapped windings [4]. The overlapped windings are further divided into concen-
trated and distributed winding shown in Figure 3.2. Distributed windings in Per-
manent Magnet Synchronous Motors (PMSMs) involve the uniform distribution of
numerous windings across the stator core. Each winding is divided into multiple coil

sections and placed in various slots around the stator core. This arrangement ensures
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Figure 3.2: Overlapped winding - (a) distributed, (b) concentrated; Non-overlapped
winding - (c) all teeth wound (d) alternate teeth wound [4]
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a balanced and even distribution of the magnetic eld, minimizing the presence of

harmonics and their associated e ects (lowered rotor and magnet eddy current losses).
Distributed windings in PMSMs o er advantages such as reduced torque ripple and

improved motor e ciency. However, there are also some limitations associated with

distributed windings. These include longer end turn lengths, as a result of their

complex overlapped con guration over di erent poles, lower copper |l factor, and

a higher dierence in d-axis and g-axis inductances, which are more favorable for
IPMSMs rather than SPMSMs.

Conversely, concentrated windings consist of a single winding placed in a single
slot of the stator core. This winding typically comprises multiple coil sections con-
nected in either series or parallel but results in higher harmonic content in motor
magnetic eld, resulting in a higher torque ripper and lower power factor. But con-
centrated windings are known for signi cantly simplifying the manufacturing process
and reducing winding complexity, lower-end turn length and lower reluctance torque,
which are more favorable for SPMSMs than IPMSMs. Fractional slot concentrated
windings in PMSMs are characterized by having fewer slots per pole and phase, where
each coil spans multiple slots. This arrangement creates a concentrated winding lay-
out with a reduced number of slots utilized compared to the total number available
in the stator core. The bene ts of this con guration include improved distribution
of the magnetic ux, minimized harmonic e ects, and increased utilization of the
available space for the winding, resulting in enhanced motor performance [4].

The number of turns in the stator core of a PMSMs indicates the count of wire
loops or windings wrapped around the stator teeth. These windings form coils, and

the combination of these coils, connected either in series or parallel, constitutes the
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stator winding. The number of turns plays a signi cant role in determining the elec-
trical characteristics and overall performance of the motor. The number of turns are
dependent on various factors such as magnetic ux density, operating frequency, volt-
age, area of core and wire dimensions (based on AWG standards). When the motor
operates at higher voltages, the number of turns in the motor's windings increases,
leading to a corresponding rise in the back electromotive force (EMF). The back
EMF acts in opposition to the applied voltage and is directly related to the number
of turns. As the back EMF strengthens, it diminishes the current drawn by the motor
by counteracting the applied voltage. Consequently, the reduction in current results
in a decrease in torque production since torque is directly proportional to the current
(T=KI). Increasing the number of turns also increases the end turn length, thereby

increasing the machine size.

3.1.2 Stator Core

The stator core is another useful component of the electric motor that completes
the ux path from the stator eld windings to the rotor. The stator core has the
below-mentioned functionalities.

Support for stator windings The stator core is crucial in providing structural
support to the stator windings, ensuring their proper positioning within the motor
and alignment with the rotor magnets. This support is essential for e cient power
transfer and optimal performance.

Flux conduction The stator core serves as a conduit for the magnetic ux gener-
ated by the stator windings. It helps guide and direct the magnetic eld lines, allowing

them to interact e ectively with the rotor magnets. This interaction is necessary to
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produce the desired torque in the motor.

Magnetic circuit: The stator core, along with the rotor and the air gap between
them, forms a closed magnetic circuit. This circuit enables the ow of magnetic ux
from the stator to the rotor and back, facilitating the transfer of energy between the
electrical and mechanical domains. The stator core ensures the completion of this
magnetic circuit, supporting the overall operation of the motor.

As the functioning of the stator was discussed earlier, the determination of the
number of salient poles in the stator of an electric machine is in uenced by various fac-
tors, including design considerations, performance requirements, and manufacturing
constraints. Several key factors that impact the selection process are listed below.

Electrical frequency The number of poles is typically chosen to achieve the desired
electrical frequency of the machine. The relationship between frequency (f) and
rotational speed (N) is given by f = p*N/120, where p represents the number of
poles. The number of poles can be determined based on the desired frequency and
speed of operation.

Mechanical limitations: The physical size and spatial constraints of the machine
may impose restrictions on the number of poles. More poles generally require a larger
stator diameter, which can a ect the overall size, weight, and cost of the machine.

Torque and power requirementsThe number of poles in uences the torque output
and power characteristics of the machine. Higher pole numbers can provide higher
torque density but may result in lower power density. The desired torque and power
requirements of the application are considered when determining the number of poles.

Harmonics and e ciency : The number of poles a ects the harmonic content of the

magnetic eld, which can impact the e ciency and performance of the machine. Best
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practice is to minimize harmonics and achieve a balanced magnetic eld distribution
by selecting an appropriate number of poles.

Manufacturing factors. The manufacturing process and capabilities also play a
role in determining the number of poles. Some manufacturing methods may be better
suited for specic pole con gurations, and considerations of manufacturability and
cost-e ectiveness are important.

A variety of materials are available for use as the stator core in electric machines.
These materials include silicon steel (also known as electrical steel), cold-rolled grain-
oriented steel, nickel-iron alloys, and amorphous metal alloys such as metallic glasses.
Among these options, silicon steel is the most commonly used material due to its
favorable combination of high magnetic permeability and low core losses. Nickel-iron
alloys are gaining popularity in high-performance motors, and a study conducted
by Jasim [35] compared various parameters such as stator and rotor losses, torque,
e ciency, power output, and ux density for di erent stator and rotor core materials.
The study concluded that nickel-iron alloy performs exceptionally well in terms of
e ciency, torque, rotor losses, and iron losses, making it a promising choice for high-
performance motor applications.

According to Joule's law [36], the heat produced in a conductor is directly pro-
portional to the square of the current, the resistance, and the duration of the current
ow. As a result, the ow of current in the stator windings leads to resistance and
the subsequent generation of heat. Utilizing hollow conductors in certain motors has
demonstrated their e ectiveness in enhancing coil cooling. However, this comes at

the cost of increased motor size and added complexity in coil manufacturing [37].
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Figure 3.3: (a) Encapsulation of stator core and windings [5] (b) Stator casing
design [6]

3.1.3 Encapsulation and Stator Casing

The encapsulation of the stator assembly shown in Figure 3.3 serves multiple im-
portant functions in PMSMs. Firstly, it acts as a protective barrier, safeguarding
the stator windings and internal components from environmental elements like mois-
ture, dust, and contaminants. This protective measure ensures the durability and
reliability of the motor assembly over its operational lifespan. Additionally, during
sudden accelerations that induce torque in the shaft, the encapsulation plays a role as
a transfer path mechanism, e ectively transmitting the torque to the stator casing.
This improves the overall sti ness and stability of the stator assembly, enhancing its
structural integrity. Furthermore, the encapsulation material functions as an electri-
cal insulator, creating insulation between the stator windings and the motor housing

or other conductive parts. This insulation is crucial in preventing electrical short
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circuits and ensuring the safe and e cient operation of the motor. Moreover, the
encapsulation material has the ability to dampen vibrations and minimize the trans-
mission of mechanical vibrations from the stator to the motor housing and external
components. By reducing noise and vibration, it enhances the overall performance
and smoothness of motor operation. Lastly, the encapsulation material assists in ther-
mal management by facilitating heat dissipation and providing insulation properties.
It helps maintain the optimal operating temperature of the stator windings and other
internal components by incorporating cooling jackets within the stator casing. This
prevents overheating and ensures the motor operates e ciently.

The encapsulation is e ectively fastened and positioned with metal clamping rings
or axial interlocks to ensure stability and prevent any axial displacement or circum-
ferential rotation during sudden motor torque conditions. The stator casing serves
as a platform that brings together all the stator and rotor elements while accommo-
dating features like cooling channels and additional components such as the inverter
setup. The design of the stator casing is meticulously crafted to enhance assembly
rigidity, including raising the eigen frequency, to prevent the occurrence of resonance

with critical, electrical, or operational frequencies of the shatft.

3.2 Electromagnetic Assembly of the Rotor

The rotor assembly of a motor plays a signi cant role in generating structural loads,
unlike the stator, which is primarily responsible for cooling and vibration absorption.
The electromagnetic components within the rotor assembly include the permanent
magnets and the rotor laminations, as shown in Figure 3.4. The primary purpose of

permanent magnets is to establish a steady magnetic eld when energized. On the
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Figure 3.4: Rotor assembly mainly showcasing the electromagnetic components

other hand, the rotor core serves as a conduit for the magnetic ux and provides sup-
port to the magnets. Further details regarding the functionality of these components

will be elaborated in the subsequent sections.

3.2.1 Permanent Magnets

Permanent magnets (PMs) are composed of ferromagnetic materials, including iron,
nickel, cobalt, and their alloys. However, there is a growing trend of using rare-
earth materials such as neodymium, samarium, terbium, and dysprosium in PMs
due to their exceptional performance characteristics. Before delving into a detailed
exploration of the materials used in PMs, it is essential to understand the fundamental
working principles of permanent magnets.

When permanent magnets are magnetized, they generate a magnetic eld by align-
ing the atomic or molecular magnetic dipoles within the material. These dipoles arise
from the alignment of electron spins in the atomic or molecular structure of the ma-

terial. Magnetization occurs by subjecting the material to a strong magnetic eld
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or a speci ¢ temperature gradient, which aligns the magnetic dipoles in a particular
orientation, leading to the creation of a powerful magnetic eld within the mate-
rial. Magnetization are classi ed into two types of process namely the static and
pulse magnetization. In static magnetization, the magnetic material is exposed to
steady magnetic eld that charges the magnetic domains based on the eld direc-
tion. Whereas in pulse magnetization, a large pulse of current is passed through a
coil surrounding that produces a powerful magnetic eld, thereby magnetizing the
permanent magnet and is commonly prefered for high-performance magnets.

The coercivity of the magnetic material and, to a smaller extent, the physical
properties of the magnet and any potential xture assembly a ect the magnetising
force necessary for saturating a magnet. According to the general rule, a peak eld
that is 1.5 to 2.5 times its inherent coercivity must be applied in order to saturate a
magnet [38]. This magnetic eld extends from the magnet's north pole to its south
pole, forming magnetic eld lines. These eld lines generate a magnetic ux that
can interact with other magnetic elds, such as those produced by stator windings
in a motor. The strength of the magnetic eld produced by a permanent magnet
is inuenced by factors such as the material composition, magnetization process,
and physical dimensions of the magnet. Permanent magnets, such as neodymium
iron boron (NdFeB) or samarium cobalt (SmCo), are chosen for their high magnetic
coercivity, which means they are resistant to demagnetization and can retain their
magnetization over an extended period which is an important characteristic feature
for high-speed traction motors [39].

A Halbach array is a specialized con guration of permanent magnets that gen-

erates a concentrated magnetic eld on one side while minimizing the eld on the
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opposite side. By arranging the magnets in a pattern where their magnetization
vectors alternate in direction, a unique magnetic eld distribution is achieved. This
arrangement boosts the magnetic eld strength on one side while e ectively reducing
the eld (stray eld is generated) on the other side. This asymmetrical magnetic
eld distribution o ers several bene ts in traction applications, including improved
torque production, enhanced e ciency, higher power density, and optimal utilization

of magnetic materials.

3.2.2 Rotor Core

The rotor core serves a similar purpose and is constructed in a similar manner to the
stator core, but it does not contain any coils. However, unlike the stator core, the
rotor core is subjected to signi cant mechanical loads that are directly in uenced by
the speed of the machine. The rotor core performs several critical functions, which
are outlined below.

Magnetic circuit and eld conduction: The rotor core plays a crucial role in es-
tablishing a closed magnetic circuit in conjunction with the stator and the air gap
between them. This circuit facilitates the smooth ow of magnetic ux from the
stator to the rotor and back (closed ux loop), ensuring e cient energy transfer be-
tween the electrical and mechanical domains. Additionally, the rotor core acts as a
conduit for the magnetic eld generated by the stator windings, guiding and direct-
ing the eld lines to interact e ectively with the permanent magnets, thus facilitating
e cient torque generation.

Mechanical and thermal support The rotor core provides essential structural sup-

port for the permanent magnets, ensuring their proper positioning and alignment
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relative to the stator. This support is crucial for withstanding mechanical stresses
and centrifugal forces that arise during motor operation, particularly at high speeds.
Furthermore, the rotor core assists in reducing central de ection and minimizing shaft
eccentricity, thereby maintaining a consistent air gap. Additionally, the rotor core
aids in heat dissipation by conducting and distributing heat away from the perma-
nent magnets. This helps to keep the magnets and the overall motor operating within
optimal temperature ranges, promoting reliable performance and longeuvity.

The rotor core consists of stacked laminations made from similar materials as the
stator core. These laminations are typically fabricated using laser cutting techniques
and stacked together to achieve the desired stack length. The thickness of rotor
laminations in a motor is signi cant because it a ects the overall performance and
e ciency of the motor. Thinner laminations o er lower eddy current losses, reduce
magnetic losses, and improve the motor's e ciency. Thicker laminations, however,
provide increased mechanical strength and robustness to withstand the mechanical

stresses experienced during operation.
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Chapter 4

Contemporary Design of Rotor

Assembly of Radial Flux SPMSMs

Several advancements have been made in the structural design of the rotor assem-
bly of a Radial- ux SPMSMs with the aim of enhancing power-density [40]. These
include the utilization of composite materials for magnet retention, which has facil-
itated further optimization of the rotor geometry. As a result, the mass of the core
was optimized, leading to improved high-speed performance of the machines [41].
One persistent challenge has been the uneven loading on the bearings caused by ec-
centricity. However, the introduction of hybrid ceramic bearings has shown promise
in mitigating bearing and frictional losses associated with high-speed eccentricity.
Several other current state-of-the-art design features will be addressed in this chap-
ter. In this chapter, we will delve into a comprehensive discussion on the design of
each rotating component shown in Figure 4.1. The insights gained from this analysis
will serve as a valuable reference point for the integrated design discussions in the

forthcoming chapters.
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Figure 4.1. Contemporary FE design of a Radial- ux SPMSMs[7]

To facilitate meaningful comparisons, it is essential to establish a standard motor
speci cation. In this case, a 158W motor with a peak torque of 7SN m at 20; 000 pm
will serve as the benchmark for an eVTOL (electric Vertical Take-O and Landing)
application. The specic goal for this application is to achieve a power density of
over kW=kg It is important to note that the electromagnetic design of the motor is
already nalized and will be considered as a xed parameter as the thesis focuses more
towards the structural optimization of the rotating assembly and its boundary-sharing
components. The same motor speci cation will be carried forward into the integrated
design phase, as it represents a seamless continuation of the existing contemporary

design.

4.1 Design of Shaft and Rotor Hub

The function of the shaft in a traction motor is to supply pulsated torque to the

powertrain and handle undue acceleration without fatigue [17, 42]. The shaft for
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the contemporary design of a Radial- ux SPMSMs is designed to endure N'B of
torque and a maximum speed nearing 2200 pm (with a design safety margin of 1.1),
which makes the design and analysis procedure complex. With an overall rotating
assembly mass of approximately:bkg over a radius of 6inm (sizing of magnets after
performing electromagnetic analysis) spinning at 2000 pm, the shaft will encounter

a centrifugal force of about 2IMN . This requires the material to have a higher yield
strength and fatigue resistance. The most commonly used shaft material is the AISI
4340 which is a low-alloy steel known for its excellent machinability (even with 50
rockwell hardness), wear resistance to press ts and higher core strength.

A yield strength of 850MPa can be obtained upon austenizing the AISI 4340
at 845°C for direct hardening and tempering at 42%C to relieve stresses produced
during the \thru-hardening" process [43]. But doing so will cause the shaft to behave
extremely sti or, in other terms, becomes brittle in nature. This yields torsional
sti ness reducing the ductility of the shatft, i.e., a brittle core, which may promote
failure during maximum service conditions. To achieve a balanced tensile core and
compressive outer case, \induction case-hardening” is adopted. The shaft is heated
in an induction coil environment and then quenched to make the surface harder
[44]. The depth of the case hardening depends on the heat that is applied. Higher
temperatures and slower scan rates promote a higher penetration of hardening. A
case depth of @25 to Q150 inches is typical for stock shafts and 0.3 inches for a
selective high-strength application.

To design the shaft for comparative analysis, the traditional analytical method
calculates the two important parameters, i.e., the minimum and maximum diameter

of the shaft. From the strength criterion formulae, the ratio of motor torque T) to
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the polar moment of inertia () is a function of the ratio of shear strength E¢)to the

radius of shaft (R) as shown in equation

T _Fs
~ =5 4.1.1

From Equation 4.1.1, the polar moment of inertia J for a solid shaft i§§D4. A
FOS of 1.3 was considered for the maximum torque in order to accommodate sudden
motor torque surge. The minimum diameter is calculated as 11mm by substituting the
known values of torque and allowable shear stress in Equation 4.1.1. Upon rearranging
Equation 4.1.1,

(4.1.2)

T J
Fs R

The Fls ratio is calculated from a solid shaft and can be used in a hollow shaft
since material properties and torque will remain constant. For hollow shafts, the ratio
of outside diameter to inside diameter is considered as 2 and can be changed as per
design constraints. From solving Equation 4.1.2, the minimum outside diameter is
12mm and the minimum inside diameter is 6im. Due to speci c design constraints
from selected bearing diameter, shaft manufacturability, the designed shaft upon
scaling 35 times has a maximum diameter of 48m and a minimum diameter of
182mm. Figure 4.2 showcases the stepped shaft design that consists of 2 keyways.
The maximum key length must be within 1.5 times the diameter of shaft to minimize
twisting [45] but is not necessarily applicable for every design. The rotor hub is made
of laminated steel with inbuilt keys. Such a design upon stacking will require the

keyway on the shaft to have a length larger than the key to accommodate sliding of
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Figure 4.2: One-piece shaft design

laminated rotor hub. The shear force experienced by the designed shaft iF6kN

obtained from the Equation 4.1.3,

_Torque,, 1
"~ Radiuspai  (Length of keyway Width of keyway)

(4.1.3)

The shear stress on keyway is calculated using the shear force from Equation 4.1.3
and results in 10MPa. One of the keys will be responsible for the torque transfer,
whereas the other keyway kept 180apart is for redundancy. A one-piece design
approach is applied where the shaft can be produced from a single AISI 4340 bar of
OD 44mm, using major machining processes such as turning, milling, and broaching.
The introduction of a one-piece design removes complex multi-interface press ts
stepped shafts and provides even stress distribution.

The rotor back iron completes the magnetic circuit as the ux lines ow through
the rotor back iron. Henceforth, the back iron should be a magnetic material otherwise

there will be a signi cant increase in the magnetic circuit reluctance. The increase in
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Figure 4.3: Di erent types of optimized laminated hub design

the magnetic circuit reluctance due to the use of a non-magnetic back iron reduces
the coils ux linkage and hence reduces the machine torque signi cantly. In order to
have a higher power density machine, the rotor back iron should be manufactured out
of magnetic steel to reduce the magnetic circuit reluctance and increase the machine
ux linkage and hence increase the machine torque. But this is only applicable when
the PM's do not have the halback array con guration discussed in section 3.2.1. The
rotor losses in the SPMSMs are the PM loss, the back-iron loss, the windage loss, and
the bearing loss. The PM losses and the back iron loss are eddy current losses that the
back iron lamination and the PM segmentation can limit. The back iron is made of
non-oriented silicon laminated steel with @mm lamination thickness to reduce back

iron eddy current loss. Non-oriented silicon steel is chosen due to its high magnetic
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saturation point compared to common magnetic material and lower cost than Cobalt-
steel laminations. Several advancements are made in the internal shape of the rotor
core shown in Figure 4.3. The back iron thickness was maintained at about 6mm, and
the supporting structure was framed around the back iron. The primary constraint
lies in the relatively low yield strength of the electrical steel, which poses challenges

in optimizing the rotor core for enhanced strength and improved ventilation.

4.2 Design of Permanent Magnet

The rare earth permanent magnet on the rotor hub provides the machine with the
magnetic ux required for torque production. Rotor coils can produce this magnetic
eld for machines like eld-excited synchronous machines. The problem with eld-
excited synchronous machines is that they require brushes to connect the rotor coils to
the DC supply, which reduces machine reliability. The PMSMs do not require brushes,
as the rotor PM provides the required les for torque production. The performance of
any PM-based machine can be enhanced by carefully choosing the right PM material
[46]. Neodymium Iron Boron (NdFeB), which has a greater maximum energy product
than Samarium Cobalt (SmCo), and a higher coercivity and remanence ux density,
has been chosen for this application.

This selection improves the power density of the machine due to the high airgap
ux density that the NdFeB magnets can provide compared to the SmCo magnets.
To improve the airgap ux density further, the halback array con gurations are used
[47]. The segmentation of the halback array helps in reducing the eddy current loss
of the PM. A brief comparison of NdFeB and SmCo magnets is provided in Table

4.1. NdFeB magnets are chosen due to their high remanence ux compared to the

39



M.A.Sc. Thesis { Akshay Manikandan; McMaster University { Mechanical Engineering

Non rear earth magnets NdFeB SmCo
Density (g/cm”3) 7.5 8.4
Composition Nd = 29-32.5% | Sm = 35%

Fe = 63.9-68.6%| Co = 60%
B=11-12% | Fe = 2.5%
Re =0.6-1.2% | Cu = 2.5%

Remenant ux density (T) 1.1 1.0
Compressive strength (MPa) 900 850
Youngs modulus (GPa) 160 150
Thermal conductivity (W/m.K) 10 10
Torque density (KN/m”3) 67 56
Cost e ectiveness (USD/Nm) 15 2.09

Table 4.1:. Comparison of electrical and mechanical properties of NdFeB and SmCo
permanent magnets [12]

Samarium-Cobalt magnets (SmCo). The maximum continuous operating tempera-
ture of the NdFeB magnet is lower than SmCo magnets. Demagnetization tempera-
ture is determined by the load curve of the magnets on the demagnetization curves
and it is found that as the machine operates at 15Q, there is no demagnetization.
It is also to be noticed that the demagnetization temperature of a NdFeB PM is
about 18CC to 240°C. However, the maximum operating temperature of most of the
high-speed rotors is around 13C, which means NdFeB can be used to bene t from
its high remanence ux to increase the machine power density and its lower cost to

reduce the machine cost compared to the SmCo.
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4.3 Design of Axial and Radial Rotor Assembly
Retention Systems

When the motor functions at 22 000pm under full load conditions, the PM temper-
ature can go up to 12€C, resulting in thermal expansion and thereby introducing
stress risers in various components [48]. The laminated rotor back iron is stacked with
layers of laminated sheet and adhesives, which when exposed to a thermal gradience
from the PM, will expand. This expansion might cause the stacks to become loose,
causing catastrophic failures in electric motors [49]. Henceforth to provide axial re-
tention, the end plates are designed to secure the rotor laminated stacks from the
ends. The end plates can be designed for two reasons, to provide axial retention and
rotor shaft balancing activities.

Figure 4.4 provides an accurate description of the balancing rings and their po-
sition in the assembly. The material commonly used for the balancing end plates
is either an aluminum alloy (6061 or 7068) or low-alloy steel plates, being known
for their superior strength and fatigue resistance properties at elevated tempera-
tures. Aluminum 7068 is used for high-speed applications as it has a yield strength
of 414MPa at 150°C, which is better performing than traditional Aluminum T66061
with a 220M P a yield strength at 150C. Other Aluminum alloys, such as Aluminum
7078 (aerospace grade), have a lower yield strength at elevated temperatures. The
balancing end plates comprise a raised lip contributing nearly 25g of mass per side
for dynamic balancing activities during rotor testing. The manufactured laminated
rotor stack is sandwiched between the two balancing end plates as shown in Figure

4.4, and a full-faced tight- t contact is provided between the two components with
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Figure 4.4: (a) Location of balancing end plates in motor assembly (b) Side and (c)
Isometric view of end plates with dimensions

minimal pretention. A radial ux motor with end plates is a common element for
axial retention and can even be found in Tesla Plaid S and other common PMSMs
constructions for aerospace applications [50]. The balancing end plates have a press
t contact with the shaft and are axially constrained by using the washer and locknut
from SKF, as shown in Figure 4.4. Once the balancing end plates are press tted
with a calculated interference, the washer with ange is inserted, proceeded by the
locknut having a tight t threaded connection to the shaft. Since both the balancing
end plates and washer have a press t, a very high axial preload for the washer is
unnecessary, as some room for expansion will reduce the internal stresses of the lam-

inated rotor core. While stacking and compressing, the laminated electrical plates
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may be joined using intermediate adhesives, interlocking pin hooks, or seam welds
[51] are provided at speci c locations for additional stacking sti ness and assembly
xture. Certain types of lamination stack-up might not have the axial end plates but
instead have a through bolt setup to hold laminations in place.

In Radial- ux SPMSMs, the centrifugal forces are dominant and will have a rip-
ping e ect on magnets causing catastrophic machine failures [52, 53]. To ensure radial
retention, a sleeve is selected and tightly tted around the permanent magnets. This
sleeve can be made of either metal or composite material, providing a secure hold
through a slight interference t. While using a metal retaining sleeve, it was found
that there is an increase in the eddy current loss in the rotor, majorly caused by
spatial and time harmonics. In some cases, it causes overheating zones and demagne-
tization of permanent magnets [52]. Composite materials such as berglass or carbon
ber have very high electrical resistivity, which reduces the rotor eddy current losses
[54]. The chosen carbon ber in this thesis is Hextow IM7, and its composite prop-
erty has a tensile modulus of 183P a, tensile strength of 270MPa, and a CTE of
6:4e '=C. In comparison to other composite matrices, the CTE for carbon compos-
ites is considerably lower, which makes it an ideal candidate for high-tension sleeves
due to its increased strength and thermal stability.

The carbon ber being orthotropic in nature, has its strength and rigidity aligned
highest in the tensile direction of ber and lowest in the transverse ber direction.
This indicates that the bers must be aligned so that maximum sti ness is achieved
along the vector of radial expansion. Carbon ber sleeves are manufactured using a
process called lament winding. The carbon bers are sourced from suppliers with

speci ¢ strength capabilities. A suitable resin is chosen based on the bonding strength
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and curing temperature. While designing the carbon ber sleeve, it is critical to con-
sider the resin impregnation losses on the nal sleeve, as the carbon ber volume in a
unit would be considerably lesser as the resin takes up space for bonding. The % loss
is based on the resin impregnation and is generally between 25 to 35%. The pre-preg
carbon bers are in strands of thin laments following a speci ¢ width and resin coat-
ing that are winded with a calculated minimal prestress across a rotating rotor with
PM. The carbon ber sleeve is lament winded using a slight initial interference t of
0:01mm representing tension of 33 pounds per tow (1 tow = 2800 strands of carbon
ber) with which the sleeve is lament winded on the PM's. If an extremely tight
interference t is applied, the strain on the longitudinal bers could increase under
high-speed conditions, potentially resulting in ber tearing. At times the lament
winding is done on a mandrel with the same tolerance and outside diameter as that
of the PM. This process is chosen when the magnet demagnetization temperature is
closer to the curing temperature of the resin used for bonding carbon ber laments.
A lament winding is generally unidirectional, with an angle varying between 80 to
89 degrees per turn of a lament which is decided based on the strength required and

thickness of the sleeve.

4.4 Issues with Contemporary Design of Rotor As-
sembly

In the previous sections, we explored the key structural design considerations of the
rotor assembly in the contemporary design of radial- ux SPMSMs. In this section,

we will delve into the associated challenges. Listed below are some of the common
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mechanical challenges that the industry faces when it comes to the contemporary
rotor design of Radial- ux SPMSMs. This thesis aims to address these challenges
by employing suitable FEA methodologies with mechanical considerations to o er

e ective solutions.

" Structural integrity -

Reason! The presence of multiple press ts results in a coe cient of thermal
expansion (CTE) mismatch between components, which can give rise to fatigue

cracks, particularly when operating at very high speeds.

Countermeasure proposed Reducing press ts by integrating the shaft and

hub machined from a solid bar of AlISI4340 using high stress-bearing materials.

Manufacturing complexity -

Reason! When multiple press ts are involved, precise control of tooling
tolerances becomes essential. For the laminated electrical steel core, achieving
the desired tolerances for shaft t necessitates meticulous processes such as

high-precision laser cutting, inter-sheet welding, and precision surface grinding.

Countermeasure proposed By integrating the shaft and rotor hub, the re-

quirement for electrical steel and its associated components, including axial
retention end plates, locknuts, and washers, can be eliminated. This integra-
tion signi cantly reduces the necessity for high-precision machining since the

integrated shaft/hub can be CNC-lathed from a single steel bar.

Lower power density -

Reason! Usage of low-strength electrical steel results in less stress-bearing

capability of the component. Henceforth mass is added to increase local sti ness
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that increases rotational mass, thereby reducing power density. The absence of
employing suitable FEA methodologies to optimize topology and mass can lead
to sub-optimal design outcomes, either by under-designing or over-designing

components.

Countermeasure proposedl By utilizing high-strength steel for both the shaft
and hub, combined with a meticulous assessment of boundary sti ness, there
is increased potential for mass optimization while maintaining a higher level of

reliability in FEA.

Poor thermal performance -

Reason! To enhance core stiness and reduce shaft de ection, a signi cant
amount of material is added. However, this approach inadvertently reduces
available space for ventilation, resulting in increased rotor core temperatures
and bearing shoulders (due to bearing losses) during high-speed operation. As

a consequence, high operating temperature conditions arise.

Countermeasure proposed Study and implementation of topology optimized
rotor core designs prioritizing lower shaft central de ection while positioning
air vents closer to the back iron. This strategic approach aims to enhance heat

dissipation for improved thermal management and reduced central mass.

Magnet demagnetization -

Reason! Many motors employ retention sleeves composed of high-strength
materials like Inconel and titanium, ranging in thickness from 2 to Bim de-
pending on operational speeds. However, the increased thickness of these sleeves

inadvertently acts as a thermal barrier, impeding heat dissipation and causing
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elevated magnet temperatures. Most magnets have a demagnetization temper-
ature range of 140 to 180. Insu cient heat dissipation from the magnets,
coupled with reduced air ventilation for the rotor back iron, can lead to mag-
net temperatures exceeding the demagnetization threshold, resulting in motor

stalling.

Countermeasure proposed The utilization of ultra-high strength composite
materials like carbon ber enables a remarkable reduction in sleeve thickness
by approximately 60%. This reduction is attributed to the unique properties of
carbon ber, which is an orthotropic material. Unlike isotropic materials, car-
bon ber does not exhibit yield strength but rather a maximum tensile strength
ranging between 2000 to 300@P a (considering post-resin impregnation losses).
This characteristic feature allows the material to withstand stress without expe-
riencing plastic deformation until it reaches its ultimate strength, distinguishing

it from isotropic materials that undergo plastic deformation after the yield point.
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Chapter 5

Impact of AlSI14340 vs

Non-oriented Electrical Steel

In the integrated design, the permanent magnets are held in place by the laminated
rotor back iron. To ensure stability, axial locking end plates secure the laminations
and facilitate their attachment to the shaft. However, this con guration can lead to
challenges in maintaining structural integrity. One potential solution is to combine
the hub and shaft, creating a single piece made from the same material. This approach
enhances structural integrity and reduces the likelihood of any issues arising from the
integration of multiple components. Before proceeding with this step, it is crucial
to recognize the importance of Halbach array, electrical steel, and its laminations, as
well as the reasons behind their application. Most traction PMSMs use conventional
PMs where the magnetic eld is strong on both sides, as shown in Figure 5.1. The
laminated back iron serves as a conduit to e ectively direct and guide the magnetic
eld, enabling e cient torque generation by the permanent magnets. By insulating

the laminations from each other, eddy current losses are minimized as the circulation
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Figure 5.1: Magnetic eld strength of Normal PM's (left) and Halbach-array PM's
(right) [8]

of eddy currents is impeded. Additionally, the presence of laminations disrupts the

continuous path of magnetic ux, leading to reduced energy dissipation in the form

of hysteresis losses.

In contrast, the Halbach array arrangement generates a powerful magnetic eld on
one side while producing a less signi cant stray eld on the opposite side, as shown in
Figure 5.1. Based on the information provided in Figure 5.1, it can be deduced that
the requirement for laminated electrical steel is eliminated [55] since the magnetic
eld on the rotor side is negligible. Therefore, it is possible to consider using a non-
electrical steel material as an alternative for the rotor core. Furthermore, a 4-segment
Halbach array con guration is chosen in the design as it improves the eld distribution
[56] and higher torque production [57]. Given the selection criteria of considering
alternative materials to electrical steel or soft-magnetic materials, it is important to
note that the magnetic permeability of such materials would be signi cantly lower.
Therefore, the choice of AISI 4340 is justi ed based on its exceptional wear resistance,

high core strength with a yield strength of 80MP a after heat treatment, ease of
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Figure 5.2: A 1/3 electromagnetic model of the rotor with 4-segment Halbach array
/pole con guration

machinability even with a hardness of 50 Rockwell, cost-e ective, and easily available
in the market. As shown in Figure 5.2, the magnetic eld is directed to follow the
magnetization pattern of the Halbach segments.

The machine performance is simulated using the non-oriented silicon steel with
0:2mm lamination thickness and AISI 4340 rotor hub. While it is not mandatory
to use a magnetic material for the back iron in the case of Halbach array magnets,
there is still a minimal amount of ux present. Therefore, a thin rotor back iron

made of AISI4340 is utilized, and its impact is examined. The back iron thickness for

Variables Non-oriented silicon steel AlS14340
Power (kW) 155 155
Average torque (Nm) 74 74
Torque ripple (%) 4.7 6.3
Phase voltage (V) 743 740
Magnets loss (W) 84 79
Total loss (kW) 3.77 3.77

Table 5.1: The machine's electromagnetic performance with the di erent rotor hub
material
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both cases is 8mm. TABLE 5.1 shows the performance of the machine with the two
materials. It can be concluded that changing the rotor material to AlSI 4340 steel had
a negligible e ect on the torque production capability of the machine, thanks to the
Halbach array con guration. The overall power output, average torque, and phase
voltage remained una ected, but there was a slight increase in the torque ripple %.
However, considering the numerous structural advantages of using AlSI4340, a trade-
0 was made, as the increase in torque ripple was deemed negligible. It was found
that the rotor back iron thickness could be reduced further since the Halbach array
con guration is used. It was determined that a nal back iron thickness of Bim

is necessary, as reducing it further would negatively impact the torque production

capability of the machine.
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Chapter 6

Design Considerations for

Integrated Design

The integrated design combines the purpose of a shaft, rotor hub and balancing
rings into a single machined component made from AISI 4340. Figure 6.1 shows a
major component reduction from the traditional design shown in Figure 4.1. The
main focus of this chapter is to examine four factors that, when incorporated into
the integrated design with careful considerations and assumptions, will improve the
high-speed performance of the machine. Furthermore, a thorough FEA validation
will con rm the impact of the considerations and assumptions.

Improve structural integrity -

The main objective for improving the contemporary design is to simplify the
model and reduce stress development. In the contemporary design, the rotor shatft is
composed of alloy steel that undergoes tempering and case hardening. It has a yield
strength ranging from 700 850MPa and a CTE of 1:3e °=C. The laminated rotor

hub is constructed from non-oriented sintered electrical steel, commonly used, with a
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Figure 6.1: An FE representation of the integrated design

yield strength of 350 to 500 P a and a CTE of le °>=C. The laminated rotor core and

the shaft are press tted together with intermediate bonding through welding, and
they are secured with a key on the shaft and a keyway on the rotor core. At high-speed
operation, elevated temperatures occur due to increased bearing losses and magnet
temperatures. These elevated temperatures cause thermal stresses in both the shaft
and laminated rotor hub. Due to the di erent CTE's of the two materials, the rotor
back iron, being the weaker material, experiences greater expansion in proportion
to its expansion ratio. The shaft induces compressive stresses on the key thereby
increasing local strain at key attachment regions on the rotor hub. One possible
solution to address this issue is to introduce a slight clearance or backlash in the
joining of the rotor hub and shaft. This allows for some space for expansion during
high-speed operation but may have an impact on the structural integrity of the rotor.

Additionally, the rotor manufacturers have mentioned that it is not feasible to provide
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a diametric interference t on the ID of the laminated electrical steel due to challenges
in achieving high dimensional tolerance with laser cutting. Grinding the ID after
attaching the laminations could potentially lead to fatigue on the laminations due to
the clamping force or heat generated during machining.

By adopting the approach of machining both the shaft and rotor back iron from
a single block of AISI 4340, the complications arising from CTE mismatch or the
need for press ts can be eliminated. The reduction in mass by removing components
relating to axial retention from the contemporary design also corresponds to a sig-
ni cant decrease in centrifugal force experienced by the rotor components at higher
speeds. The lower the rotational inertia, the better lower will be the shaft de ec-
tion. Moreover, using AISI 4340 provides additional bene ts, such as a higher yield
strength of 80M P a post-heat treatment, which allows for better accommodation of
bearing bending stresses and optimization of material distribution in the rotor core.
The ratio of tolerable stress to material density increases [58], allowing for further de-
sign optimization to reduce weight. Certain considerations made while designing and
analyzing the integrated design for structural integrity include analyzing the yield
strength of the material lower than 808P a. The yield strength of the material
would be much lower n the manufactured product since a thru-hardening procedure
is not adopted instead a case hardening with a depth between 3 anchih is consid-
ered leaving the core of the shaft to be ductile. This improves the bending sti ness
allowing a higher degree of ex yet having compressive stresses on the surface level
resisting bending.

The selected adhesives from Delo are of the highest strength, boasting a tensile

strength of 79VIP a and a shearing strength of 3UP a. However, it is evident that at
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20,000 pm, the adhesive will experience much higher stresses thariwBa. This will
result in the magnet y-by condition by not providing the required radial retention.
To address this concern and enhance structural integrity, the carbon ber sleeve is
employed to safeguard the magnets. The adhesives can still be utilized as a potting
material for the segmented PMs, creating a smooth surface for the carbon ber sleeve
to be winded on. The design of the carbon ber sleeve requires speci ¢ attention due
to its orthotropic nature of having very high strength in its longitudinal direction.
Carbon ber, with its low CTE and a modulus of elasticity 12% higher than steel,
creates a rigid boundary that expands less than the magnets. Considering that the
PMs have low tensile strength, it is necessary to segment them. Without segmenta-
tion, bending of the shaft generates tensile stress on the magnets, leading to fatigue.
Segmentation reduces the load on the PMs, allowing the carbon ber sleeve to better
engage in providing the magnet retention without causing fatigue to the PM's.

Reduce manufacturing complexity

The manufacturing complexity of the contemporary design is higher due to the
requirement of multiple press ts and specialized tolerance-speci ¢ machining. Table
6.1 references the manufacturing processes involved in the contemporary design to
that with the integrated design for the shaft and rotor core. The shaft used in the
contemporary design can be made of high-carbon alloy steel, such as AIS14340, which
incorporates Nickel to enhance strength and fracture resistance. In the conventional
machining process for the contemporary design, the outer radius is turned, and the
inner diameters are drilled. However, for longer shafts, thru-drilling is avoided due
to potential uneven runout resulting from tool de ection during prolonged drilling

activities. Therefore, halfway drilling is conducted on both sides, and a nal reaming
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Contemporary design

Integrated design

Shaft

Material - Shaft steel

Manufacturing process -

1) Conventional lathe turning for all
OD's. Lathe drilling for the ID.

2) Broaching or milling of key slots
3) Surface grinding and smoothening
for nal dimensional tolerance

Material - AISI 4340
Manufacturing process -

1) 3 Axis CNC lathe for all
OD's. Lathe drilling for slots
and shaft ID

2) Surface grinding, reaming
and smoothening for all
dimensional tolerances

4) Tempering - relieve internal stresses (runout specially)

5) Nitriding - compressive surface
stresses

Rotor
hub

Material - Laminated electrical steel
Manufacturing process -

1) High-precision laser cutting

of laminations

2) Fusion or spot welding of laminates
3) Insulative insertions, clamping
xtures, jigs for rotor core stacking

3) Surface grinding after stacking near
key regions and OD to achieve high

tolerance

3) Rotor balancing after
machining with fan mass.
4) Tempering and nitriding

Table 6.1: Machining processes involved in the contemporary vs integrated design

process is utilized to achieve the required dimensional tolerance. The key slots can
be milled using either broaching or 2-axis milling methods. The latter option may
be more expensive, but it can achieve higher tolerances. Afterward, a nal surface
grinding and smoothing process is performed to eliminate any surface roughness that
could lead to excessive wear or fatigue cracks. The most common shaft surface nishis
maintained at 0:10m to strike a balance between the necessary lubrication roughness
for bearings and wear protection under high-stress conditions.
nishing processes, there may be residual tensile stresses in the material, which could

potentially cause fatigue cracks under cyclic loading. Tempering is carried out to
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alleviate these residual stresses resulting from machining and additional hardening.
Nitriding, a relatively newer technology, is a form of case hardening that involves
heating the shaft and di using nitrogen onto the surface, enhancing its wear and
fatigue resistance. The rotor core comprises laminations made from electrical steel,
which can be produced using laser cutting or hydro-cutting methods. Hydro-cutting
iS a cost-e ective option, but it may result in lower manufacturing tolerances than
laser cutting, which is pricier but provides above-average tolerance levels. The laser-
cut laminations are carefully stacked using special jigs and xtures in a controlled
pressure environment to prevent buckling caused by excessive clamping forces. During
the stacking process, fuse or seam welding is applied to ensure the alignment and
structural integrity of the stacks. A nal step involves surface grinding on the key and
outer diameter locations for magnet xtures to achieve the required manufacturing
tolerances.

In contrast, the integrated design demands a simpler approach, relying on regu-
lar lathe turning, preferably using CNC technology for precise geometric positioning.
Unlike the contemporary design, the integrated design eliminates the need for spe-
cialized setups due to the absence of laminations. However, it is still advisable to
perform rotor balancing after machining, as using a solid block of material may result
in varying material density, which could a ect the overall balance of the rotor.

Increase power density

Having a lighter rotor assembly o ers three signi cant bene ts. Firstly, reduced
rotational inertia leads to higher power output, as less energy is needed to move
the unit volume, resulting in improved e ciency. Secondly, lower rotational inertia

translates to reduced centrifugal force, allowing for better optimization of material
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Rotatin
assembgly Mass (kg)
Tr%j:;?;r?l Integrated design
One piece shaft 2.3 4
Rotor core 2.8
Balancing epd 05 NIL
plates (clamping)
Bearings 0.68
Permanent Magnets 1.7
CF sleeve 0.09
Locknut & Washers 0.09 NIL
Taper shaft & Bolts 0.25 0.1
Total 8.41 6.57

Table 6.2: Mass savings between contemporary and integrated design

volume and enhanced performance. Lastly, a lighter rotational mass results in a
higher power density, making the system more e cient overall. As shown in Table
6.2, implementing the integrated design allows for the elimination of components like
clamping end plates and associated parts, resulting in a reduction of assembly mass
by 26%. The total mass of components, including bearings, PMs, carbon ber sleeve,
taper shaft, and bolts, remains constant as the primary goal of the integrated design is
to enhance structural integrity. However, through a well-planned FEA, the integrated
design was optimized to weigh approximately ks, resulting in a signi cant mass
reduction of 11kgs compared to the traditional design, which weighed around Egs.

Improve thermal performance

The contemporary design faced signi cant thermal challenges due to the require-
ment of additional material in its core to withstand the stresses. However, the inte-
grated design overcomes this limitation by saving more mass in the core, resulting in

increased space for air to ow and thereby improving thermal performance. Figure
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