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ABSTRACT

Radial-flux induction motors (RFIMs) remain the predominant choice in industrial
applications, largely owing to their robustness and structural simplicity. Nevertheless, their
limited power density has driven increasing interest in axial-flux induction motors (AFIMs),
which offer superior torque density and a more compact configuration. Despite these
advantages, AFIMs remain underutilised in line-start applications due to practical
challenges, such as higher manufacturing complexity, structural sensitivity, and the lack of

standardised design and fabrication guidelines.

This thesis establishes a design and evaluation framework for line-start AFIMs. A geometry-
driven electromagnetic design method is proposed, incorporating key constraints such as
magnetic loading and current density at different radii, making the approach more aligned with
the inherent characteristics of AFIMs. Additionally, material cost considerations are integrated
to ensure design feasibility from both technical and economic perspectives. Multi-objective
visualisation techniques are employed to reveal trade-offs and guide optimal design choices. The
method is then applied to transform commercial RFIMs into AFIM counterparts for different pole
numbers. A comprehensive sensitivity analysis is conducted to evaluate how variations in key
geometric parameters, such as slot shape and slot number, affect the electromagnetic
performance of both AFIMs and RFIMs, and to identify which parameters play a more critical

role in each topology.

The work further investigates axial force, an issue that has attracted considerable attention in
AFIMs. To address this, a static measurement technique is developed and validated both
simulation and experimental results. This method enables accurate quantification of axial force
without fully assembled thereby enabling accurate evaluation during early-stage prototyping.
The outcomes provide valuable design reference for mechanical support structure, airgap
management, and bearing selection in AFIM development. Various double-sided AFIM
topologies are also analysed and compared to evaluate their impact on axial force mitigation and
structural feasibility.

A stationary no-load testing methodology specifically developed for AFIM is proposed as an
alternative to the conventional rotating no-load test. This approach enables an early-stage
evaluation of motor performance without the need for rotor rotation or fully mechanical
assembly. Moreover, the study introduces a classification of mechanical losses into voltage and

airgap length dependent components. By employing combined strategy of stationary and
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rotating no-load measurements, these components can be separated, thereby providing a more
accurate assessment of electromagnetic characteristics of AFIMs at the preliminary evaluation

stage.

Together, these contributions form a comprehensive investigation for the efficient design,
prototyping, and evaluation of line-start AFIMs, supporting their practical deployment in

industrial applications.
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INTRODUCTION

1.1 Background

Electric motors (EMs) are the most widely used energy conversion devices in renewable
energy generation. Their ability to operate both as motors and generators makes them
suitable for a wide range of applications. These include residential appliances, industrial
manufacturing, commercial enterprises, and public transportation systems [1, 2]. In the
industrial sector, EMs are extensively used to drive machinery and conveyor systems.
Within the commercial sector, the power equipment such as refrigeration units and heating,
ventilation, and air conditioning (HVAC) systems. In public transportations, EMs are
increasingly adopted as a replacement for internal combustion engines (ICEs), offering a
viable pathway toward net-zero emissions. Compared to ICEs, EMs exhibit significantly
higher efficiency, thereby reducing operational costs and environmental impacts. In the
residential domain, EMs are installed in a wide range of appliances, including washing
machines, vacuum cleaners, and air conditioners [2, 3]. Importantly, EMs constitute the
largest single end-use of electricity in the industrial sector, account for approximately 60%

of total electricity consumption [2-4].

Radial-flux motors (RFMs) represent the most common configuration of EMs,
characterised by a cylindrical rotor concentrically enclosed by the stator. In this arrangement,
the magnetic flux crosses the airgap in the radial direction, i.e., perpendicular to the axis of
rotation. In contrast, axial-flux motors (AFMs) adopt a disc-shaped topology in which the
rotor and stator are positioned in parallel. This results in the magnetic flux traversing the
airgap along the axial direction, parallel to the shaft. When a squirrel-cage rotor is employed
in an axial-flux configuration, the motor is referred to as an axial-flux induction motor
(AFIM), while its conventional radial counterpart is termed a radial-flux induction motor
(RFIM), as illustrated in (Figure 1-1).

Some of the earliest recorded EMs were based on the axial-flux principle. Michael

Faraday demonstrated a primitive disc-type motor in 1831, which can be regarded as one of

1
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the first AFM [5]. Subsequently, in 1889, Nikola Tesla patented a motor design that also
employed axial-flux operation. Despite these early developments, the development of the
AFM almost ceased following the first patent of a RFM in 1937. Thereafter, progress in AFM
technology slowed significantly, primarily due to the high-precision manufacturing
requirements and the limited production capabilities available at the time [5, 6]. Interest in
AFMs was renewed in the 1990s, driven by advancements in materials and manufacturing
technologies. In particular, their inherent advantages in specific applications, such as in-
wheel motor drives for electric vehicle (EV), have prompted renewed research into their

design and performance [5, 6].

(a) (b)
Figure 1-1 Axial (a) and radial (b) flux induction motors.

Table 1-1 Comparison of Line-Start and Inverter-Driven Motors Based on Operational
and Cost Characteristics [6-9].

Feature Line-Start Motor Inverter-Driven Motor
Starting Method Directly from AC mains Controlled by variable-frequency drive (VFD)
Speed Control Relatively fixed speed Variable speed
Starting Torque High (= 200% of rated torque) Adjustable
Efficiency High @ fixed speed High across range of speeds
Setup Cost Low High
Maintenance Cost Low High
Applications Constant-speed applications Variable-speed ?nd.prease control
applications
Installation Simple More complex

Alternating current (AC) EMs can be divided into two categories, line-start and inverter-
driven motors. A comparison of their key operational characteristics, cost implications, and
application suitability is summarised in Table 1-1. Line-start motors are designed for near-
constant speed operation and typically achieve their highest efficiency close to the rated
load torque. These motors operate directly from the AC mains and are widely deployed in

applications such as fans and pumps, where a fixed operating speed is acceptable. In
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contrast, inverter-driven motors require a variable frequency drive (VFD) to control their
speed and torque. Although this increases both system cost and complexity, it enables high
efficiency over a broad range of operating conditions, making such systems well-suited to

variable-speed applications.

Among line-start EMs, RFIMs have long been standard due to their robustness, cost-
effectiveness and maintenance costs, making them ideal for extreme industrial
environments and heavy-duty applications. However, growing demands for higher
efficiency with more compact designs have prompted increased interest in alternative motor

technologies.

One such alternative is the radial-flux line-start permanent magnet synchronous motor
(RF-LSPM) [10, 11], which incorporates embedded permanent magnets to enhance
efficiency, power factor, and torque density. The presence of magnets enables synchronous-
speed operation and reduced energy consumption, particularly under variable load
conditions. Despite these advantages, RF-LSPMs are associated with higher production

costs and a risk of demagnetisation under extreme operating conditions [12-17].

Another promising alternative is the AFIM, which offers structural advantages such as
improved magnetic material utilisation, more compact design, and superior thermal
characteristics [14, 18-23]. These features offer the potential for higher torque density and
reduced volume, particularly in applications where axial space is constrained. Despite these
benefits, the adoption of AFIMs in line-start applications has lagged behind that of axial-
flux permanent magnet motors (AFPMs), which have gained traction in variable-speed
systems such as the YASA motor used in Mercedes-Benz EV [24]. The slower uptake of
AFIMs can be attributed to the entrenched dominance of RFIMs and the challenges of
manufacturing axial-flux topologies. However, recent advancements in fabrication
techniques and materials are steadily lowering these barriers. Continued research and
development may position AFIMs as viable alternatives to RFIMs in line-start applications

where compactness, efficiency, and improved performance are of critical importance.

1.2 Research Problems and Motivations

Although AFIMs potentially offer electromagnetic and structural advantages, they have
not been comprehensively investigated in prior research [7, 25]. Existing research has
primarily focused on the modelling and design of AFPMs for variable-speed electric vehicle
(EV) applications, with far fewer works dedicated to line-start AFIMs [19, 22, 26-29]. As

discussed earlier, balancing cost and efficiency is important to the design of line-start motors.
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Accordingly, one key research focus is to assess this trade-off in AFIMs in comparison with
their RFIM counterparts. Achieving this requires a detailed examination of the AFIM design
methodology, including its electromagnetic performance characteristics, to assess its

viability as practical alternative for line-start applications.

EM design typically employs either analytical methods, such as magnetic and sizing
equations, or numerical methods based on Maxwell’s equations, such as the finite-element
method (FEM). Each approach presents a trade-off between intuitive understanding and
accuracy of analysis. While numerous well-established design techniques exist for RFIMs
[30-33], the design methods for AFIMs have been discussed in comparatively fewer studies
[19, 31-38].

Analytical sizing methods are known for their fast computational speed but rely heavily
on empirical factors and assumptions such as linear magnetic materials, uniform airgap flux
density, and the neglect of end effects. Consequently, their accuracy is lower than numerical
methods. For non-conventional motor topologies, analytical approaches often lack
generality and must be tailored on a case-by-case basis. This limitation is particularly
evident in AFIMs, where one of the key design challenges lies in the lamination geometry.
The stator and rotor lamination layers are characterised by a radial variation in cross-
sectional geometry, such as tooth width, which leads to a non-uniform magnetic field
distribution across the radius [5] (Figure 1-2(a)). In contrast, RFIMs maintain an identical
cross-sectional geometry across all lamination layers along the stacking direction, resulting

in a more uniform magnetic field distribution (Figure 1-2(b)).

(@) (b)

Figure 1-2 Axial-flux (a) and radial-flux (b) induction motors showing the stator
lamination layers. The RFIM shows the same stator lamination cross-section at different
stack length positions, however, the AFIM shows different lamination cross-section at
different stack length positions.
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To improve the generality and accuracy of AFIM sizing methods, it is essential to account
for the radial variation in magnetic loading, such as the flux density in the tooth regions.
Such an approach can reduce dependence on empirical factors and enhance prediction
accuracy. The sizing approach proposed in [35] is employed average diameter magnetic and
electric loading to establish an equivalent 2-D model for AFIM design, however this
simplified method overlooks the inherent radial variation of these loadings. As highlighted
in [39], such simplification can lead to significant inaccuracies in radially laminated AFIMs,
as the magnetic field distribution across different radial layers is neglected. In particular,
magnetic saturation in the rotor and stator teeth near the inner diameter cannot be reliably
captured without 3-D FEM. However, the numerical methods for AFIM become even more
time-consuming compared to the RFIM due to the increased 3D geometric complexity and
the variation of magnetic fields with diameter. Therefore, it is necessary to explore a design
procedure tailored to AFIMs that accounts for the variations in electric and magnetic

loading, while achieving a balance between computational efficiency and accuracy.

EMs have a large attractive force between the rotor and stator which is proportional to
the square of the airgap flux density (Bs). In RFMs, under normal balanced operation, this
produces a net zero force on the rotor due to structural symmetry (Figure 1-3(a)). However,
in a single-sided AFIM, the parallel placement of the rotor and stator results in a large
unbalanced force (Figure 1-3(b)). This force presents a particular challenge from both
mechanical and electromagnetic perspectives, affecting structural design and the accuracy
of performance estimation. Structurally, it requires reinforced mechanical components, such

as shafts, bearings, and housings, capable of withstanding high axial loads.

S A Dbl ' iy T

(a) (b)

Figure 1-3 Attractive force distribution between the rotor and stator (a) RFIM (top view)
and (b) AFIM (side view).

AFIMs typically feature a smaller airgap than AFPMs, which increases the risk of stator

and rotor contact and makes accurate axial force prediction more critical. Despite its
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importance, axial force has not been a major focus in previous research. While many studies
have mentioned it as a challenge in AFPMs [40-44], methods for experimentally measuring

or simulating axial force remain largely unexamined.

From the perspective of electromagnetic performance estimation, axial force contributes
to increased mechanical friction losses, which can compromise the accuracy of efficiency
estimation [45]. Although this thesis focuses on a 415V line-start AFIM and evaluates
mechanical loss at a single voltage point to assess loading performance, no-load behaviour
under varying supply voltages remains an important consideration, particularly for newly
developed AFIMs. In such cases understanding the influence of voltage variation on axial
force is essential for accurately predicting mechanical losses and achieving a more precise

breakdown of total motor losses.

In addition, mitigating axial force is also a critical consideration in AFIM design. One
potential approach is the adoption of double-sided AFIM configurations [22, 25, 46].
However, comparative studies among different double-sided AFIM topologies have not
been conducted. As the effectiveness of axial force mitigation strongly depends on the rotor
and stator arrangement, exploring the influence of various double-sided configurations on

axial force cancellation is therefore essential.

Few studies have presented the mechanical design and construction aspects of AFM,
particularly in relation to prototyping practices [47-49]. Existing works often omit essential
considerations such as the references for bearing selection, shaft configuration design, and
housing integration, leaving a gap in practical design guidelines for constructing
structurally robust and adjustable AFM assemblies. The gap in design guidelines is
especially critical for single-sided AFM, where the parallel rotor-stator arrangement permits
an adjustable airgap. Such a feature enables performance tuning to meet specific torque and
speed requirements but simultaneously introduces large axial forces that must be
mechanically sustained. To address this, a dedicated mechanical design is proposed that
supports adjustable airgap lengths while maintaining structural stability under axial

loading conditions.

Experimental investigations on AFIMs have primarily aimed to validate the proposed
design, FE simulation results, and analytical performance predictions [47-49]. The
procedures commonly follow those established for RFIMs, including rotating and locked-

rotor tests conducted at fixed airgap lengths. These tests necessitate a fully assembled motor.

In the no-load equivalent circuit of an induction motor, the rotor is electrically open

circuit and functions to complete the magnetic flux path. This characteristic makes a
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stationary no-load test theoretically feasible for RFIMs by using an unslotted rotor. However,
implementing such a test still requires a supporting frame, shaft, and bearing to hold the
motor components. In addition, varying the airgap length becomes impractical without

having multiple rotors of different diameters.

The structural configuration of AFIMs, combined with the theoretical basis of the no-
load test, motivates the development of a stationary no-load test procedure tailored
specially for AFMs. Such an approach has not been previously reported in the literature,

and its accuracy remains to be validated.

1.3 Research Objectives

1.3.1 Design of Axial-Flux Induction Motor

To develop a systematic electromagnetic design process for AFIMs based on
electromagnetic loading principles, addressing limitations of existing methods that are
largely derived from radial-flux machine designs and often overlook radial variations in
loading specific to AFIMs. This includes selection of electric and magnetic loading
parameters tailored to AFIMs, and the development of trade-off plots to visualise the impact
of key parameters, such as slot geometry, pole number, flux density, material usage, torque,

efficiency, and cost.

1.3.2 Comparative Study with RFIM

To perform a comprehensive comparison between the designed AFIM and its RFIM
counterpart. This includes the evaluation of slot shape sensitivity, pole number impact,
steady-state and dynamic performance differences, and cost-effectiveness. The comparison

also includes experimental benchmarking using a prototyped machine.

1.3.3 Analyse and Mitigate Axial Forces in AFIMs

To investigate axial force behaviour in single-sided AFIMs through 3D finite-element
analysis and experimental validation. Various double-sided configurations are proposed
and assessed for their effectiveness in mitigating axial forces and achieving mechanical

symmetry under practical operating conditions.

1.3.4 Prototype an AFIM
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To construct a single-sided AFIM prototype based on the proposed electromagnetic
design. The mechanical structure is designed to accommodate adjustable airgap control and

withstand the high expected axial loads, while ensuring structural integrity and alignment.

1.3.5 Stationary No-Load Testing and Performance Evaluation

To propose a stationary no-load testing method for AFIMs using an unassembled rotor
and stator. This includes validation of the method through FE simulations and experimental
testing, allowing preliminary electromagnetic performance evaluation without requiring

full motor assembly.

1.3.6 Exploring the Mechanisms of Mechanical Loss In AFIM

To analyse mechanical losses in AFIMs under no-load conditions using conventional
rotating tests, investigating their dependence on airgap length and supply voltage. The loss
data are incorporated into finite-element and equivalent circuit models to improve

efficiency prediction.
1.4 Research Gaps

Although AFIM have shown promise as an alternative to conventional RFIM, several critical

research gaps remain:

% Electromagnetic Design: Existing sizing and modelling methods are largely adapted
from RFIMs and do not address the radial variations in electric and magnetic loading
inherent to AFIMs.

% Comparative Performance: Comprehensive studies comparing AFIMs with equivalent
RFIMs under line-start conditions are limited.

% Axial Forces: While axial force is recognised as a key challenge in AFIMs, systematic

experimental and numerical investigations remain as gap.

X/
°e

Topology Trade-offs: Double-sided AFIMs potentially offer improved torque and
power density, but comparative studies of different topologies and their associated

mechanical imbalances are lacking.

X/
°e

Manufacturing and Mechanical Design: The manufacturing aspects of AFIMs are not

well documented, and detailed discussion on mechanical design are limited.
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% Testing Methods: Conventional motor tests require full mechanical assembly, but
alternative low-cost methods, such as stationary testing, have not been explored for
AFIMs.

1.5 Original Contributions

This thesis advances the field of AFIMs by addressing critical gaps in the design, analysis,
and experimental testing. The work provides both theoretical and practical innovations,
validated through simulations, experiments, and prototype development, the key

contributions are categorised as follows.

1.5.1 Major Contributions to the Field

1.5.1.1 Development of electromagnetic design guidelines for AFIM

This work establishes a comprehensive methodology for converting conventional RFIM
designs to optimised AFIM configurations. The proposed framework accounts for radius-
dependent variations in magnetic flux density and current distribution, enabling precise
geometric scaling while maintaining efficiency. Multi-objective Pareto frontiers are
introduced to visualise trade-offs between efficiency, material cost, and power density,
providing designers with a systematic tool to select optimal geometries for target
applications. Case studies demonstrate that this method can effectively assist designers in

selecting AFIM geometric configurations based on prioritised performance metrices.

1.5.1.2 Characterisation of axial force in single-sided AFIMs

The research presents an integrated experimental-computational approach to quantify
and mitigate axial forces in AFIM. High-precision axial force measurement is performed
using the civil engineering material testing equipment. The FE simulation method is also
proposed and validated using experimental results. The validated model accurately
predicts the axial force of the newly designed AFIM, around 5kN at nominal airgap,

providing a reliable basis for bearing selection and mechanical structural design.

1.5.1.3 Advancing AFIM testing: introduction of a stationary no-load test
method

The thesis introduces a novel stationary no-load test protocol for AFIM, allowing early
assessment of electromagnetic performance without a full motor assembly. By validating it

against conventional rotating no-load tests, the accuracy of the proposed method is
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confirmed through both FE simulations and experimental measurements. This approach
significantly reduces experimental complexity and cost, while enabling the electromagnetic
losses and magnetising inductance evaluation under various airgap lengths. Furthermore,
the method facilitates early equivalent circuit parameter extraction, supporting fast

electromagnetic performance prediction before mechanical integration is finalised.

1.5.1.4 Unveiling mechanical loss mechanism in AFIM

Through a combination of theoretical analysis and experimental validation, this work
investigates the influence of supply voltage and airgap variation on mechanical losses in
AFIM. A mechanical loss separation method is developed that offers a more direct and
assumption-free approach to mechanical loss quantification, thereby improving the
accuracy of electromagnetic prediction under varying airgap lengths and supply voltage

conditions.

1.5.2 Minor Contributions to the Field

1.5.2.1 Comparative study between AFIM and RFIM

A detailed comparison between AFIM and RFIM designs is conducted, highlighting the
torque sensitivity of AFIMs to slot geometry and pole number. An optimal slot number ratio
is identified to enhance starting and loading performance. Cost-efficiency trade-offs across

pole variants are analysed to identify suitable RFIM-to-AFIM conversion cases.

1.5.2.2 Exploration of double-sided AFIM configurations

Several double-sided AFIM topologies are proposed and analysed, demonstrating
improved axial force symmetry and higher power density. The study provides solutions for
overcoming the limitations of single-sided AFIMs in high-power applications, where

mechanical balancing is critical.
1.6 Scope of the Thesis

This thesis focuses on the design, modelling, and experimental investigation of axial-flux
induction motors (AFIMs) for low-power, line-start applications. The study is limited to
three-phase, squirrel-cage AFIMs operating at 415V, 50 Hz, with rated powers of 2.2 kW
and 4 kW. Both single-sided and double-sided motor topologies are considered.

10



CHAPTER 1 INTRODUCTION

The work concentrates on electromagnetic design, mechanical structure development,
and experimental validation. The design methodology leverages analytical sizing and finite-
element modelling, under electric and magnetic loading constraints. Geometric scaling and
parametric studies are performed with reference to conventional radial-flux induction
motors (RFIMs). Design inputs such as pole number, slot shape, and material usage are

examined within this scope.

This thesis also encompasses mechanical aspects related to airgap adjustability and axial
force considerations. Experimental activities are restricted to no-load, locked-rotor, and load
tests under rated sinusoidal supply conditions. The thesis does not include thermal
modelling, inverter-fed operation, high-speed dynamics, or advanced control strategies.
The findings are primarily applicable to industrial line-start motors operating near rated

load, where cost, robustness, and efficiency are critical

1.7 Thesis Outline

This thesis is divided into eight chapters as follows:

CHAPTER 1 introduces the background, research problems, objectives, contributions,

and scope.

CHAPTER 2 reviews the literature on AFIMs, highlighting design challenges, axial force

issues, and testing limitations.
CHAPTER 3 presents the theoretical foundation for AFIM design and FEA validation.

CHAPTER 4 outlines the AFIM design methodology and compares its performance with

RFIMs under equivalent conditions.

CHAPTER 5 investigates axial force through simulation and experiment, including

mitigation using double-sided configurations.
CHAPTER 6 details the construction of a 2.2 kW AFIM prototype with adjustable airgap.

CHAPTER 7 validates the design through load tests and introduces a stationary no-load

testing method. Mechanical loss analysis is also conducted.

CHAPTER 8 summarises the key findings and proposes directions for future work.

11
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LITERATURE REVIEW

2.1 Electric Motor Types

Electric motors operate based on electromagnetic principles, where mechanical torque is
produced by the interaction between the magnetic field (¢) and stator current (I). All
motors consist of two main components: the stator, a stationary assembly containing

windings, and the rotor, the rotating components.

Asynchronous motors, commonly known as induction motors, are classified according
to their rotor construction. The squirrel-cage rotor, used in the majority of motors, consists
of short-circuited conducting bars embedded in a laminated magnetic core, offering a
simple, rugged, and cost-effective structure suitable for industrial and residential
applications. Its advantages include low manufacturing cost and minimal maintenance
requirements; however, it provides limited starting torque and does not support external
speed control, making it less ideal for variable-speed applications [50]. The wound rotor
employs three-phase windings similar to the stator, connected to external resistors through
slip rings, allowing control of starting current and torque. This configuration enables
adjustable starting performance and limited speed control by varying the external resistance
during operation. However, it introduces additional complexity, increases manufacturing
costs, and requires regular maintenance due to the presence of the slip rings and brushes.
Wound-rotor motors are therefore typically used in applications demanding high starting
torque, controlled acceleration, or limited variable-speed capability, such as cranes,

elevators, and hoists [51].

Synchronous motors can be categorised based on their rotor construction. The
permanent magnet rotor employs magnets that are either embedded within or mounted on
the rotor surface, producing a strong magnetic field that contributes to higher efficiency and
power density [52]. However, this design is less robust due to the potential risk of magnet
demagnetisation under high operating temperatures or strong stator magnetic fields. The

wound-field synchronous rotor can adopt either a salient pole or a round rotor
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configuration. The salient pole rotor features protruding poles wound with field windings
[53], and is typically used in low-speed, high-torque AC generators such as those found in
hydroelectric power plants. In contrast, the non-salient pole rotor, is a smooth cylindrical
rotor with distributed field windings [54], commonly employed in high-speed applications
like steam turbine generators. In addition, the synchronous reluctance rotor operates based
on the principle of magnetic reluctance between its direct and quadrature axes [53, 54].
Constructed from high-permeability magnetic materials, the synchronous reluctance rotor
offers a simple and robust design, making it suitable for general-purpose such as pumps

and fans.

Besides classifying asynchronous and synchronous motors by their different rotor
topologies, they can also be categorised based on whether they are line-start or controlled
by a variable frequency drive (VFD) [55]. Line-start electric motors are designed to start
from and operate directly from the AC mains, they operate at relatively constant speed
which is determined by the power supply frequency (50Hz or 60Hz) and their number of
poles. Single-phase and three-phase induction motors (IMs) are commonly used for line-
start applications, such as pumps and fans. In the industrial sector, IMs occupies around
80% market share due to their reliability, durability, low maintenance, cost-effective and
longevity [4]. In seeking to improve the efficiency of line-start induction machines,
techniques like improving the quality of laminations and using a copper rather aluminium
rotor windings have been applied. In addition, line-start versions of permanent magnet

synchronous machines are also commercially available.

Synchronous machines include permanent magnet synchronous motors (PMSM),
brushless DC motors (BLDC) and synchronous reluctance motors (SynRM). Among these,
PMSMs are the most favoured motors due to their higher efficiency, better power factor and
precise speed control capability. Compared with IMs, PMSMs are more expensive due to
the need for rare-earth permanent magnet materials and an inverter. Conversely, the key
disadvantage of IMs is their lower efficiency which leads to higher electricity costs over
long-time operation. On the other hand, the material cost of IMs is a subject to the wide
fluctuations caused by policies and market disruptions, unlike the rare-earth materials used
in PMSMs.

2.2 Market Share and Costs

According to the market share statistics, PMSMs accounted for around USD 45 billion of
sales in 2022, rising to USD 48 billion in 2023 [4, 56]. In comparison, IMs represented
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approximately USD 18 billion in 2022, increasing to around USD 20 billion in 2023 [4, 56].
With the rapid development of electric vehicles (EVs), the market share of PMSMs is
expanding at an accelerated rate and is expected to continue growing. It is noted that IMs
exhibit a higher growth rate, at 9.4% compared to 5.9% for PMSMs [56]. In industrial sectors,
IMs retain a dominant position with approximately 80% of the market share, whereas
PMSMs are predominantly deployed in EV and other variable-speed applications. A
comparative study between a PMSM and an IM of 2.2kW power rating is summarised in
Table 2-1. It is shown that, although the PMSM offers significantly higher efficiency, the

requirement for rare-earth materials results in an approximately 68% increase in cost [57].

Table 2-1 Comparison of 2.2kW PMSM and IM electromagnetic performance and

material cost [57].

T Densi Effici Electromagnetic
orque Density iciency Material Cost
Nm/kg % $
M 8.20 83.1 143
PMSM 9.70 91.3 242

Neodymium Rare Earth (CNY/T) 546000 +19000 (+3.60%)

+350%
+300%
+250%
+200%
+150%
+100%

0%

2016 2018 2020 2022 2024 e
Figure 2-1 Historical price trends of neodymium from 2010 to 2022 [58, 59].

PMSMs, particularly those employing neodymium-based rare-earth magnets, are
heavily reliant on materials subject to large price volatility. As shown in Figure 2-1, the price
of neodymium increased by over 300% between mid of 2020 and early 2022. Concerns about
the availability of these rare-earth materials caused significant, though short-term, increases
in the prices, with neodymium and dysprosium prices both escalating by about an order of
magnitude. Subsequently, while the rare-earth prices showed a recent downward trend,
they have not yet returned to their previous low level. It is generally recognised that motors

with no rare-earth materials will lead to a significant reduction of material cost. However,
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the trade-off between the material cost and motor efficiency should be carefully considered,
otherwise, the increased costs due to sacrificing efficiency may offset or even exceed any

cost savings from removing rare-earth materials [58].

2.3 Electric Motor Efficiency Standards

IM 2 poles (0.12kW<P<7.5kW) IM 4 poles (0.12kW<P<7.5kW)
100 100
T T T T T T T

9 | i 90 |
80 |

80 |

70 | 70 ||
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Efficiency [%]

60 | 60 ||

50 | 50 |

40 L L L L L L L 40 I I I I I I I
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

Rating Power [kW] Rating Power [kW]

IM 6 poles (0.12kW<P<7.5kW IM 8 poles (0.12kW<P<7.5kW)
100 100
T T T T T T T

9 | 9 |

80 |

80 |

70 | 70 L
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Efficiency [%]
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Figure 2-2 Efficiency levels defined by IEC60034-30 for 2, 4, 6, 8 poles, 50Hz induction
motors [60-62].

The electric motor efficiency standards are limited to motors for single-speed
applications. The US National Electrical Manufacturers Association (NEMA) standards [62]
classify the motor efficiencies into four categories named standard efficiency, high
efficiency, premium efficiency, and super premium efficiency for 50 and 60 Hz three-phase
and single-phase motors [60-62]. Similarly, the International Electrotechnical Commission
(IEC) offers another system for classifying single speed motor efficiency, known as IE1, IE2,
IE3, and IE4 [62]. In 2014, the IEC 60034-2-1:2014 standard for electrical machines was
published. This standard specifies methods for determining the losses and efficiency of all

types of rotating electrical machines under specific testing conditions. Due to the
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importance of energy efficiency in electric motors and the substantial potential economic
and environment impacts, many countries are working on developing mandatory

minimum energy performance standards to be implemented in the near future [63].

As indicated above the IEC 60034-30-1 standard classifies four minimum efficiency
requirements (IE1-4) for 50Hz induction motors as shown in Figure 2-2 for 2, 4, 6 and 8 pole
50Hz induction machines in the output power range 0.12 to 7.5kW. The efficiency
requirement increases from IE1 to IE 4 and also increases with increasing power rating and
decreasing number of poles. In 2017, Europe decided that IE3 must be applied for line-start
motors with rated power from 0.75kW up to 375kW. Similar regulations were earlier
introduced in China and USA in 2016 and 2010, respectively. In summary, these policies
and published efficiency standards are the driving force for extensive research and
development of high efficiency electric motors. The design and materials for the motor can
be considered as two important factors for enhancing the performance of electric motors
[63].

As discussed in Chapter 1, the primary motivation behind the design of AFIMs is to
improve power density while also maintaining high efficiency. Improvements in power
density are expected to come from advancements in electromagnetic design methodologies,
the adoption of innovative winding schemes, and the use of advanced materials with higher
saturation limits and improved thermal capabilities. In addition, novel topologies such as
axial-flux configurations inherently provide opportunities for higher torque per unit
volume. A dedicated discussion on these trends provides a broader perspective, linking the

motivation of this thesis to the evolving research landscape [63].

2.4 Introduction of Axial-Flux Induction Motor

Topologies

2.4.1 Structure of Axial-Flux Induction Motor

Axial-flux (AF) electric motors operate based on the same electromagnetic principles to
radial-flux (RF) electric motors but differ in their stator and rotor arrangements. The degree
of freedom in designing the AF topologies are usually larger compared to the conventional
RF electric motors. The AFIM features a variety of configurations, allowing it to be suitable
for a wide range of applications with specific requirements, such as installation space,
power density, etc. The topologies are typically categorised into two main configurations:
North-North (NN) and North-South (NS) pole arrangements.
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2.4.1.1 Single stator and single rotor (SSSR-AFIM)

The single-stator and single-rotor AFIM (SSSR-AFIM) represents the simplest topology
(Figure 2-3). It is the favoured choice for low power applications [25]. From the magnetic
tield perspective, the flux flows in the axial and circumferential directions and the flux
enters and leaves the stator and rotor at the same side. Due to the inherent characteristics of
this structure, the large unbalanced axial force on the rotor is a significant concern [45, 64].
The presence of large unbalanced axial force is a challenge to the axial load-bearing capacity.
If the stator and rotor are not accurately aligned, the resulting uneven distribution of axial

forces can lead to unexpected vibrations or even rotor and stator contact [65].

Statgr — === P= - - ==

Figure 2-3 (a) single-sided AFIM, (b) flux path in single-sided AFIM, (c) single-sided
AFIM components, from left to right: stator, winding, rotor bar, and rotor.

2.4.1.2 Double stator and single rotor (DSSR-AFIM)
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Figure 2-4 North-to-North topology of DSSR-AFIM, (c) from left to right: stator#1,
winding#1, rotor bar#1, rotor, rotor bar#2, winding#2, and stator#2.

Given that the single-sided AFIM is formed by a disc-shaped rotor and stator, achieving
a higher power rating requires an increase in diameter. However, continually increasing the
diameter of a single-sided AFIM to meet higher power requirements presents significant
constructional challenges. Additionally, because the moment of inertia is proportional to
the square of the diameter, larger diameters result in slower acceleration and increased
mechanical stress on the shaft and bearing. Such issues can undermine the structural
integrity, performance of the machine and significantly increase cost of manufacturing.
Taking advantage of the inherent structural flexibility of AFIM, the double-sided AFIM
topology can effectively avoid these challenges, but this comes with a trade-off in terms of

increased volume [5, 65].
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Figure 2-5 North-to-South topology of DSSR-AFIM. (c) from left to right: stator#1,
winding#1, rotor bar, rotor, winding#2, and stator#2.
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A double-sided axial-flux topology can be realised by positioning a single rotor between
two outer stators, as illustrated in Figure 2-4 and Figure 2-5. Depending on the flux path
between the stators, two principal categories of motor can be defined: the North-to-North
(NN) topology and the North-to-South (NS) topology. Each exhibits distinct
electromagnetic and mechanical characteristics which influence both the motor
performance and the structural requirements. In the NN topology, two independent
magnetic flux loops are established, resulting in both stators exhibiting the same magnetic
polarity at a given circumferential position. This configuration is achieved by supplying the
stator windings with currents of opposite direction and identical amplitude and frequency.
Consequently, a symmetrical magnetic field distribution is produced across both stators [25,
65]. However, the requirement for two independent flux paths necessitates the inclusion of
sufficient rotor back-iron to provide an effective magnetic circuit. As a result, the rotor
weight cannot be reduced by eliminating the back-iron. In addition, any asymmetry in the
two airgaps leads to unequal magnetic field strengths and results in different axial forces
acting on the two sides of the rotor. Thus, a high level of assembly precision is essential to
ensure balanced operation [5, 25]. An advantage of the NN topology is that a DSSR-AFIM
can be constructed by combining two pre-optimised SSSR-AFIM units. This approach
removes the need for further electromagnetic optimisation at the DSSR level and simplifies

the development process [65].

In the NS topology, direct magnetic flux linkage occurs between the two stators, with
opposite magnetic polarities. Both stators are supplied with currents of identical direction,
amplitude, and frequency. This allows the elimination of the rotor back-iron and thereby
increasing the achievable torque and power densities. The flux densities within the two
airgaps are approximately equal, leading to balanced net axial forces on both sides of the
rotor. Compared to the NN topology, the NS topology exhibits reduced sensitivity to airgap
asymmetry and associated unbalanced forces. However, the reduction in rotor thickness,
enabled by the absence of back-iron, must be carefully optimised to maintain mechanical

strength while satisfying electromagnetic performance requirements [25].

2.4.1.3 Single stator and double rotor (SSDR-AFIM)
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Figure 2-6 North-to-North topology of SSDR-AFIM. From left to right: rotor#1, rotor
bar#1, stator, stator winding, rotor bar#2, and rotor#2.

The SSDR-AFIM can similarly be classified into two topologies based on the different
magnetic flux loops: (1) the NN topology and (2) the NS topology. The NN topology can be
achieved by two different winding configurations, including distributed and toroidal
windings. The distributed winding includes two identical sets of distributed windings
carrying the same amplitude of current with same frequency but in opposite directions.
Alternatively, the single toroidal winding encircles the stator slots of both the top and
bottom stators [37]. The toroidal winding for the NN topology is more complex as number
of turns and diameter should be optimised to achieve the desired strength of the magnetic
field. As there are two individual flux loops thus the stator back-iron thickness cannot be
reduced. The NS topology for the DSSR-AFIM has similar features as the NS-SSDR-AFIM,
the back-iron can be reduced but the optimisation of number of turns, diameters and the
thickness of stator core needs to be done [39]. With regards to axial force, like the SSDR-
AFIM, the NN topology is more sensitive to unequal airgaps as there are two independent
flux paths, thus the flux will increase if the length of airgap decreases on the one sided and

the rotor will be pulled towards that stator.
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Figure 2-7 North-to-South topology of SSDR-AFIM. from left to right: rotor#1, rotor
bar#1, stator, winding, rotor bar#2, and rotor#2.

2.4.1.4 Multi-Stage AFIM

Figure 2-8 A example of a multi-stage AFIM (MSMR-AFIM).

A multi-stage AFIM can be constructed from the above-mentioned configurations with
N stator and N+1 rotors or N rotors and N+1 stators. Multi-stage AFIMs allow opportunities
to enhance the torque and torque density without increasing the outer diameter. Compared
to the RFIM, the AFIM has more options for multi-stage construction due to its disc shape.
Similarly, with the previously mentioned topologies, the multi-stage AFIM includes slotted
or slotless, NN or NS topologies. The advantages and disadvantages of multi-stage AFIMs

are similar to their basic structures [25].
2.5 Applications of Axial-Flux Motors

The special structure and electromagnetic features of axial-flux motors (AFMs) such as
their planar and adjustable airgap, higher power density and compact construction make
them suitable for various applications. Despite the advantages and potential application of
line-start AFIMs, such as pumps, fans, etc, these motors are remain uncommon in both the
market and practical use [66]. Compared with AFIMs, AFPM machines are more popular in
the market and various applications, such as electric vehicles (EVs) [67], aerospace [68],
renewable energy [69], industrial machinery, marine propulsion, etc [54, 55]. The axial-flux
permanent magnet (AFPM) motors are gradually being integrated into EV wheels. The
current EV can be classified into two types, namely “indirect-drive” and “direct-drive”.
Gears and a differential system are needed for the first type. The second solution, direct
drive, does not need complex transmission systems, hence lowers the mechanical losses.
The AFPM machine features including high power density and planar shape, making it
suitable to be placed inside the wheel [70]. The AFPM machine can be constructed as double-
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sided or single-sided. When assembling the AFPM machine, the high attractive forces leads

to difficulties in aligning the stator and rotor and positioning the magnets on the rotor [71].

In the late 1970s, AFIMs experienced a brief development surge, though short term,
driven by innovations in motor design for specific applications where the limited
installation room was an important factor. In 1978, a design of an AFIM from Brimer was
patented as a washing machine agitator. In the AFIM design, a single thin rotor was
surrounded by two outer stators [72] In Brimer’s AFIM, the entire rotor is constructed by
aluminium, a non-ferromagnetic material with lower material strength. It also has the main
drawback that the rotor may deform under high torque operation, making it unsuitable for
high torque applications. To address this, other rotors for AFIMs were designed with
ferromagnetic material and the flux-carrying capacity and strength of rotor were enhanced.
In 1976, Senckel’s design involved a laminated rotor with ferromagnetic bridges to enhance
the strength of rotor and minimise the eddy currents in the rotor iron [72]. However, using
ferromagnetic bridges produced another challenge, the large attractive force between rotor
and stator under excitation which requires careful mechanical design. To enhance the
efficiency of the AFIM, the squirrel-cage RFIM was firstly introduced to AFIM in 1966 by
Morinigo [73]. Morinigo’s AFIM design features similar components to DSSR-AFIM,
including two facing stators with a rotor in the middle. The skewed rotor bars were made
of copper with the outer and inner rings and rotor core was made of ferromagnetic material.
Compared to the previous AFIM design patented by Senckel and Brimer, this design is more

suitable for both motors and generators.

Besides the double-sided AFIMs, a single-sided AFIM was patented in 1997 by Gerling
and Liirkens [74]. For the first time, the AFIM was implemented in a vacuum cleaner, where
it was directly coupled to an impeller wheel with the same outer diameter [27]. Although
the direct coupling of the rotor and impeller eliminated additional mechanical components,
thereby reducing system complexity, this design was only implemented in a low-power
application and was not extended to higher power ranges. Inspired by this design, further
development involved shaping the rotor like a pump impeller and integrating it with a
power electronic speed controller. This allows the entire pump axial length to be further

reduced, enabling the removal of some conventional mechanical components altogether.

2.6 Design and Analysis of Axial-Flux Induction
Motor
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This sub-section aims to provide a comprehensive overview of past research on AFIM design
and analysis, examining various methodologies, findings, and theoretical approaches that have
advanced understanding in this field. The AFIM design can be categorised into two methods,
including analytical methods and numerical methods. Analytical methods provide a quick
design but tend to be less accurate, making them more suitable for the initial design stage. Finite
Element Analysis (FEA) is mostly utilised in numerical methods. Although it offers accurate
electromagnetic performance predictions and enables optimisation of factors such as the balance
of material cost and efficiency, it requires significant computational resources and time.
Therefore, a discussion of past research on the design of AFIMs is essential when proposing and

choosing the appropriate method for AFIM design in this thesis.

2.6.1 Analytical Design and Analysis Methods

2.6.1.1 Analytical Sizing and Empirically Based Methods

The preliminary design often begins with sizing equations that relate the motor power
to its volume. The research in [75] employs the analytical method for the proposed motor
design. The relationship between the general size and the power density was established
for further optimisation. By applying these equations, the design theoretical limitations can
be easily estimated. For AF machines, the ratio of inner and outer diameter (1 = D;;,/Dyyt)
has a strong effect on the power density and less effect on the motor efficiency. The paper
did not offer an exact optimal ratio for the AFIM design as the ratio is variable depending
on multiple factors, such as the electrical loading, flux density and motor topology. While
the paper successfully establishes the relationship between power density and the diameter
ratio in axial flux machines, a critical factor seems to be ignored which is the difference in
the rotor/stator lamination orientation between radial and axial motors. This is important
because the electric and magnetic loading are the function of the motor radius. Failure to
establish the theoretical limitations of electric and magnetic loading can lead to unexpected

magnetic saturation and poor heat dissipation [75].

Mahmoudi et al [76] presented a detailed sizing approach for axial-flux permanent
magnet motors (AFPM) inspired by Huang et al [75]. The presented design process consists
of two steps, determination of the main dimensions of the target motor and optimising the
geometry, such as slot width, by a GA iterative process. There are a number of empirical

factors applied when confirming the main dimensions.

Boglietti et al [34] proposed a preliminary RFIM electromagnetic sizing based on a
geometrical approach. Compared to the conventional design procedure, the

electromagnetic equations are applied to the proposed method. An iterative process was
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used specifically for the rotor geometry to achieve the desired torque value. However, the
authors noted that several flux density parameters must be assumed and substituted into
the equations to determine motor dimensions and meet the required specifications, a
process that may introduce uncertainty. To address this concern, the authors argued that
key design parameters, such as the maximum flux density and current density, can be

reliably obtained from standard induction motor handbooks [34, 77].

Recognising the shared principles between AFIMs and RFIMs, Bitsi et al [35] proposed
a preliminary electromagnetic sizing approach for a SSDR-AFIM which was inspired by
Boglietti [34]. The proposed design procedure can be divided into two parts: (1) the
electromagnetic sizing approach, including the height of back iron, and the height, and
width of the teeth for both the rotor and stator; (2) an iterative process is applied to confirm
the final dimensions with constraints of peak fundamental linear current density and rotor
and stator tooth width, etc. The accuracy of the proposed design process was checked by
observing the flux overlays in FEA. The study concluded that the proposed methodology
can be readily adapted for single-sided AFIM designs as well.

2.6.1.2 Analytical Evaluation of AFIM Performance

More advanced analytical models divide the motor into magnetic subdomains to solve
for flux distributions. Dianati et al. [38] introduced a five-region model using Fourier series
and ampere’s law to capture saturation effects, deriving inductance and rotor resistance via

magnetic energy and rotor loss estimation.

Kahourzade et al. [19] presented a similar analytical model approach with greater
optimization discussions and considerations. A 3kW single side AFIM was chosen as a
study example, and five design variables from geometrical perspectives are considered,
including number of turns per slot, outer diameter, ratio of inner to outer diameters, ratio
of slot in slot pitch, stator tooth to yoke ratio and stator slot width to height. The objective
functions are also given based on the design variables, maximum efficiency, product of
maximum efficiency and power factor, minimum volume or mass, etc. The proposed
subdomain technique for optimization design process provided an accuracy around 95%
with a short simulation time of around 0.34s which is equal to 1/8 of one FEA step. The
proposed approach is also suitable for application-based designs, such as traction, wind
turbines and the application with multiple operating conditions. However, the geometrical
approach was ignored such as the selection of the shapes of the rotor or stator slots, and

especially for the starting capabilities, the rotor slot selection plays an important role.
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Tapia et al. [78] also presented a similar analytical approach for AFIM which aims to be
an alternative to FEA. Compared with the previous analytical model, a double-sided AFIM
was considered and analysed through the solution of field equations. Similar to Dianati’s
model, the motor was also divided into subdomains, but the tooth-slot subdomain at this
time was manipulated for simplification in the model via considering and equivalent
homogeneous medium. The analytical results were validated against FEA and
demonstrated excellent agreement, confirming the model’s applicability for high-level

performance prediction.

Dianati et al. [38] proposed an analytical model for designing and predicting the
electromagnetic performance of AFIMs. The main difference compared to previous research
is that the method for obtaining equivalent circuit parameters is based on five subdomains
and boundaries conditions were defined from magnetic flux density and ampere’s law.
Fourier series analysis was applied to solve and define the vector potential equations in the
subdomains. With the use of Ampere’s law and no-load operation comparisons between
saturated ampere-turns of the motor and unsaturated ones, the model importantly allows
analysis of saturation effects in the AFIM. the AFIM’s inductance and the rotor resistance
(R,) were obtained via calculating the magnetic energy and the rotor bar losses to complete
the equivalent circuit. Validation was conducted by FEA and the observed errors are
acceptable and hence proposed model delivers reasonable accuracy. Besides the
electromagnetic performance prediction, an optimization algorithm was also proposed
based on the analytical model. The optimized design can be delivered by applying

constraints, such as thermal limits, efficiency targets and mechanical requirements.

2.6.1.3 Design Trade-Offs Analysis and Practical Constraints

An analytical design of a IE3 Efficiency class single-sided AFIM was proposed by Arabul
et al. [26]. This paper discusses the design parameters of the single-sided AFIM. The rotating
magnetic field was firstly solved by the integration of the assumed basic flux with respect
to the radius () and pole form factor (a). For the geometrical approach, some simplifications
and assumptions were firstly made, such as a constant airgap. By applying the same flux
equations of the RFIM to the AFIM and ensuring that the magnetic properties are equal to
the reference RFIM, hence the core volume of the single-sided AFIM estimated. However,
the design process needs further estimations of the number of winding turns, shape of slots,
size of slots and number of slots. In a further optimisation process, the paper focused on
managing torque ripple and shows that skewing is an effective way to reduce the torque
ripple but often reduces the efficiency. It concluded that the rotor bar skewing angle

optimisation should consider not only stator slot number but also the number of the rotor

25



CHAPTER 2 LITERATURE REVIEW

slots. Although the paper discusses the torque ripple effects on efficiency, it does not explore
the potential trade-offs between the efficiency and rotor bar skewing angle, such as the

winding configurations.

Mei et al [22] presented an analytical design for a six poles double-stator double-rotor
(DSDR) AFIM intended for electric vehicles. The design focuses on reducing the back-iron
in the motor, which leads to multiple potential advantages compared to the other topologies,
including the reduction of axial forces, higher power density, and a more compact motor
design. A double-sided motor equivalent electric circuit was proposed to predict the
electromagnetic performance. The study also applied the Monte-Carlo random search
algorithm to optimise the motor weight and efficiency by adjusting multiple variables,
including rotor and stator slot dimensions, motor length, airgap length, and magnetic flux
density limits. Although the proposed design method is fast and accurate, the choices of
shape of rotor/stator slots, number of rotor/stator slots and winding configuration are
critical to the AFIM design and were neglected by the proposed design method. With
reduced back-iron rotor, a significant portion of the shaft load is then transferred to the
aluminium bars, which have lower strength compared to electrical steel. This may lead to
unexpected deformation or rotational failure. The proposed research is also constrained by
focusing on only torque capability. For an EV motor, an efficiency map is essential to ensure

effective operation across different speeds and loads [22].

Baranov et al. [79] developed a mathematical model of an AFIM with one stator and one
rotor, focusing on maximising torque density. The model is based on the expression for
electromagnetic torque as a function of the axial length and flux density in the airgap. This
approach allows for estimating the main dimensions of the motor to achieve the higher
torque. The model was then validated, demonstrating its effectiveness in designing AFIM
with the specified volume and torque. However, proposed mathematical model risks
overdesign, as power output also depends on the outer and inner diameters, which directly
affect the motor active volume. Moreover, the validation lacks comprehensive comparison

in terms of power-to-weight ratio, making it difficult to assess the practical compactness.

Boglietti et al [34] proposed a preliminary RFIM electromagnetic sizing based on a
geometrical approach. Compared to the conventional design procedure, the
electromagnetic equations are applied to the proposed method. An iterative process was
used specifically for the rotor geometry to achieve the desired torque value. However, the
authors noted that several flux density parameters must be assumed and substituted into
the equations to determine motor dimensions and meet the required specifications, a

process that may introduce uncertainty. To address this concern, the authors argued that
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key design parameters, such as the maximum flux density and current density, can be

reliably obtained from standard induction motor handbooks [34, 77].

2.6.2 Numerical Design and Analysis Methods

2.6.2.1 Role of 3-D FEA in AFIM Design

Due to the axial geometry, AFIMs require 3-D simulation to accurately capture
electromagnetic behaviour. Unlike RFIMs with the uniform 2-D cross-sections, AFIM
geometry varies with the radius. Thus, 2-D FEA may lead to misleading results. High-
performance computing has made 3-D simulation more accessible, yet the time and resource

demand remains a limitation [36, 78, 80].

2.6.2.2 Parametric Studies Using FEA

Nobahari et al. [81] proposed a study on the impact of skewing where a SSDR-AFIM was
picked as an example due to its feature for eliminating the net attractive force between the
rotor and stator with capabilities on achieving higher power density. The target for reducing
the torque ripple was achieved, but as trade-off, the average output mechanical torque
decreased and iron losses rapidly increased due to the saturation level of the iron. The
authors introduced a new idea where the 1 rotor is not aligned with 2" rotor and have
rotational displacement without any skewing. The FEA results show the torque ripple is
effectively reduced with avoidance of drawbacks from skewing. The loss characteristics
show a similar level as the initial design. However, the authors ignored the starting
performance of the motor which is one of the most important factors for line-start induction

motors [81].

A sensitivity study on the number of rotor slots provided insights on the relationships
between design parameters and electromagnetic performance, such as starting torque,
torque ripple, rotor losses, and power factor [82]. The proposed study in [82] aims to analyse
the effects of number of rotor slots on the electromagnetic performance, specifically focusing
on torque, rotor losses, efficiency, and torque ripple. A 50kW, 6000rpm, four poles AFIM
with a varying number of rotor slots, from 24 to 32, was investigated in this study. The
results indicated that maximum torque was delivered with 24 or 25 rotor slots, while an odd
number of rotor slots was associated with the significant increase in the torque ripple. With
the increase in the number of rotor slots, the rotor losses are nearly inversely proportional
to the number of rotor slots. The study only examines the rotor slot number within a specific
range, which might limit the generalizability of the results as the combination of stator and

rotor slot numbers is more critical.
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In [83], the influence of airgap length on the performance of an AFIM was investigated.
A 45kW AFIM with solid-rotor-core under different airgap lengths as discussed. It
employed 2-D FEA simulations to investigate the effects of different airgap lengths on the
rotor losses and efficiency. The paper concluded that increases in the airgap length result in
higher copper losses and lower solid rotor core eddy current losses which correspond to the
theoretical prediction. However, the study cases in this paper are insufficient to produce
AFIM design guidelines for balancing the power factor and efficiency with varying airgap
lengths. In addition, using 2D FEM for the AFIM analysis potentially limits the accuracy of
the results due to the 3D effects.

2.7 Experimental Testing of Axial-Flux Induction

Motors
Measure Overate at rated Test and measure
cold 1 congj tion for 30mins under load (6pts, No-load test @
resistance 150% to 25%)

1. The procedure of the test of the electromagnetic performance at certain load and speed for the
AFIM based on the IEEE standard.

Measure Test and measure under load
cold — Oplef'ate at 1ate(.l > (6pts, 150% to 25%) measure No-load test @
. condition for 30mins |
resistance resistance before & after

2. The procedure of the test of the electromagnetic performance at certain load and speed for the
AFIM based on the IEC standard.

Figure 2-9 The experimental methods for the extraction of AFIM ‘s electromagnetic
performance based on IEEE and IEC standards IEC60034 [84].

The experimental measurement of electromagnetic performance for AFIMs is conducted
based on the IEEE or IEC standards. These published standards are applicable for single-
speed operation at either a single load point or several load points. The flow chart of the
measurement process based on published standards is shown in Figure 2-9. The IEEE 12
and IEC 60034-2-1 standards are limited to the performance measurement of the motor itself
and unable to evaluate the performance of the inverter driven IM [60, 61]. This is however
not an issue for this thesis which focuses on the line-start motors. Hence, the experimental

methods outlined in these standards can be directly applied to the target motor.

The efficiency is one of the most important factors for evaluating the motor performance.
Although the efficiencies at different loads are obtained by measuring the input and output

power, splitting the losses in the motor can be useful, including identifying the conductive,
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core, and mechanical losses. This is useful for diagnostics and ensuring compliance with
standards [60-62]. In squirrel-cage induction motors, the ohmic losses are generated by the
stator windings and rotor bars and end-windings. In order to split the rotor and stator ohmic
losses, the standard IEC 60034-2-1 suggests that a locked rotor test be conducted with
excitation of the winding at 25-50% of the motor’s rated voltage, to prevent the overheating
of the windings. The measured power, obtained using a power analyser during the test,
consists of the stator winding and rotor winding losses from total power. However, the
temperature rise leading to the increase of the stator and rotor resistances should be
considered using a stator winding resistance temperature coefficient which is applied to

update the resistance for the locked rotor test.

The core losses in an induction motor consists of hysteresis losses and eddy current
losses. Hysteresis loss is a significant part of the core losses and depends on the magnetic
properties of the core electric steel. The alternating magnetic field generated by the stator
AC supply causes the magnetization and demagnetization of the iron core and the non-
linear relationship between magnetic field strength (H) and magnetic flux density (B) creates
the hysteresis loop [85]. The hysteresis loss is roughly proportional to the magnetic flux
squared. The alternating magnetic flux produces eddy-current which flow in closed loops
within the conductive core material. The eddy current loss is proportional to the square of
the product of magnetic flux density and frequency and hence to square of the applied
voltage. The overall core loss in the induction motor is generally dominated by the eddy

current loss, resulting in the core loss being roughly proportional to V2.

To estimate the core losses, the no-load active power of the induction motor is subtracted
by the no-load winding loss, the result consists of the summation of the core and mechanical
losses. Based on the no-load tests at different voltages, the active power (after subtracting
the winding loss) can be plotted versus the square of voltage. The extrapolated intercept

point with the y-axis (voltage equal to zero) represents an estimate of the mechanical loss.
2.8 Research Gap Discussion

As discussed, RFIMs are the main electric motor type used for many line-start industrial
applications due to their various advantages, such as reliability, low cost, and well-
established technology. With the ongoing evolution of electric motor efficiency standards
[17], further optimisation of line-start RFIM efficiency and power density becomes
increasingly challenging. The AFIM is a promising alternative to RFIMs and has gained

growing attention due to its potential improvements in power density and efficiency.
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However, the past research on AFIMs has not been as widely studied or as comprehensive
as those of RFIMs. The other aspects of the AFIMs which have received limited attention in

the literature are listed below:

e Despite the general sizing method, analytical modelling and numerical approaches
having shown promising advancements, the design of AFIMs with respect to the
constraints of the electric and magnetic loading, has not been extensively explored in
current research. This is crucial for AFIM designs where it offers opportunities to
optimise the cost/volume of AFIM while still meeting the desired efficiency and loading
capability.

e Some of the past research studies, including several extensive studies on AFPMs, has
focused primarily on design and manufacturing, with some even advancing to
commercial deployment. A comprehensive comparative study between an AFIM and an
equivalent RFIM has not been fully studied in the literature.

e Although most of the literature on AFIMs identifies that the axial attractive force as a
significant concern, comprehensive studies on axial forces remain as research gap, such
as experimental methods and numerical calculation methods. A detailed investigation of
axial forces is helpful to guide development of improved manufacturing practices.

e The literature shows that double-sided AFIM designs offer superior torque density,
power density, and mechanical balance compared to equivalent single-sided AFIM. In
fact, variety of double-sided AFIM topologies offers different advantages and trade-offs
and which can sometimes cause increased mechanical imbalances. Hence, a comparative
study of different double-sided AFIM topologies is desirable.

e Although AFPMs have been commercialised and extensively studied, the manufacturing
aspect of such motors are not fully described in the literature. In fact, the mechanical
design and motor manufacturing yet to be fully discussed.

e Most of the experimental matters for electric motors have been studied widely and
corresponding standards are available to guide these tests. Such tests can only be
conducted after the motor has been assembled. However, given the unique of AFIM

structure, the proposed stationary no-load test has never been studied before.
2.9 Chapter Conclusion

In this chapter, the existing literature on AFIM were reviewed, with the focus on AFIMs’
structural configurations, applications, and design methods. The AFIM’s advantages and

disadvantages compared to the RFIM were discussed. The flexibilities and characteristics of
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the topologies of AFIM were briefly described. The design and analysis of AFIMs were

reviewed and summarised.

The chapter highlights several research gaps in the current AFIM research field,
particularly the need for comprehensive comparative studies on electromagnetic
performance between RFIMs and AFIMs. Additionally, the analysis of axial force in single-

sided AFIMs requires further investigation to a robust mechanical design.

The literature has made significant contributions to the field of the design and analysis
of AFIMs, particularly for various applications such as electric vehicles and renewable
energy systems. However, there is a noticeable research gap regarding comprehensive
design guidelines and geometrical parameter effects on the electromagnetic performance of
AIFMs.

Although the potential of AFIMs is undeniable, ongoing research is needed to overcome
the existing challenges, highlighted in Section 2.6. The comprehensive literature review
presented in this chapter highlighted the possible future research field regarding AFIM
design, geometrical parameter sensitivity studies, mechanical design and experimental test

procedures.
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CHAPTER 3 -

GEOMETRIC AND ELECTROMAGNETIC
PRINCIPLES FOR AFIM DESIGN

This chapter presents the key geometric and electromagnetic considerations associated
with the design of axial-flux induction machines (AFIMs). Due to their structural differences
from conventional radial-flux induction machines (RFIMs), notably the axial orientation of
the laminations (see Figure 1-1 and Figure 1-2), AFIMs exhibit increased sensitivity to
parameters such as the inner-to-outer diameter ratio 4 and the radial flux path distribution.
Therefore, sizing methodologies developed for RFIMs are not directly applicable. To
address this, analytical formulations specific to AFIM topologies are employed to identify
practical limits for electric and magnetic loadings, considering structural constraints and
dimensional dependencies. The main dimensions of each electrical machine are determined
by the electrical machine output power equation, which in this chapter is applied to AFIMs

under linear magnetic conditions.

3.1 Diameter Effects on Electric Loading

Figure 3-1 Simplified trimetric and top views of an AFIM with key dimensions and
average pole pitch labelled.

32



CHAPTER 3 GEOMETRIC AND ELECTROMAGNETIC PRINCIPLES FOR AFIM DESIGN

where D,,; and R,,; are the stator/rotor outer diameter and radius, and D;, and R;,, are the
stator/rotor inner diameter and radius. The parameter 7 is the circumferential distance
between two adjacent magnetic poles (pole pitch) and the symbol 7,,, denotes the pole

pitch at the average diameter.

The geometric features of an AFIM are illustrated in Figure 3-1. Unlike the RFIM, where
the stack length aligns with the rotational axis producing a uniform 2D radial cross-section
(see Figure 1-2(b)), AFIMs employ radial “stacking” around 6 axis (see Figure 3-1). This
radial “stacking” necessitates defining an average diameter, Dy, 4, and an active stack length

L,, which are expressed by the relationships:

D,,; + D;
Davg = % = Rout + Rin (31)
D,.,+ — D;
a= % = Rout — Rin (3.2)

Since the electric loading analysis and power calculations are sensitive to the excitation
waveform, it is necessary to define the baseline waveform characteristics. Typical sinusoidal
voltage and current waveforms are assumed to produce a uniform rotating magnetic field

in the airgap, as illustrated in Table 3-1 [76].

Table 3-1 Typical sinusoidal waveform for an induction motor, with corresponding
waveform factors [76].

Model e(t) i(t) K; K,

pie| - - - Ly -=- -~
VAN
Sinusoidal T\/ / T \/ V2 0.5cosf
2 2

where the K; and K,, denote the current waveform factor and power waveform factor. The

current waveform factor (K; = v2) represents the ratio of the peak current to its RMS value.
The power waveform factor (K, = 0.5 cos 8) expresses the ratio of real power to the product

of peak voltage and peak current [76].

The radial variation of the cross-sectional geometry, such as the tooth width and airgap

area, introduces complexity to the electromagnetic design of AFIMs. For initial sizing, the
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cross section at the average diameter is often used to approximate the motor geometry as
an equivalent 2D linear machine [34, 35]. However, this approach neglects the influence of
the inner-to-outer diameter ratio on the electric loading, leading to suboptimal or possibly
impractical designs. To improve the accuracy of AFIM design and modelling, it is necessary
to analyse the variations of electric loading along the radial dimension. This impact can be
investigated through the power-to-dimensions equations, which are derived in the

following section.

The apparent power equation is the basis of the main dimension calculations of an AC
motor as it directly influences the electromagnetic characteristics, which collectively define
the motor’s physical dimensions. These relationships are formalised through the following

equations.
Sa = mEphIph X 10_3 (kVA) (33)

The term m denotes the number of phases, and E,, and I, refer to the phase induced

electromotive force (EMF) and the phase current.
Eph = ZKBdeprh(pp (3.4)

where Kj is the airgap flux waveform coefficient, which quantifies the shape factor of the
s

flux distribution within the airgap. For a sinusoidal flux distribution, Kz = o5~ L11[76,
.1 T _ sin(qy/2)
86]. K4, denotes the winding distribution factor, K, = TeinGr/2) where q and y represent

the number of slots per pole per phase and the slot pitch in electrical degrees. For instance,
for a 48 slot, 8 pole, 3 phase motor designed with a distributed winding, the value of K, is
0.966. The magnetic flux per pole ¢, is obtained by integrating the airgap flux density over

the pole area, as expressed in (3.5).

Tavg (La
Yp = f f Bs(L,7) dLdT = BsTayglq (3.5)
0 0

where B is the average airgap flux density, the pole pitch at the average diameter 74, is

given by (3.6) and the flux per pole (¢,) can be expressed as (3.7).

D
Tavg = @5~ (3.6)
T
Pp = %aa(Déut — D{7)Bs (3.7)
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where the pole arc coefficient a5 typically ranges from 0.7 to 0.9 to achieve optimal
efficiency [87]. Substituting (3.7) into (3.4), the phase electromotive force E,, can be
expressed as:

pn s 5

Eph = ZKBde 5Nph % as(Dour — Dizn)BS (3.8)

The phase current I,,, can be related to the stator specific electric loading 4,4, at the

average diameter through the following expression:

_ nDangavg _ 7T(Dout + Din)
mNph 2mNph

Ipp Agyg (3.9)

where m denotes the number of phases, and N, denotes the number of turns per phase.
Rearranging (3.9), the stator specific electric loading A,,, can be expressed as:

MNpplpn

Agpg = ——— [A/m] (3.10)

TDayg

By substituting (3.8) and (3.9) into (3.3), the apparent power S, [kKVA] at the average

diameter can be calculated as:

2

S, = %a,gKBdenggLaAavngn x 1073 (3.11a)
Which can be rearranged to give:

_ (Dout + Din)2 Doyt — Din 605, X 10°

DZ,.L, = 3.11b

avgTa 4 2 n2asKpKapnAgygBs ( )

€m0 T KoKy By, X 1073 3.12

_D(%nga - 60 AsBRpRapDsNAgyg ( . )
Sa 60

Tem = 21n,/60 = ?C(RavgnDanga) (3.13)

The electric motor constant (C), as defined in (3.12), represents the apparent power per
unit volume (kVA-min/m?), and serves as a key parameter in evaluating the electromagnetic
performance and physical dimensions. For instance, a relative higher motor constant is
desirable in electric vehicle applications, as it enables a higher power density. Equation (3.13)
provides a direct means to estimate the torque capacity of an AFIM based on the geometric

and electromagnetic factors [88].
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The real power output per unit volume (kW/m?) of the AFIM can be expressed as (3.14),
where h represents the total thickness of the AFIM, given h = h; + h,. The power density of
the AFIM is directly proportional to the rotational speed (n), machine constant (C), average
diameter (Dgy4), and power factor (pf). On the other hand, it is inversely proportional to the
total thickness of the motor h (see Figure 3-1). Equation (3.15) presents the inner-to-outer
diameter ratio of the AFIM [76].

PouV =t (R G e @14

A= Din/Dout (3-15)

The stator specific electric loading (A4) is inversely proportional to the radius, making the
inner to outer diameter A a critical parameter in axial-flux motor design. This ratio directly
influences both the torque/power density and efficiency. Studies [89-91] have demonstrated
that the optimal torque/power density are achieved when 4 lies within the range of 0.45 to
0.65. Furthermore, [92] explores how variations in A impact overall efficiency. These
investigations rely on iterative processes, often assuming a fixed outer diameter and a
uniform average stator specific electric loading. Alternatively, to investigate the inner-to-
outer diameter, (3.11(a)) can be rearranged into a function of diameter ratio and specific

electric loading, enabling analytical identification of the ratio that maximise the power.

To analytically investigate the optimal diameter ratio 4 and its effect, two assumptions
are considered. The first assumes that the specific electric loading A,,, is applied to target
motor. Under this assumption, the apparent power depends on both the inner and outer
diameters, can be expressed as:

m? (D2, — D2) Doyt + D;
Sal =f(DavgrAavg) = %QSKBde ou 7 in) You . in

AgygBsn x 1073 (3.16a)

The second approach recognises that the slot packing density is highest near the inner
radius as ratio of slot width to tooth width, is highest near the inner radius due to the smaller
tooth width in this region, where the maximum specific electric loading A4,,,4, is assumed to

occur. Under this assumption, the apparent power is expressed as:
m? (Dgut_Dizn) -3 3 16b
Saz = f(Din, Amax)=5a6KBde TDinAmaxBXn x 10 (3. )

Based on these two formulations (3.16a and 3.16b), the maximum apparent power output

can be determined by the optimised diameter ratio 4.
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Case 1: Assuming Ag,4, Bs, and D, are constant, the optimal diameter ratio (1) can be

determined by differentiating S,; with respect to D;;, to give A = 1/3.

Case 2: Assuming A4, Bs, and D,,,; are constant, the optimal diameter ratio (1) can be

determined by differentiating S,, with respect to D;;, to give 4 = V3/3.

The corresponding maximum apparent powers, (Samax)1 and (Samax)2, reflect different
optimal diameter ratios under identical outer diameters. To enable a consistent comparison,
both expressions are normalised using a constant average specific electric loading Ag,,4, as

in (3.16a), highlighting the influence of 1 on the apparent power.

(Samax)z/(samax)l ~ 0'887 or (Samax)l/(samax)z ~ 1'127 (3'17)

(Samaxz/VFe) _ Sa_maxz X (1 - A%) _
(Samaxl/VFe) Sa_maxl X (1 - /1%)

1.18 (3.18)

It is observed that, although Case 1 (1 = 1/3) provides a higher total apparent power
output, Case 2 (1 = V3/3) achieves a significantly greater power density. The increased
inner diameter in Case 2 minimises the core volume, thereby increasing power density. As
shown in (3.18), despite an 11.3% reduction in total apparent power, the power density in

Case 2 is approximately 18% higher than in Case 1.

Amax

Power density
f f.’j‘?ﬁ(”'t‘ﬂf power

18.4%

(a) (b)

Figure 3-2 (a) Comparison of specific electric loadings for different inner-to-outer
diameter ratios. (b) Variations of power density and apparent power under different

diameter ratios.

Figure 3-2 shows the diameter ratio effects on specific electric loading, apparent power,

and power density. It assumes the outer radius and the average stator specific electric
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loading at the average radius are equal. Figure 3-2(a) illustrates the specific electric loading
distribution at different radii, while Figure 3-2(b) highlights the trade-off between apparent

power and apparent power produced by changes in the diameter ratio.
3.2 Characteristics of the AFIM Magnetic Circuit

The magnetic circuit structure of the AFIM shares similarities with the RFIM, consisting
of five key elements: the airgap, rotor teeth, rotor back iron, stator teeth, and stator back iron.
The magnetomotive force (MMF) equation, expressed as }; HL = }; F, can be applied to all
parts of the AFIM. Although the airgap length and slot widths remain constant across
different radial layers, the AFIM stator and rotor tooth widths vary with the radial position.
At the inner radius, the stator and rotor teeth are at their narrowest, and the teeth are widest
at the outer radius. The flux density distribution within the airgap can be determined based
on the same principles used for the RFIM. Specifically, the Carter’s coefficient K, is
introduced to use the effective airgap length to account for the distortion of magnetic flux
distribution caused by the slotting effect. For semi-closed slots (both stator and rotor slots)
[88], the RFIM Carter’s coefficient can be calculated as:

1

i 1- Y1 (lg/Ws,t) ( )
1

K., = (3.20)

1- Y2 (lg/Wr,t)

where y; and y, are expressed by (3.22) and (3.23), the w,.; and w;, are the rotor and stator

tooth width at the airgap, the b, and b, , are the stator and rotor slot opening width.

In AFIMs, the Carter’s coefficient K.(r) varies with the radius r due to the radial

dependence of the stator and rotor tooth widths w;. () and wg((r) at the airgap.

1
(1 M)x( Yalg ) (3.21)

B Q) B Wy (1)

K. = Kc,ch,r = Kc(r) =

b/l
al + aZ (bs,o/lg)

Y1 (3.22)
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_ b0/l
aq + a; (br,o/lg)

V2 (3.23)

For semi-closed rotor and stator slots, @; and a, are assumed to be 4.4 and 0.75. For open
slots, they are 5 and 1. In the case of fully-closed slots, K, is assumed to be 1 [93]. The airgap

flux density then can be expressed as follows:

Fm
Bs(r) = bo =51 "l (3.24)
c g

where F,, and p, are the magnetomotive force and air permeability. Thus, due to the
geometrical characteristics of AFIMs, the airgap flux density Bs(r), produced by the stator

MMEF, varies significantly along the radial direction.

Plane 1

Plane 2
Plane 3

Airgap Stator

Figure 3-3 Radial segmentation and simplified magnetic equivalent circuit representation
of an AFIM.

To more accurately model the non-uniform radial flux distribution in the AFIM, the
stator and rotor can be divided into N concentric radial segments spanning the airgap region
between the inner radius r;;,, and outer radius 7, (see Figure 3-3). Each radial segment is

assumed to possess an approximately uniform magnetic field and is treated as an
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independent magnetic path within a simplified equivalent magnetic circuit [94-97]. Two

parallel magnetic circuit constraints are made when constructing this model.

Each radial ring element is subjected to an identical magnetomotive force (MMF), which

can be expressed as:
Fi=F,=-=F, (3.25)

The total magnetic flux per pole is obtained by summing the magnetic flux contributions

from all radial ring elements, satisfying the principle of flux conservation:

N
Pp = Pp1 T Ppot -+ Qpn = z PN (3.26)
k=1

| Start |

Input:
number of rings

Input:
35 =1

Calculate each ring F,

Adjust each ring
Yes B 5N

Adjust each ring
Bsn

| Output Bs |

End

Figure 3-4 Segmented magnetic circuit iterative computation flowchart.

Figure 3-4 illustrates the flowchart of the segmented airgap flux density calculations. The
radial variation of the airgap flux density Bs(r) in the AFIM is determined through an
iterative magnetic circuit approach. The airgap region is divided into N concentric radial
elements, and the diameter ratio 4 is fixed to preserve consistent geometrical proportions

across the magnetic model. Each radial element is assumed to have a uniform magnetic field,
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and constant airgap length [, as defined in (3.21). To initiate the procedure, the flux density
Bs(r) is firstly assumed to be uniform across all segments, and the corresponding initial
target magnetomotive force Fy for each segment is calculated using (3.24). Under the
constraint of a constant magnetomotive force F,, applied equally to all radial paths (3.25),
the magnetic flux ¢, y in each segment is calculated by K.(r) and Bs(r). The total magnetic
flux per pole ¢, is then obtained by summing the contributions from all segments, in
accordance with the flux conservation principle (3.26). If the calculated total flux deviates
from the specified pole flux, the flux density Bs(r) is scaled proportionally. Following this
adjustment, the magnetic fluxes are re-evaluated. After each iteration, the conditions of
equal magnetomotive force F,, and flux conservation are reviewed. The iterative process
continues until the variation in Bs(r) between iterations satisfies the constraints (3.25) and
(3.26) [98].

Since the stator and rotor tooth widths wg,(r) and w,. () increase with radius in the
AFIM, the ratios l;/ws.(r) and l;/w, () decrease accordingly. As a result, the K.(r)
gradually decreases with increasing radius. The relationship between Bs(r) and K.(r) can

be expressed as:

Bs(r) o«

1 3.27
K. (3:27)

Although Bs(r) increases with radius due to the inverse dependence on K (), the
variation is limited. This is because the airgap length l; is much smaller than the stator and
rotor tooth width wg(r) and w, (), leading to small changes in K.(r). As a result, the

change in Bs(r) in a radial direction is gradual.

Similar to the airgap flux density distribution, the rotor and stator tooth flux densities

also vary with the radius as follows,

A

B,:(r) = Bs(r) - Agt((rr) ) (3.28)
A

By (r) = Bs(r) - Agt((?) (329)

where A, (1) /A (1) and Ay (1)/As(r) denote the spatial ratios of the airgap area to the

rotor and stator tooth areas at the airgap, evaluated at radius r.

41



CHAPTER 3 GEOMETRIC AND ELECTROMAGNETIC PRINCIPLES FOR AFIM DESIGN

As the radius increases, the stator and rotor tooth body widths ws(r) and w, (1)
increase significantly, while the slot body width w,¢ and wy, remain constant. This
geometric expansion causes the magnetic flux to be distributed over a larger tooth cross-

sectional area, leading to an increase in B, ;(r) and B, (r) along the radial direction.

The flux density in the back iron of the AFIM rotor and stator can also be estimated with

a similar method.

Byy(r) = ff;:z By (r)ws,(r) (3:30)
Bry(r) = ff,T"’ By (r)wr. (r) (331)
Ty

where Q. , and Qs s, are the number of rotor and stator slots per pole, respectively. B, (1)
and B, , () represent the flux densities in the stator and rotor yoke. It is observed that the
flux density in the rotor and stator yoke increases with increasing radius when the airgap

flux density is evenly distributed due to the increase in airgap area.

To further investigate the impact of the motor’s geometric proportions on the magnetic
flux distribution, the diameter ratio 4 is varied while keeping the outer diameter constant.
In this case, it is assumed that the F,, remains constant across all radial planes, the magnetic
materials operate within their linear regions, and the airgap length remains unchanged. The
stator and rotor tooth widths are considered to vary linearly with the radius. A larger
diameter ratio, corresponding to a larger inner diameter, leads to a reduction of effective
cross-sectional area at the airgap. Consequently, to maintain the same total magnetic flux
and F,,, the average airgap flux density increases. Furthermore, a larger diameter ratio 1
leads to a smaller variation between the maximum and minimum flux densities along the

radial direction.

3.3 Rotor and Stator Slot Geometrical Parameter

Characteristics

In AFIMs, the rotor and stator slot configurations critically influence the magnetic
coupling, flux distribution, and electromagnetic performance. The stator slot geometry
primarily affects the flux linkage and leakage characteristics, whereas the rotor slot design

governs the distribution of induced currents and directly impacts torque production at the
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different speeds. Slot openings may be configured as open, semi-closed, or closed, each
presenting distinct trade-offs. Open slots simplify manufacturing and enhance air
circulation but typically result in higher leakage reactance, and magnetising current acoustic
noise. Conversely, semi-closed and closed slots reduce leakage flux and reduce magnetising
current, thereby improving magnetic coupling and overall efficiency. However, these
benefits are offset by increased winding complexity and diminished thermal dissipation.
Consequently, slot design must balance electromagnetic performance against

manufacturability and thermal constraints [88, 93].

In RFIMs, these shapes are generally selected to ensure that the rotor and stator teeth
have a constant width. This achieves a more uniform magnetic flux distribution, which
helps reduce local magnetic saturation in the teeth. It also optimises the inductance profile,
contributing to improved power factor and efficiency. Therefore, the parallel rotor and

stator teeth configurations are chosen for the AFIM (see Figure 3-5).
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!

Figure 3-5 Shape of semi-closed parallel stator/rotor slots (left: circular top. Middle: flat
top. Right: rounded top).
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Figure 3-6 Geometrical representation of the AFIM core layout. Left: 3-D drawing of
stator and rotor slot arrangement with key design parameters. Right: 2-D linear
equivalent model, highlighting the tooth and slot dimensions for both the stator and
rotor.

Figure 3-6 defines the motor dimensions used in both the 3-D model and 2-D equivalent
linear machine model. The 2-D model represents the middle layer of the AFIM and is used
to determine the rotor and stator geometric parameters. Equation (3.32) estimates the
required thickness of the stator yoke ([ ,) in an AFIM by equating the magnetic flux passing
through the airgap to that which must be carried by the stator yoke without saturation.

I — T[(Dout + Din)/z BS
Y 8p - kFe,s Bs,y

(3.32)

where k. is the stator-lamination stacking factor and By, is allowable stator yoke flux
density. Equation (3.33) calculates the total area of the stator slots (4 ;) based on the number
of turns per phase and diameter of the conductors. The factor of 0.5 accounts for the

assumed slot fill factor of 50%.

2mmNpp (DTW)Z

0.5N

Ags = (3.33)

where D, is the winding diameter, N; s is the number of stator slots and N, is the number
of turns per phase. Equations (3.34) — (3.36) are then used to derive the detailed stator
geometry. Equation (3.34) illustrates the stator tooth width w,,, obtained using the

allowable magnetic flux density in stator tooth (Bg;) and stacking factor (kg ). Equation
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(3.35) finds the stator slot body width (wss) by subtracting the tooth width from the total

pitch. Finally, (3.36) estimates the stator slot depth (I ) from the total slot area divided by
the slot width.

T[BSDavg
Wep = —————— 3.34
ot Ns,sBs,the,s ( )
D
Ws = — 0 — W (3.35)
5,S
Ass
lgs =— 3.36
5= (3.36)

To obtain the geometric parameters at the rotor side, a similar method is applied. The
length of the rotor (I,) is the sum of the depth of the rotor slots (I, ;) and the length of the
rotor yoke (l;,). By, is the allowable flux density in the rotor yoke and kg, , is the rotor-
lamination stacking factor. i, ., K, riyy are the rotor bar current amplitude, rotor bar current
density and rotor-slot fill factor. B, , is the maximum rotor teeth flux density and N, ; is the

number of rotor slots. The following equations are given for the rotor side sizing approach.

— 7T(Dout + Din)/z Bg

l
i 8p Br,kue,r (337)
_ (3.38)
e err,fill .
nB,D
g~ avg
Wy, =—"3—9 3.39
nt Nr,sBr,the,r ( )
D
Wrs = = = Wi (3.40)
r,s
AT'S
ls =— 3.41
ns = o (3.41)
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Lq
Middle layer

Figure 3-7 Transforming the 3-D geometry of an AFIM to a 2-D linear equivalent model.

Figure 3-7 illustrates the process of transforming the 3-D geometry of an AFIM into the
corresponding 2-D linear equivalent model. 3-D FE simulations are typically complex and
computationally intensive. Converting the model into an equivalent 2-D linear
representation simplifies the process while preserving key geometric and electromagnetic
characteristics. However, the 2-D model can only be used for the initial design of AFIMs, as
the detailed magnetic behaviour cannot be accurately captured. In the equivalent linear 2-
D model, the rotor moves in a linear direction instead of rotating. Hence, a force value is
obtained in steady of the torque and the speed is expressed in metres per second (m/s) rather
than revolutions per minute (RPM). The following equations can be used for the AFIM 2-D

linear model.

Doyt — D;
Dgyg = Din + % (3.42)
60
RPM =V; X (3.43)
2T gg
Tm =F- Tavg (3.44)

where V; denotes the equivalent linear speed of the motor, 7,,, is the average radius and F

is the equivalent force corresponding to the torque 7,,.

This chapter has discussed the key geometrical parameters of the AFIM, including their

definitions, design constraints, and influence on machine performance. These parameters
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form the fundamental design space in which AFIMs are evaluated. Although the chapter
primarily focused on parameter definitions and baseline considerations, it provides the
necessary foundation for the subsequent analysis. In Chapter 4, these geometrical
parameters are incorporated into a systematic FEA-based design study, where parameter
sweeps and sensitivity analyses are performed. The results from these simulations establish
the relationship between geometry, material cost, and performance, and serve as the basis

for comparison with conventional RFIMs.
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CHAPTER 4 -

SIMULATION-BASED DESIGN AND ANALYSIS
OF AXIAL-FLUX INDUCTION MOTOR

4.1 Preliminary Sizing Approach: Converting
Existing RFIM to AFIM

In the AFIM design process, applying the aforementioned analytical equations to
estimate the main dimensions is vital, particularly when designing a novel machine type
that has not yet been standardised. These theoretical formulations enable designers to
quickly grasp the intrinsic relationships between the geometric parameters and the
electromagnetic characteristics, thereby laying a solid foundation for subsequent
optimisation, structural design, and simulation analysis. Besides, the design of AFIM can
also benefit from the existing design experience, which combined with FE simulation
software, enables detailed modelling and accurate verification of the motor’s
electromagnetic performance [73-77]. However, this combined approach is time consuming
in the preliminary design stage. Therefore, to streamline the initial design process, this
section focuses on transforming the existing RFIMs to their equivalent AFIMs with the
newly defined magnetic and electric loading limits. This procedure is generic and can be

applied to AFIMs with different number of poles.

Second inputs: *  Winding configurations
* Number of poles » Stator specific electric loading (A)

* Airgap flux density (Bs)
From RFIM * Stator/rotor teeth flux density (Bs; & By.;)

1
|
|
Start |+ Number of slots * Airgap length (l)
I
|
: *  Stator/rotor yoke flux density (Bs,y & By )

Fe—————— nameplate - - - —-= Fm S e mmmmm—m———————————-- -
 AFIM outputs:

* Rated power (B.)

* Line voltage (1}.)

I I
1 1
! | Outer and inner diameter (D& Diy)
1 1
| * Rated speed (N;) |

1
: |
1 1
1 1
I I

1

1

|

|

*  Stator specific electric loading (I, & [ ) :

*  Stator/rotor teeth width (ws ¢ & w;y-¢) |

*  Frequency (f) :
* Target efficiency (77,) |
»  Target power factor (pf) :

*  Stator/rotor slot width (wg ¢ & wy.5)
*  Number of turns per phase
* Slot shape

Figure 4-1 Flowchart for converting an existing RFIM to an AFIM.
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Table 4-1 Key parameters of the benchmark commercial 2.2kW RFIM with four, six, and

eight poles.
Commercial 2.2kW RFIM with four, six and eight poles
Four poles Six poles Eight poles
Stator outer diameter [mm)] Ds out 165 165 211
Stator inner diameter [mm)] Dg in 105 114.5 148
Rotor outer diameter [mm)] Dy out 104.2 113.5 147
Rotor inner diameter [mm] Dy in 38 38 48
Axial length [mm] L 105 130 180
Winding diameter [mm] Dyinaing 0.8 14 1.024
No. of strands - 1 1 1
No. of turns/phase Npp, 564 528 704
Rated power [kW] P. 2.2 2.5 2.2
Rated speed [rpm] n, 1441 952 725
Rated torque [Nm] T, 15 22 30
Rated voltage [V] |78 415 415 415
Rated frequency [Hz] f 50 50 50
No. of stator slots N 36 36 48
No. of rotor slots N, 28 42 44
No. of phase m 3 3 3
No. of poles p 4 6 8
Airgap length [mm)] Dairgap 0.35 0.5 0.5
Winding material - Copper Copper Copper
Core material - 50AW470 50AW470 50AW470
Rotor bar material - Aluminium Aluminium Aluminium

Table 4-2 Comparison between proposed AFIM predefined loading and permitted loading
for RFIMs from literature [93].

From RFIM Predefined AFIM
Parameters . .
literature loading
Specific electric loading [A/mm] Aavg 28 -45 20-40
Stator current density [A/mm?] I 3-8 3-5
Rotor current density [A/mm?] Ir 3-65 3-45
Airgap flux density [T] B, 0.7-0.9 0.7-0.9
Tooth flux density [T] B or By, 14-21 <1.6
Rotor yoke flux density [T] B, 1-1.9 <1.5
Stator yoke flux density [T] Bs 1.4-2.7 <1.5

Figure 4-1 illustrates the design procedure for the 2.2kW AFIM. The process commences
with defining the design specifications, including the power rating, number of poles,
frequency, and voltage. The outer diameter of the AFIM is determined by the electrical
output power equation, while the inner diameter is derived from sensitivity studies on the
optimal inner-to-outer diameter ratio. Preliminary estimates of the tooth widths and yoke
lengths are further refined by referencing flux density values obtained from the
corresponding components of the RFIM. These values are then adjusted based on the flux

distribution within the AFIM, which subsequently allows for a redefinition of the
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permissible flux density levels suitable for the AFIM design. Table 4-1 tabulates the key
parameters of the commercial line-start RFIMs which were used as design references for the
new AFIM designs. Table 4-2 illustrates the differences between the proposed AFIM
predefined loadings and permitted loadings for RFIMs from the literature.

4.1.1 Simulation-Based Analysis of Inner-to-Outer Diameter Ratio
Effects on AFIM Performance

As discussed in CHAPTER 3, the conventional electric motor general sizing approach is
not well-suited for AFIM design. This limitation arises from the assumption of uniform
magnetic and electric loading distributions, an oversimplification that neglects the radial
variation of these parameters inherent in axial-flux motors. The resultant higher flux density
and current density can cause saturation and possible overheating near the inner diameter.
Although an initial inner-to-outer diameter ratio of 0.577, which theoretically offers the
highest power density, was implemented in the 3-D ANSYS FEM model (see Section 3.1 and
[90-92, 99]), it posed practical challenges, as it provided insufficient space to place the inner
end-windings. In addition, past research appears to have a limited understanding of how
the diameter ratio (A = D;;, /D) affects the performance of the AFIM, such as efficiency and
material cost. This is important because the diameter ratio can impact not only the

electromagnetic performance but also the cost-effectiveness.

| |
el
9 Din 4

D out

(a) (b)

Figure 4-2 (a) 3-D view of designed stator (b) 3-D view of rotor with bars showing
skewing.

The following section examines the inner-to-outer diameter ratio effect on various
performance factors, such as torque, efficiency, stator electric loading, current density, flux
density, and material cost, using 3-D FE simulations. The machine output power is kept
constant. The influence of this ratio on each performance metric serves as a reference for the

motor prototype design and offers guidance for AFIM designers to prioritise either material
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cost or efficiency, depending on specific application requirements. The properties and
geometry of the designed eight-pole 2.2kW AFIM are tabulated in Table 4-3. The proposed
unwound stator and rotor with bars are given in Figure 4-2 along with the specified inner

and outer diameters.

Table 4-3 The geometry and properties of the designed eight-pole 2.2kW AFIM.

Outer diameter [mm] Doyt 275
Inner diameter [mm] Dy 163
Axial length [mm] L 78
Wire diameter [mm)] Dyire 0.861
No. of strands - 2
No. of turns/phase Npp, 896
Rated power [kW] P. 2.2
Rated speed [rpm] n, 725
Rated torque [Nm] T, 30
Rated voltage [V] |74 415
Rated frequency [Hz] f 50
No. of stator slots N 48
No. of rotor slots Nyg 44
No. of phase m 3
No. of poles p 8
Airgap length [mm)] Dyirgap 0.5
Winding material - Copper
Core material - M19_24G
Rotor bar material - Aluminium
40
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Figure 4-3 Stator specific electric loading as a function of diameter ratio.

In the eight-pole 2.2kW AFIM design, the considered diameter ratio must be greater than
0.4, as a smaller value would result in excessively narrow stator and rotor teeth or even
cause adjacent slots to intersect near the inner diameter. Figure 4-3 shows the average stator

specific electric loading versus the diameter ratio. In region III, where the diameter ratio is
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larger than 0.6, the average stator specific electric loading increases with the diameter ratio,
which is the opposite behaviour observed in the equivalent RFIM. Conversely, in region I
and region II (for diameter ratios below 0.6), the electric loading increases with decreasing
diameter ratio diameter ratio. This is because the smaller inner diameter leads to larger

stator specific loadings at the inner diameter, thereby increasing the average value.
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Figure 4-4 Stator current density as a function of diameter ratio.

Figure 4-4 illustrates the variation of stator current density with respect to the inner-to-
outer diameter ratio (1). As 4 increases, the average airgap area decreases. To maintain the
same output power under reduced interaction area, a higher electric loading is required,
leading to an increase in stator current density, especially near the inner radius. In contrast,
lower diameter ratios provide a broader radial span for winding placement, which can
reduce current concentration and lower thermal stress. However, excessively low diameter
ratios (small inner diameter) result in impractically narrow stator or rotor teeth,
compromising mechanical integrity, increasing material usage, and negatively affecting
electromagnetic performance. When A exceeds approximately 0.65 (region III), the
reduction in airgap area becomes rapid, sharply increasing required electric loading. This
causes the stator current density to rise at an accelerating, nearly exponential rate. By
comparison, Regions I and II correspond to moderate A values where the airgap area
changes more gradually, leading to a relatively constant current density with only a small

rate of increase.

Figure 4-5 shows the flux density magnitudes at different diameter ratios. The results
are based on the 2.2kW AFIM with a fixed outer diameter and a constant supply voltage. In
the figure, the By, and B, . represent stator and rotor tooth flux densities, B, and B,.,, are
stator and rotor yoke flux densities. It is observed that the trends are similar as mentioned

in section 3.2. The inner diameter is varies to evaluate its influence on magnetic loading
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within the motor. As the diameter ratio increases, both the flux densities in the yoke and
teeth regions of the stator and rotor are increased. This trend is primarily due to the reduced
airgap area caused by a larger inner diameter, which leads to an increase in flux density to
maintain the same power rating. Thus while a higher diameter ratio may produce a lighter
motor design, it also raises the risk of magnetic saturation, particularly in the stator and
rotor yoke. Compared to the yoke regions, the width and height of the teeth are typically
constrained by the slot number and pitch and therefore do not significantly decrease as the
inner diameter changes. As a result, the flux density in the tooth regions increases relatively
gradually. In contrast, the changes of inner diameter significantly influence the area of the

yoke region, thereby causing a steeper increase in flux density.
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Figure 4-5 Flux densities as a function of inner-to-outer diameter ratio in different

components, stator and rotor teeth and yoke.

Consequently, the inner-to-outer diameter ratio is preliminarily set in the range of 0.5 to
0.65, based on the preceding analysis of stator current density, specific electric loading, and
magnetic loading, ensuring that the machine operates within the unsaturated region of the
core material. To finalise this selection, further investigations are required from other

perspectives, such as efficiency, torque output, and material cost.
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Figure 4-6 Variation of material cost and weight with respect to the diameter ratio.
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Figure 4-7 Variation of efficiency and torque with respect to the diameter ratio.

Figure 4-6 and Figure 4-7 show the material cost, weight, torque, and efficiency at
different diameter ratios. Diameter ratios below 0.577 and above 0.6 give lower output
torque at same speed, while those near 0.6 exhibit higher efficiency with relatively lower

material cost.
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Figure 4-8 Variation of full-load efficiency with material cost, highlighting the commercial
RFIM full-load efficiency with the corresponding material cost.

Figure 4-8 shows the relationship between the AFIM full-load efficiency and material
cost for varying diameter ratios, highlighting two key points. The efficiency was calculated
as the ratio of output mechanical power to the total input power, including copper losses in
both stator and rotor windings, iron losses in the stator and rotor cores. The relatively low
efficiency observed at certain diameter ratios is primarily attributed to increased copper
losses from higher current densities or elevated core losses under high magnetic loading.
The peak efficiency at diameter ratio of 0.6 results from a balanced trade-off between copper
and iron losses, where the airgap area, magnetic loading, and winding utilisation are

optimised.

The figure also compares the commercial RFIM radius with the optimal AFIM design at

a diameter ratio of 0.6. The RFIM baseline design (green triangle) achieves an efficiency of
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around 80% at a material cost slightly above $55. In contrast, the AFIM design with a
diameter ratio of 0.6 (red circle) reaches a higher efficiency of approximately 83.5% while
reducing the material cost to around $52. Consequently, a diameter ratio of 0.6 is selected
for the 2.2 kW eight-pole AFIM design.

4.1.2 Simulation-Based Analysis of Shape of Rotor and Stator Slot
Effects on AFIM Performance

@ (b) © @

Figure 4-9 The four combinations of teardrop and rectangular slot shapes considered for
the stator and rotor.

The previous sections have demonstrated the preliminary sizing approach and the
simulation-based choice of the optimal diameter ratio, using the predefined magnetic and
electric loading parameters from the benchmark equivalent commercial RFIM. Although a
similar stator and rotor slot geometry (teardrop shape) was initially adopted for the newly
developed AFIM, is RFIM tooth profile proved unsuitable due to the radius-dependent
variation in the tooth width and the differing lamination orientations inherent to the AFIM
design. The following section demonstrates a comparative analysis of four stator and rotor
slot combinations (see Figure 4-9), each with identical slot areas, evaluated through 3D FE
simulations for the 2.2kW eight-pole AFIM. The two key parameters considered for the line-

start machine are starting torque and the rated efficiency.

86 T T
= ry-
= 84F a4 4 c 1 b
= og—8— — ==
g:_s.. 82 -
80 L .
55 60 65 70
T [Nm]

start

Figure 4-10 Rated efficiency of the AFIM versus starting torque for the four cases.
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The rated efficiency (7,4¢e) for AFIM cases (a)-(d) versus starting torque is given in
Figure 4-10. The rated efficiency values across the four cases are similar, which is because
their identical slot areas and similar magnetic and electric loading conditions. The similar
design parameters produce comparable copper losses, which is the largest portion of the
total losses. Moreover, the overall magnetic interaction between the rotor and stator remains
largely unaffected although the different slot shapes introduce local variations in the flux
path. On the other hand, the slot shape has a larger impact on the starting torque (Tsq,¢)-
The rectangular slots (Case (b)) provide more uniform flux paths and better coupling,
resulting in a starting torque approximately 21% higher than that of the teardrop slot

configuration (Case (a)).
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Figure 4-11 Effects of stator and rotor slot shape combinations on the starting torque
and current of the AFIM.

Figure 4-11 compares the effect of slot shape on the starting performance of the AFIM by
comparing the starting current (I4,¢) across the four cases. Case (b) exhibits the highest
starting current, indicating a higher excitation demand during startup. It shows around 6%
higher starting current compared to Case (a). Moreover, with the teardrop shaped slot such
as in case (a), (c) and (d), the slot geometry features a non-uniform slot width. This can lead
to narrower tooth widths between adjacent slots near the inner diameter, resulting in
structural weakness and increased manufacturing complexity. Consequently, to achieve a
constant reluctance and a more uniform flux distribution and higher starting torque, Case

(b) with rectangular stator and rotor slots was selected as the final design.

4.1.3 Stator Winding Configurations for Designed Eight-Pole AFIM

The stator winding configuration selection for the designed AFIM is important as it
directly affect the magnetic field strength and distribution, thereby affecting the generated
torque. There are two main winding configurations, concentrated and distributed windings.
Each configuration offers distinct advantages and drawbacks. Concentrated windings
typically lead to simpler manufacturing, lower copper losses, and provide more available

space near the inner diameter due to the shorter end-windings. However, as each coil spans

56



CHAPTER 4 SIMULATION-BASED DESIGN AND ANALYSIS OF AXIAL-FLUX INDUCTION MOTOR

fewer teeth, they tend to produce higher torque ripple as a result of the non-uniform and
localised flux distribution. Moreover, it also leads to increased harmonic distortion due to
the resulting non-sinusoidal magnetomotive force (MMF). On the other hand, distributed
windings achieve smoother torque and a more sinusoidal magnetic flux distributions, thus
enhancing overall machine efficiency. Although distributed winding configurations give
higher copper losses from longer end windings which poses a risk of insufficient space for
end-winding placement near the inner diameter, the substantial improvement in torque

ripple reduction and magnetic flux quality make them generally the best choice for AFIMs.

The distribution factor (k;) and pitch factor (k,) are critical parameters in selecting
winding configurations because they directly affect the induced EMF (E = 4.44-f-N-® -

kq- k), etficiency, and harmonic content and they can be expressed by the following

equations,
_sin(q - a/2)
47 g -sin(a/2) (342)
= cos (™2
kp = COS( - ) (3.43)

where g and « are the number of slots per pole per phase and the electrical angle between

adjacent slots. The terms y and 7 denote the coil span and pole pitch.

Table 4-4 illustrates seven proposed winding configuration options, cases 1-3 are
categorised as distributed lap windings and cases 4-7 are distributed concentric windings.
Note that the same number of turns per slot, 56 turns per slot, are used in all the winding
configurations. Case 1 and Case 2 provide the maximum winding factor and thereby the
highest induced EMF. However, the longer end-windings pose a challenge when placing
them near the inner diameter. Case 3 short-pitched lap windings to reduce harmonic content,
though at the cost of a lower winding factor of 0.836. Among them, Case 6 and Case 7 offer
the lowest winding resistance with an acceptable winding factor of 0.933, making them
suitable for high-efficiency designs. Each winding configuration has its own advantages and
limitations, but these factors alone are insufficient to determine which one should be
implemented in the prototype. Therefore, FE simulations were conducted for each winding
type to evaluate and compare key performance factors, including power factor, starting

torque, efficiency, and transient response under full load.
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Table 4-4 Winding configuration options and comparisons of design and performance

factors.

Case 1

--HH--

Single-layer, lap winding, full pitch
Slot span: 6, R; = 2.840Q
k, =1,kq = 0.966,k, = 0.966

Case 2

Double-layer, lap winding, full pitch
Slot span: 6, Ry = 2.59Q
k, = 1,kq = 0.966,k,, = 0.966

Case 3

Double-layer, lap winding, short pitch,
offset layers
Slot span: 5, Ry = 2.35Q
k, = 0.866,k; = 0.966,k,, = 0.836

Case 4

Single-layer, concentric winding, full
pitch
Slot span: 5/7, Ry = 2.850Q
k, = 0.966,k4 = 0.966,k,, = 0.933

Case 5

Single-layer, concentric winding, short
pitch
Slot span: 5, Ry = 2.60Q)
k, = 0.966,k, = 0.966,k, = 0.933

Case 6

IEEBEE

HE--EE

Double-layer, concentric winding,
short pitch
Slot span: 5, Ry = 2.350Q)
k, = 0.966,k4 = 0.966,k,, = 0.933

Case 7

HH--EH

HE--

Double-layer, concentric winding,
short pitch, offset layers
Slot span: 5, Ry = 2.35Q)

k, = 0.966,k, = 0.966,k, = 0.933

The starting torque is plotted in Figure 4-12(a), and it is observed that Case (3), (6) and

(7) deliver higher starting torque and are thus picked for further investigation. Figure 4-12(b)

presents that Case (6) delivers higher power factor and is only slightly lower in efficiency.

However, Figure 4-12(c) shows that case 6 has a longer settling time from transient to steady

state, about 200ms. Both cases (3) and (7) show similar settling times, and the zoomed-in

torque curve shows that case (7) delivers a slight lower torque ripple at full-load operation.

Hence case (7) was finally selected for the designed AFIM.
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Figure 4-12 FE calculated (a) starting torque, (b) rated efficiency and power factor and,
(c) transient response for different winding configurations.

4.1.4 Pareto Front Look-up for Preliminary Sizing

In this subsection, the AFIM designs are developed four-pole and six-pole configurations
by using the same sizing methods and sensitivity studies. As a result, a preliminary sizing
approach look-up map is introduced to illustrate the relationship between multiple factors,
such as material cost, diameter ratio, efficiency, current density and flux density. This
approach aims to identify the trade-offs and allow AFIM designers to select the optimal
general size quickly based on varying priorities. The properties and dimensions of the

designed four, six, and eight poles AFIMs are listed in Table 4-5.

Figure 4-13 illustrates the efficiency versus material cost for alternative 2.2kW AFIM
designs with four, six, and eight poles. The designs are generated through geometric
parametric variations, including stator and rotor yoke lengths ([, , l,.,), and outer and
inner diameters (D;, , Doyt ). These variations directly affect both the material cost and
electromagnetic performance, such as efficiency, linear current density, and flux density.
Some high-cost designs do not offer proportionally higher efficiency. These curves suggest

that the considered geometric parameters lead to a convergence toward around 81-82%
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efficiency. Other influential factors such as the winding configuration and slot size are not
included in this analysis and may further affect the overall design performance. At a similar
efficiency level, it is observed that higher material cost does not significantly improve
efficiency, as increasing [, or [,.,, beyond the required flux path capacity only adds to the

mass and cost without increasing efficiency.

Table 4-5 Summary of the designed four, six, and eight poles AFIM dimensions and
properties.

Design Specifications

Rated power [kW] b, 2.2
No. of poles p 4 6 8
Rated speed [rpm] ny 1441 952 726
No. of stator slots N 36 36 48
No. of rotor slots Ny 28 42 44
Inner diameter [mm)] D;, 143 150 163
Outer diameter [mm] Doyt 235 260 275
Diameter ratio 0.61 0.58 0.60
Stack length [mm] Ly 76 70 69
Rated torque [Nm] Ty 15 22 30
No. of turns/slot Ny 47 44 44
Rated voltage [V] v 415
Rated frequency [Hz] f 50
No. of phases m 3
Wire diameter [mm] Dyire 0.813
Airgap length [mm] Dairgap 0.465
Winding material - Copper
Core material - M19_24G
Rotor bar material - Aluminium
Degree of Freedom
Rotor and stator yoke ratio Leyilsy 0.85-1.3
Inner and outer diameter ratio  Din: Doyt 0.55 - 0.65
O AllDesigns O AlDesiens O AllDesigns

_ _ _ . High-Efficiency Designs _ . High-Efficiency Designs . High-Efficiency Designs

40 40 40

Efficiency @ Full-Load [%]
Efficiency @ Full-Load [%]

Efficiency @ Full-Load [%]

Material Cost [$] Material Cost [$] Material Cost [$]

(a) Four-pole (b) Six-pole (c) Eight-pole

Figure 4-13 Efficiency versus material cost for 2.2kW AFIM designs with different pole
numbers. Each plot shows all evaluated designs (blue symbols) and highlights the high-
efficiency candidates (red lines).
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Figure 4-14 Efficiency versus material cost for various designs showing contours of linear
current density in A/mm, with the ratio of rotor yoke length to stator yoke length
(Lsy: L.,) constrained within the range of 0.85 to 1.3.

The efficiency-cost trade-off under different pole numbers (four, six and eight poles) is
illustrated in Figure 4-14, which includes contours of linear current density, and the red
dashed curve highlights the high-efficiency solutions for a given cost. It is important to note
that Figure 4-14 presents only the refined design subset, where overdesigned solutions,
those exhibiting excessive material usage without proportional efficiency improvement,
have been deliberately excluded. These results are obtained by varying the rotor-to-stator
yoke length ratio (lsy:l.,) within the range of 0.85 to 1.30, while constraining the

electromagnetic loading within the predefined limits presented in Table 4-2.

© Efficiency 80 L5 © Efficiency 30 80
&S Cost 11 & & Cost -
7 1.05 ) e 76
i 1 74
70 F 70
0.95 q 2
70
65 0.9 — ) 65
0.85 .
0.55 0.6 0.65 055 0.6 0.65 0.55 0.6 0.65
Din/D(mt Din,/Dmﬁ, Dm/D(mt
(a) Four-pole (b) Six-pole (c) Eight-pole

Figure 4-15 Superimposed efficiency and material cost contours versus the ratio of stator
to rotor yoke and the diameter ratio of 2.2kW AFIM designs with different pole numbers,
with the stator specific electric loading is constrained between 20 and 40 A/mm.

Figure 4-15 presents example design colour maps for the four, six, and eight pole AFIMs.
It is noted that the look-up colour map restricts the inner-to-outer diameter ratios between
0.55 and 0.65, and specific electric loadings between 20 and 40 A/mm. These constraints

highlight feasible regions of practical designs that exhibit efficient cost-performance trade-

61



CHAPTER 4 SIMULATION-BASED DESIGN AND ANALYSIS OF AXIAL-FLUX INDUCTION MOTOR

offs. By utilising these colour maps, designers can better understand how varying

parameters affect the electric loading and material cost.

4.2 FE Simulation Based Comparative Studies on
RFIM and AFIM

Beyond establishing the design principles and methodologies of AFIMs, a
comprehensive assessment requires systematic evaluation of their topological distinctions
from RFIMs across three critical aspects: electromagnetic field behaviour, geometric
sensitivity, and material economy. This section conducts a benchmark analysis of line-start
AFIM and RFIM configurations to reveal characteristic advantages through quantified
performance contrasts. While RFIM maintain industrial prevalence, their design
optimisation ceiling is fundamentally constrained by inflexible structure and lower power
density. These limits motivate the consideration of AFIMs as a power-density-enhanced
alternative, necessitating systematic benchmarking through geometric equivalence
transformations of commercial RFIM baselines. The comparative framework evaluates
multiple performance metrics including the effects of rotor slot number, rotor/stator slot

shapes, the dynamic responses, electromagnetic performance, and material cost.

4.2.1 Sensitivity of Electromagnetic Performance to Slot Shapes in
AFIM and RFIM

Building upon the parametric definition of the AFIM geometries through the predefined
electromagnetic loading parameters in Section 3.1, which established the influence of rotor
and stator slot shapes on the AFIM performance, a comprehensive sensitivity analysis

comparing the slot shape effects in AFIMs and RFIMs is presented below.

Figure 4-9 illustrates four sets of rotor and stator slot shape combinations. It is noted that
the rotor slots for both the AFIM and RFIM case (a) and (d) are designed with an inverse-
tear-drop shape and both case (b) and (c) have rectangular rotor slots. The area of the stator
and rotor slots are kept as constant. FEA is employed to predict the performance
characteristics of the benchmark RFIMs and the designed AFIMs. As mentioned, AFIMs
require 3-D FEA to obtain accurate results due to the differences in the core lamination
orientation. In contrasts, RFIMs can often achieve reasonable accuracy using 2-D FEA.
Figure 4-16 presents the rotor and stator slot shape effects on the torque and current versus
speed performance. Figure 4-17 compares the starting torque and current of different

combinations. The rectangular and tear-drop stator/rotor slots provide parallel stator/rotor
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teeth for the AFIM and RFIM designs, respectively. When applying different rotor/stator
slot shapes to the AFIM and RFIM, the T4, and Is4,+ show inverse trends. From a starting
current perspective, the largest differences are labelled, and the differences are 5.3% and 6.3%
for the AFIM and RFIM respectively. On the other hand, the biggest differences are 12% and
7.0% for the AFIM and RFIM, respectively. It is concluded that the rotor and stator slot shape

combination have a stronger effect on tg4,¢ than Is4,.. Moreover, compared to the RFIM,

the AFIM is more sensitive to the shape of stator and rotor slots from a starting torque

perspective. Both the AFIM and RFIM with parallel rotor and stator teeth provide higher
Tstare and Iseqre.
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Figure 4-16 Eight-pole AFIM and RFIM performance predictions as a function of speed
under different rotor/stator slot configuration cases. (a) torque vs. speed, (b) current vs.

speed.
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Figure 4-17 Effects of stator and rotor slot shape configurations on starting torque and

current of the eight-pole AFIM and RFIM.
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Figure 4-18 Rated efficiency versus starting torque, location of the four cases of both
the AFIM and the RFIM.

The rated efficiency (1,4¢.) for both AFIM and RFIM cases (a)-(d) versus starting torque
is given in Figure 4-18. From cases (a)-(d), in terms of Tg4,, the AFIM shows higher
sensitivity to the stator/rotor slot shape compared with the baseline RFIM. On the other
hand, the 1,4, for both AFIM and RFIM show only small changes. Moreover, the higher
efficiency of the AFIM can be attributed to its shorter magnetic flux path and reduced
leakage flux, which together reduce both copper and core losses compared with its
equivalent RFIM.
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Figure 4-19 Electromagnetic performance for the AFIM with different cases with case b
as the baseline.

Figure 4-19 shows the effects of slot shape on the four AFIM cases. The power factor and
efficiency given here is under full-load operation and all values are per-unitised. The base
value for nominal power is set at 2.0kW, and all other performance metrics are normalised
with respect to case (b), which has rectangular rotor and stator slots. The full-load
performance results indicate that the power, efficiency and power factor exhibit similar
levels across the different cases. The rectangular rotor and stator slot configuration is

selected for further analysis in later sections due to its better starting torque capabilities.

4.2.2 Sensitivity of Electromagnetic Performance to Number of
Rotor Slots in AFIM and RFIM
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The shape of the stator and rotor slots has now been confirmed. Next, the optimal choice
for the number of rotor slots is studied. The effect of this on the electromagnetic torque
production, torque ripple, rotor losses and efficiency are investigated. A lower number of
rotor slots produces higher losses and lower airgap torque variation. So, the trade-off

between electromagnetic noise and efficiency depends on the design purpose.
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Figure 4-20 Effect of different numbers of rotor slots for the eight-pole AFIM and RFIM
as a function of speed. (a) Torque versus speed. (b) Current versus speed. (c) Starting
torque versus full load efficiency.

The effect of the rotor slot number on the eight-pole RFIM and AFIM was studied. The
number of stator slots is kept as 48 with the rotor slot number varying from 30 to 46. With
the changes in the rotor slot number, the rotor slot width is changed to keep the total slot
area and hence the rotor resistance as a constant. The effect of rotor slot number on the stator
current and electromagnetic torque versus speed of the machine for the AFIM and RFIM are
presented in Figure 4-20s (a) and (b), respectively. The number of rotor slots has a more
significant effect on the current and torque in the RFIM compared to the AFIM. Figure 4-20(c)

shows the trade-off between the starting torque 7.4+ versus the rated efficiency 71,4, for
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the six AFIM and six RFIM designs. The 7,4, for both motor types increase with the ratio
of the number of rotor and stator slots (N, ;/Nss) and the AFIM has a higher 1,4, than
RFIM for the same ratio of N,s/Ny;. In terms of 744,¢, the rotor slot number has a stronger

effect on the RFIM than the AFIM.
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Figure 4-21 Eight-pole AFIM starting torque current in p.u. with different numbers of

rotor slots.

Figure 4-21 presents the relationship between the starting torque 7g4,+ and starting
current Ig 4., for different numbers of rotor slots for the eight-pole AFIM. A critical
observation from the data is the sensitivity of 74, to variations in the rotor slot number,
this contrasts with the relatively modest response of I5;4,¢ to the same parameter. This is
because the Ig4,+ is primarily governed by the supply voltage and the equivalent
impedance of the stator circuit and so is less affected by the interaction of the slot harmonics.
As the commercial eight-pole RFIM with 44 rotor slots specifications indicates, the T4, is
around two times of the rated torque and its design effectively balances the trade-off
between leakage reactance and rotor resistance. Moreover, this configuration exhibits the
third highest I, showing the compromise between the starting torque and the current

limitation imposed by the electromagnetic design constraints.

66



CHAPTER 4 SIMULATION-BASED DESIGN AND ANALYSIS OF AXIAL-FLUX INDUCTION MOTOR

55 750% 100
— —#—Rs30 —#—Rs42 -
-3 —#—Rs34 - Rsdd = N 30 et
= 50 : - = 740 = e
Z Rs38 Rs46 5 o 280
- 3 : S 70
£45. 2730 ——Rsd0 —=—R2 3 Rs30 —#— Rs42
o 3 . * ﬁsig * ::5:6 W S60 B R4 —s—Read
my = L § S 50 L1 —Rs38 Rsd6,
0 50 100 0 30 100 0 50 100
Loading [%] Loading [%] Loading [%]
(a) (b) (c)
—+—Rs30) —+—Rs42 Hr BN Rs30 [0 Rs3$ MERsdd
S 08 —* Rs3 —+ Rsdd - M R34 MERs42 W Rs46
ER R ol -
: 0.6 Af =
o -~ o
: T
S "-4}// E
0.2" A
0 50 100
Loading [%)] ' Efficiency Power Factor
(d) (e)

Figure 4-22 Comparison of the AFIM performance with different numbers of rotor slots
as a function of load: (a) core loss, (b) speed, (c) efficiency, (d) power factor, (e)
efficiency and power factor at full load in per unit.

Figure 4-22 evaluates the loading performance of the AFIM across varying rotor slot
numbers, showing the differences in core loss, rated speed, and efficiency. The inverse
relationship between core loss and rotor slot count stems from the redistribution of magnetic
flux density across a greater number of slots (see Figure 4-22(a)). Figure 4-22(b) indicates a
minimal influence of the rotor slot number on the rated speed. The efficiency in Figure 4-22(c)
marginally increases with higher number of rotor slots. The power factor (Figure 4-22(d))
remains unaffected by the rotor slot number, due to its dependence on the stator-side
impedance and the magnetizing characteristic. At full load, the normalised perfomracne
indices (Figure 4-22(e)) shows that the AFIM with 44 rotor slots offers a balanced
compromise between efficiency and power factor. Given these reasons, alongside prior
observations regarding the starting behaviour shown in Figure 4-21, the 44 rotor slots

configuration was selected for further study.

4.2.3 Steady-State Electromagnetic Performance Comparisons and

Analysis

The steady-state electromagnetic performance of electric motors is a critical factor in
determining its efficiency, torque, and operational behaviour. It is typically evaluated

through FEA simulation or experimental testing. This section presents a comparative
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analysis of the steady-state performance parameters of AFIMs and RFIMs via FEA

simulations. The key parameters consist of torque, current, efficiency, and power factor.
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Figure 4-23 Comparison of electromagnetic performance for AFIMs and RFIMs with
different number of poles. (a) Torque characteristics: starting torque (red) and
breakdown torque (blue). (b) Current characteristics: rated current (red) and starting
current (blue).

Figure 4-23 compares the steady-state electromagnetic performance of AFIMs and
RFIMs for different number of poles. The AFIMs consistently produce higher starting torque
than the RFIMs across all pole numbers, with both motor types presenting an increase in
starting torque as the pole number rises (See Figure 4-23(a)). Both RFIMs and AFIMs have
comparable rated currents, the four-pole RFIM has a high starting torque while the six and
eight pole AFIMs show higher starting current (see Figure 4-23(b)). This behaviour arises
from the interdependence between pole number, torque demand, and flux distribution. At
a fixed power rating, increasing the pole number reduces the synchronous, which in turn
necessitates a higher torque output Figure 4-24 shows the torque-speed and current-speed
characteristics of the AFIMs and RFIMs for different number of poles. These figures
collectively show the AFIM’s potential as a high-performance alternative to conventional
RFIMs in applications demanding compactness. However, these findings must be
contextualised within the inherent limitations of simulation-based studies, which abstract
away critical real-world mechanical and manufacturing uncertainties, such as stator-rotor
alignment challenges for such a large diameter disc-shape motor, surface finish and

manufacturing variability, structural integrity uncertainties and unquantified mechanical

losses.
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Figure 4-24 Comparison of torque and current versus speed for AFIMs and RFIMs with
different number of poles.

It isnoted that both RFIMs and AFIMs have no mechanical losses considered at this stage.
Table 4-6 presents a comparison of rated power factor and efficiency from FEA at 50%, 75%,
and 100% of loading. The efficiency differences between the four and six pole AFIM and
RFIM designs are small, but the eight-pole AFIM design shows slightly higher full-load

efficiency, particularly at full load.

Table 4-6 Summary of efficiency and power-factor for the studied motors.

Output Type Poles Efficiency Power Factor

KW # 50% 75% 100% 50% 75% 100%
load load load load load load

AFIM 4 81.8 82.1 81.6 0.59 0.71 0.78

RFIM 81.4 82.3 81.1 0.61 0.72 0.81

20 AFIM 6 82.3 82.7 82.6 0.61 0.70 0.79
RFIM 82.5 82.4 82.4 0.57 0.71 0.80

AFIM 8 82.7 83.1 83.4 0.59 0.69 0.81

RFIM 82.4 82.3 82.1 0.61 0.72 0.82

Figure 4-25 compares the efficiency of the designed AFIMs with the commercial RFIMs
for the different number of poles (4-pole, 6-pole, and 8-pole) against the international
efficiency standards (IE1-IE4) [60-62]. It highlights that the designed AFIMs achieve higher
efficiency levels than the RFIMs, especially, the 8-pole AFIM shows significant

improvements in efficiency compared to its RFIM baseline (moving from IE2 to IE3).
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Figure 4-26 Comparison of the predicted eight-pole AFIM and RFIM performance
parameters under varying loading conditions. (a) speed, (b) current, (c) efficiency, (d)
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Figure 4-27 Effects of rotor slot depth on the efficiency and rated speed.
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Figure 4-28 Full-load loss breakdown for four, six, and eight-pole AFIM and RFIM
designs. Stator winding loss (blue), rotor bar loss (red) and core loss (green).

Figure 4-26 shows the eight-pole AFIM and RFIM machine speed, current, efficiency and
power-factor under different loading conditions. The RFIM has a slightly higher full-load
slip (3.6%) compared to the AFIM (2.9%). The AFIM has a slightly higher no-load current
but a lower full-load current. The AFIM has higher efficiency above about 40% load and

both machines reach their maximum efficiency around 75% load.

Figure 4-27 explores the effect of rotor slot depth and compares the efficiency
performance of the eight-pole RFIM with its AFIM version across varying rotor speeds and
rotor slot depths. Both motors present a decrease in efficiency while increasing the rotor slot

depth. In addition, the efficiency of the AFIM is more sensitive to the rotor slot depth.

In Figure 4-28, the major loss components under full load operation are given including
stator winding loss (P, ), rotor bar loss (P,,,) and core loss (F,,¢). The stator winding loss
is the largest portion followed by the rotor bar loss. At higher numbers of poles, the AFIM

designs have lower rotor copper loss which produces a lower total loss compared to the

corresponding RFIM design.

4.2.4 Comparison of Dynamic Response Between AFIM and RFIM
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(d) Eight-pole AFIM and RFIM settling time with different loadings and load inertias.
Figure 4-29 Eight-pole AFIM and RFIM dynamic response to different loads.

Figure 4-29(a) and (b) depict the speed response of the RFIM and AFIM whilst being
subject to different step loads from 50Nm to 100Nm in 10Nm steps. The RFIM can stably
operate up to 70Nm while the AFIM can operate up to 90Nm. The analysis of the speed
response under a rapid change in loading is shown in Figure 4-29(c). A pulse load is added
at 0.5s to 0.6s where the load increases to 60Nm. It is observed that the RFIM has larger
amplitude speed transients compared to the AFIM (see zoomed-in plot). The surface plot
shows that both load inertia and load torque affect the settling time. Since the AFIM has
larger inertia, the AFIM takes longer to approach the steady state (see. Figure 4-29 (d)).

Figure 4-29(d) illustrates the rise and settling times of the two motor topologies during

no-load and full-load conditions. The rise time is defined as the time taken to increase from
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10% of the final value to 90% of the final value, where the final value is the steady state
speed. The settling time is the time taken to reach within a 2% tolerance of the final value. It
is observed that, RFIMs significantly outperformed the AFIMs due to the in lower rotating
inertia compared to the RFIMs.

4.2.5 Comparison of Material Weight/Cost Between AFIMs and
RFIMs

The eight-pole AFIM has a power density of around 92W/kg which is higher than the
equivalent RFIM (about 81W/kg). The weight of the electromagnetic materials used to
estimate the cost of the AFIM and RFIM designs (see Figure 4-30). The weights are per-
unitised versus the six-pole AFIM total material weight. With the increase of the number of
poles, the material weight for both the AFIM and RFIM designs are increased. The stator
and rotor core material weight are the largest portion followed by the stator winding weight
while the rotor bars contribute the smallest share. The stator winding weight for the AFIM
is always lower than the corresponding RFIM. The AFIM designs have reduced total weight

and material cost for higher pole numbers.

1.5
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0.5}
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Figure 4-30 (a) Material weight and (b) material cost ($USD) for the RFIMs and AFIMs
with different number of poles (Green=Iron core, Blue=copper winding, Red=aluminium
bar).
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Figure 4-31 Efficiency at 50-100% of load versus material cost, showing the locations of
the AFIM (red) and RFIM (blue) designs.

Figure 4-31 illustrates the variation of efficiency and the material cost for the AFIM and
RFIM designs. The following cost figures were used: iron core 2.56 USD/kg, aluminium bar
3.1 USD/kg, 7.5 USD/kg. It is shown that the four-pole AFIM has higher efficiency than the
RFIM, but the material cost increases over 20%. The six-pole AFIM and RFIM have similar
material cost and efficiency. The greatest improvement in cost and efficiency is seen for the
eight-pole AFIM design. Therefore, AFIMs with higher number of poles can significantly

outperform their equivalent RFIMs in terms of material cost and efficiency.

In this section, a comprehensive comparative study on four-pole, six-pole and eight-pole
line-start AFIMs and RFIMs provided guidelines and recommendations on converting
RFIMs to AFIMs. The sizing equations and design values from the RFIMs were applied for
the AFIM geometry design. A sensitivity study on the number of rotor slots showed that the
AFIM design is less sensitive to this parameter compared to the RFIM. The dynamic
responses showed that the AFIM has longer settling time (due to higher rotor inertia) but
higher torque capability than the RFIM. The electromagnetic performance and material cost
comparisons show that at higher pole numbers, AFIMs can provide higher power density
and higher efficiency. The eight-pole AFIM showed a 10% material cost decrease and a 2%

increase in efficiency.
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CHAPTER 5 -

SIMULATION AND EXPERIMENTAL ANALYSIS
OF AXIAL FORCE IN SINGLE-SIDED AFIMS

One of the key challenges in the design and construction of the single-sided axial-flux
induction motors (AFIMs) is the axial force acting between the stator and rotor. This force
increases steeply as the airgap decreases, exhibiting characteristics of negative stiffness (see
Figure 5-1). Our first 300W single-sided AFIM prototype failed due to high unbalanced axial
forces between the rotor and stator. To address this issue, it is essential to understand the
nature of axial force and establish a clear relationship between the airgap length and the
resulting force. This chapter presents both experimental and simulation-based

investigations to quantify and analyse the axial force behaviour.

Axial force F

Force F

» Airgap I,

Figure 5-1 Axial force in AFIM (left) and force versus the airgap length curve (right)
[45, 64].

Compared to the single-sided AFIMs, the negative stiffness of an AFPM is generally
lower due to their inherently larger effective airgap length. However, the strong magnetic
attraction from the permanent magnets poses significant challenges during assembly.
Unlike AFIMs, AFPMs often require special equipment to prevent rotor-stator contact and
ensure safe installation [43-45, 64]. While the discussion so far has primarily explained the
variations in the axial force with respect to the airgap length, it is also important to consider
the effect of the excitation method, whether current or voltage driven. The current-driven
excitation refers to an inverter-fed system, where the current is controlled by a power
electronic converter allowing for the precise control over motor operation. Voltage-driven

refers to the line-start operation, where the motor is directly connected to the AC mains
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power supply without control. These two methods have different the axial force behaviour

with variations of the airgap length.

Axial F
force 4
Current-driven
Fo Voltage-driven
>l
>'g
lgo Airgap

Figure 5-2 A conceptual comparison of axial force variations in voltage driven and current
driven AFIM under different airgaps.
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(a) (b)

Figure 5-3 (a) Electrically excited motor C-core configuration [45, 64]. (b) C-core pull-
in behaviour under DC (current-driven) and AC (voltage-driven) excitation.

In the current-driven operation, the excitation current remains constant, regardless of
airgap length variations. As the airgap length increases, the reluctance (R) of the magnetic
circuit rises leading a drop in the inductance (L) and consequently a reduction in the flux
linkage and the axial force. In contrast, under the voltage-driven operation when the airgap
increases, the AFIM naturally draws more magnetizing current (/,,) to compensate for the
rising magnetic reluctance and to maintain the magnetic coupling between the stator and
rotor. However, this compensation is not perfect, as it is limited by the core saturation,
copper losses and increased leakage flux. As a result, the flux density still tends to decrease,
leading to a reduction in the axial force but with a smaller negative axial stiffness than for

current-driven operation (see Figure 5-2).

Figure 5-3 presents a magnetic circuit with a coil wound around a section of a core. The
C-core can be used as a simplified model for analysing the relationship between axial force
and airgap length in the AFIM under voltage or current excitation. The stored magnetic

energy in airgap W(l,) is used to derive the magnetic force (F) as follows,
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1 [BS(lg)]z
wi(l)=-—r—"2211y 5.1a
) =530 (5.1a)
UoNpnl
Bs(ly) = = (5.1b)
g
V =mn(R%: — RE)l, (5.1c)

the symbol y, is the permeability of free space. The term Bs(l,) denotes the airgap flux
density as a function of the length of airgap. The term V is the airgap volume. N,,;, and I,,,
represent the number of turns per phase and phase current. In terms of the AFIM, R,,,; and

R;, are the outer and inner radii.

The magnetic energy stored in the airgap as a function of airgap length is given by the
following equations and the axial force can be obtained by differentiating the magnetic

energy W (l,) with respect to the airgap length I,.

1 uoN2,1?
W(ly) = 5———n(R3u = Rl (5.2)
)
d |1 ‘LloNthZ
F(lg) = T dL |2 lP T[(Rgut - Rizn)lg (5.2b)
) )
2
1 poNgpl? 1[Bs(!
F(lg) = E lg T[(Rcz)ut - Rizn) = E%T[(Rgut - Rizn)asar (5-2C)
)

the stator tooth ratio a; is the ratio of the total area of the stator teeth at the airgap to the
airgap area. In this work, the rotor tooth ratio «, is unity due to the closed rotor slots [45, 64,
86].

Since the axial force F(l;) is a function of the airgap flux density squared, it can be
estimated using the simplified no-load equivalent circuit of the IM for further analysis. The
airgap flux density Bs is linked to the induced back-EMF E, which is determined by the
terminal voltage V through a voltage divider consisting of the stator leakage inductance Ly

and the magnetising inductance L,, [45, 64].

jwelm v 1
jwe(le + Lm) (le/Lm) +1

(5.3)

where w, is the electrical angular frequency. Based on (5.3), the ratio of the airgap flux
density with the airgap [, to the nominal airgap flux density Bs, corresponding to a nominal

airgap ly can be derived as follows,
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E(lg) — B(lg) -V (le/ngo) +1
E(lgO) B(lgo) (le/Lm(lg)) +1

(5.4)

Equation (5.4) expresses the dependency of the airgap flux density on the airgap length,
under the assumption of linear magnetic conditions, where the stator leakage inductance
Lg remains a constant and is not influenced by the change of the airgap. Here, the
magnetising inductance is evaluated at the different airgap lengths and is denoted as the
L;m(ly) and Ly, 40, respectively. The latter term is the magnetising inductance at nominal

airgap (0.5mm).

5.1 Simulation Basis for Axial Force Measurement

The development of the magnetic force measurement allows researchers to guide the
mechanical design and bearing selection of AFMs. The axial force between the rotor and

stator in the FEA package used, ANSYS Maxwell can be defined by the following equations.

F,_axis = # fr—axisdA (5.5a)
F,_axis = ﬁ fr—axisdV (5.5b)
! 2 (5.5¢)
Fyaxis = ﬂ B, _axis  dA .
0

where F,_,,;s denotes the total axial force, f,_g,;s is the axial force density, B,_ys is the
normal component of the flux density along the axial direction, and p, is the permeability

of free space.

The ANSYS Maxwell has two embedded functions: the volume force density and surface
force density. Therefore, the airgap force can be determined by integrating the force density
over the surface or volume ((5.5a) and (5.5b)). In addition, it is also possible to directly use

the force definition (5.5¢) and directly compute the axial force using the flux density.
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Figure 5-4 The calculated axial force versus airgap using different methods in ANSYS.
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Figure 5-5 The calculated axial force at nominal airgap length at different locations in

the model.

Table 5-1 Design specifications of the 300W axial-flux induction motor used for axial

force analysis.

Design Parameters

Dimensions [mm]

Outer diameter Dyt 151.5
Inner diameter Din 85
Stack length: stator/rotor Lg/L, 48/25
Slot depth: stator/rotor Lgs/Lys 36/12
Airgap length lg 0.5
Rating
Rated voltage [V] |74 415
Rated current [A] L. 4
Rated power [W] R 372
Rated speed [RPM] n, 730
Rated torque [Nm] T, 5
Winding
Number of poles p 8
Number of slots: stator/rotor Ngs /Ny 24/18
Conductor material: stator/rotor - Copper/Aluminium
Number of turns per phase - 816

Figure 5-4 shows the 3-D simulated results of the AFIM axial force under the no-load

steady-state conditions, showing the effect of varying airgap lengths, ranging from 0.05mm
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to Imm at the rated line voltage of 415V. The axial forces are extracted from multiple regions
within the motor, including the stator and rotor volumes, stator and rotor surfaces, and the
mid-airgap surface. Minor discrepancies between regions are attributed to numerical
approximations or mesh settings. Figure 5-5 shows the nominal airgap axial force obtained
from the different locations. Overall, the axial forces across the different regions are
consistent and considered acceptable for the further analysis. The results in the rest of this
chapter are obtained using the mid-air surface. In addition, if the calculated axial force
values are used for the bearing selection or mechanical design, the maximum value should
be taken.

Z 3000
2500
2000
1500
1000

500

Axial force @0.5mm [N

0 50 100 150
I/1o[%]

Figure 5-6 Current-driven AFIM: average axial force obtained from five components
versus current for nominal airgap length.

Figure 5-6 shows the AFIM axial force versus current results at the nominal airgap length
of 0.5mm. It is observed that the axial force is initially proportional to the current squared
(F « I?) and this relationship continues until magnetic saturation occurs, at which point the

force becomes flat (> I 4¢e)-

Airgap from 0.1lmm to lmm

20001

Average Axial Force [N]

0 20 40 60 80 100 120
1, [%]

Figure 5-7 Current-driven AFIM: axial force versus current for different airgap lengths.
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The peak of the no-load current of the target 300W AFIM (see Table 5-1) with 0.5mm is
3.20A. The variation of the force versus current with airgap length as parameter was
obtained from the FEA is plotted in the Figure 5-7. This figure shows the high level of
saturation with smaller airgaps. The rate of the variation of the axial force by the current
increase reduces with the increase of the airgap length. This is mainly because of the increase

of the reluctance and the flux density drop in the airgap.

~
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Axial force [kN]
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Figure 5-8 Axial force versus airgap ratio: 3-D FEA results under current (4A, red curve)
and voltage (415V, blue curve) driven cases.

Figure 5-8 shows the axial force variations under the different airgap ratios for the
voltage and current driven cases. For the current-driven case (red curve), the axial force
decreases significantly as the airgap ratio increases. This indicates that under the current-
driven case, the axial force is highly sensitive to airgap changes and thus has higher negative
stiffness. In contrast, in the voltage-driven case (blue curve), the axial force remains
relatively stable across varying airgap ratios, showing a slight decline, and hence has
smaller negative stiffness. Both cases validate the previously discussed electromagnetic
theory and shows a comparison of axial force variations in voltage-driven and current-

driven AFIM under different airgaps.

Moreover, the common types of bearings such as ball and roller bearings, have
limitations in withstanding high axial loads. As a result, an angular contact ball bearing is
preferred. The 70 series single-row angular contact ball bearings, available with different
contact angles, are designed for varying rotating speeds and high axial loads. For instance,
bearing series 7000 with a 15° contact angle can support dynamic loads of 5.1kN and static
loads of 2.6kN. To choose the best option, the diameter of the bearing should be carefully
determined based on the shaft size and noting that larger bearing generally have large

mechanical losses.

5.2 AFIM Axial Force Experiments and Results
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As shown in the last section, the axial force varies with the changes in the airgap length.
However, in 3-D FEA, the axial force is calculated using the flux density, which is
challenging to replicate in experiments. While direct measurement of flux density is possible,
such as using the hall effect sensors, search coils, and magneto-optical sensors, applying
these instruments during testing not only increases the cost but, more importantly, presents
a significant challenge for small airgaps. Consequently, developing a low-cost,
straightforward, and practical approach is essential for measuring the axial force in the
AFIMs.

xx kg

Non-magnetic
1 F spacers

+

—

%4

Figure 5-9 A simplified schematic diagram of a force measurement setup.

Figure 5-9 shows an example setup used for measuring the axial force for the C-core, a
similar setup is applied to the target AFIM. The wound C-core is fixed in position during
the test. Non-magnetic spacers of known thickness are placed on top of it. The unwound C-
core is lowered on to the stator until it contacts the spacer. Then, the unwound C-core is
then raised to apply an upward force to separate it from the wound C-core. The weight
(force) for separation with the unwound C-core weight offset is recorded for each spacer

thickness. The experimental axial force tests were carried out using the 300W AFIM.

Figure 5-10 Experimental axial force of axial-flux induction motor testing conceptual

drawing.
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The testing concept is illustrated in Figure 5-10 where the axial force between the rotor
and stator is measured as a function of airgaps. To achieve the no-load AC rotating condition
of the AFIM in a static test, phase A is supplied with a DC current which is equal to the peak
of the no-load current of the AFIM. The negative half of the peak no-load current is injected
to phase B and C of the motor. This current distribution among the windings is achieved
when two phases are connected in parallel with each other, and the remaining phase is
connected series with the others (see Figure 5-11). It is noted that the injected current
simulates the d — axis flux (magnetizing flux), which is equivalent to applying rated AC

voltage to the winding.

Phase B

Phase A

Phase C

Figure 5-11 The DC supply arrangement to emulate the AC no-load conditions of the
AFIM.

o)

Figure 5-12 The 300W AFIM used for the axial force measurement. (a) stator, (b) rotor
with shaft.
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Current

supply

Figure 5-13 Experimental axial force measurement setup: using civil engineering material
properties testing rig.

In the axial force experiment, a precision-controlled civil engineering material testing
system (MTS) was used (see Figure 5-13) and the test AFIM is shown in Figure 5-12. The
force sensor, rated at 300kN, was significantly larger than the maximum measured force (=
5kN), which could affect the accuracy of the results. Therefore, accurately zeroing the force
sensor and ensuring the repeatability of measurements was essential. To minimise the
potential resulting errors, multiple axial force measurements for each airgap length were
taken.

3. : :
Ig =0.21mm

—Ig=0.44mm |
[ =0.85mm
g

Axial Force [KN]

0 0.5 1 15
Airgap [mm]

Figure 5-14 Measured axial force versus airgap trajectories for three different airgaps.

Figure 5-14 shows the measured axial force versus displacement curves for three
different spacer-thicknesses. The shadowed part below zero shows the initial pressure
applied downward on the stator and spacer and hence it is negative. To accurately measure
the axial force, it is essential to find the peak force where the rotor just separates from the
spacer and stator. The right side of curve shows the measured force with gradually

increasing airgap, where the force is the magnetic attractive force between the stator and
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rotor. Moreover, at lower airgaps of 0.21mm and 0.44mm, it is observed that the upper curve
corresponds to when the airgap is increasing while the lower curve is when the airgap is
decreasing. It is possible that the installation causes slight non-uniformity in the airgap
between the rotor and stator. In addition, there may be a hysteresis effect in the magnetic
material, which means the magnetisation response lags the changes in the magnetic field
strength when decreasing or increasing the airgap. At a higher airgap of 0.85mm, the
hysteresis effect is much less, and the weaker overall force reduces the impact of the non-

uniform airgap separation.
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Figure 5-15 The axial force variations versus airgap of the AFIM when injecting 3.2A
current to the stator windings.
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Figure 5-16 Axial force versus current for different airgaps (symbols: experimental results,
lines: 3-D FEA simulations).
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Figure 5-15 presents the axial force comparisons between the experiment and FEA
simulations. It is observed that the experimental AFIM results show a similar trend to the 3-
D FEA simulation results with a maximum error of 20% at the higher airgap length.
According to this figure, the slope of the line, known as the negative stiffness, is larger until

about a 0.7mm airgap and then it reduces significantly after this point.

Figure 5-16 shows the AFIM axial force versus current results for five different airgap
lengths. To ensure the safety of machine, the injected current must not exceed the rated
current for extended times, therefore, only a few high current points were used. The FEA
simulation results are similar to the experimental results when applying a spacer thickness
close to the nominal airgap (l; = 0.44mm). As predicted in the magnetic circuit theory, the
axial force is approximately proportional to the square of the injected current until the
magnetic saturation occurs. The results in Figure 5-16 show a reasonable correspondence

with each other.

5.3 Simulation Basis of AFIM Tilting Torque

Calculation

In addition to the axial force analysis, the AFIM also produce tilting torque when a non-
uniform airgap length eccentricity occurs. It is shown in Figure 5-17 which defines the tilting
eccentricity as the ratio of the largest change in airgap (Ag) to the nominal airgap (€ =
Ag/go). Hence, values of tilting eccentricity of 0 and 1 represent a uniform airgap length

and the rotor just touching the stator at one side

To calculate the tilting torque 74, the rotor surface is split into left and right regions
about the tilting axis. The torque on either half is evaluated using the flux density
distribution, and any imbalance in these torques produces the net tilting torque. The
equations below are derived from the Maxwell stress tensor, where B(r, 8) is the rotor
surface magnetic flux density as a function of the radial position r and angular position 8,
Uo is the permeability of free space, and r sin(8) is the projection of the lever arm onto the
tilting axis. The integration is carried out over the radial span from the centre of the rotor to

its outer diameter R,,;, and angularly over 0 to , which corresponds to one half of the rotor

surface.
Rout ™ B(r, )2
Tieft O Tright = f J (2 ) -rsin(6)dé dr (5.5)
0 0 Ho
Ttite = Tieft — Tright (5.6)
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Figure 5-19 Tilted rotor surface flux density distribution (¢ = 80%). 0.0
Min: 0.001
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Figure 5-20 Polar plot of rotor surface magnetic flux density magnitude under non-tilted
and 0.3° (e = 80%) tilted conditions.

To evaluate the tilting torque, a three-step approach was conducted based on FEA. First,
the same procedure used for axial force evaluation is repeated, where a current excitation is
applied to the stator. Specifically, Phase A carries 3.2A, Phase B and Phase C each carries -
1.6A. Under this excitation, the magnetic flux density on the rotor surface is obtained using
FEA. Second, the rotor is then tilted clockwise by 0.3° (¢ = 80%) around the x-axis to
introduce asymmetry. As a result, the airgap varied from 0.1mm on the left edge to 0.9mm
on the right edge, causing an imbalance in the flux density distribution. The FEA calculated
tilting torques are found from the flux density magnitude contour plots shown in Figure
5-18 and Figure 5-19 for the non-tilted and tilted configurations. The polar plot is given to
visualise the rotor surface magnetic flux density for the non-tilted and tilted rotor (Figure
5-20). The non-tilted rotor shows a uniform magnetic field, while the rotor tilted to the left-
hand side shows a higher flux density on the left and lower flux density on the right. The
tilting torque is found by integrating the product of the axial pressure from the magnetic

flux density and the distance from the vertical axis.
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Figure 5-21 Tilting torque versus current for different tilting angles in degrees.

Tilting Torque [Nm]

€ [%]

Figure 5-22 3-D FE simulation results for the AFIM rotor tilting analysis for I ;. = 3.2A.

Figure 5-21 shows the variation of tilting torque with respect to the injected current for
different tilting angles. As the tilting angle increases, the tilting torque becomes more
sensitive to the changes of applied current. This is because a larger tilting angle leads to a
greater airgap asymmetry, particularly a significantly reduced airgap on the one edge of the
rotor, which enhances the uneven flux density distribution. For all cases in Figure 5-21, the
tilting torque increases with current up to a certain point, after which it starts reducing. This
non-linear behaviour is caused by magnetic saturation in the core, especially at higher tilting
angles, where the localised magnetic flux density becomes high enough to limit further

tilting torque increase despite increasing current. As a result, although the tilting torque
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exhibits an approximately proportional relationship with both the tilting angle and the
excitation current under the low-current conditions, this proportionality becomes less
significant at higher current levels due to the magnetic saturation. The tilting torque results
are given in Figure 5-22 for the current-driven AFIM (see Table 5-1). It is observed that the
tilting torque is nearly linearly proportional to the tilting eccentricity and has a negative

sign.

In this section, an investigation was performed on the variation of axial force with airgap
and also a tilting torque analysis with tilting eccentricity. An experimental test procedure
for measuring the variation of the axial force with airgap for the current-driven AFIM is
demonstrated and used to validate the FE predictions. Double-sided AFIMs are proposed
to be a potential way to produce a zero net airgap axial force. In practice, ensuring a perfectly
parallel rotor and stator for AFIMs is not an easy job, therefore, slight rotor or stator tilting
effects were also investigated in this section. From the 3-D FE predictions, the maximum

tilting torque is around 50Nm for the machine considered.

5.4 Design and Analysis of Double-sided AFIMs

(a) SSSR-AFIM (b) DSSR-AFIM

Figure 5-23 3-D views of (a) single-stator single-rotor AFIM, (b) double-stator single-
rotor AFIM.

The single-stator single-rotor AFIM (SSSR-AFIM) has one rotor, one stator, and one set
of windings. This is treated as the simplest type of AFIM and is a common candidate for
low power rating applications. The flux flows in the axial and circumferential directions and

the flux enters and leaves the stator and rotor at the same side. The double-sided single-
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rotor AFIM (DSSR-AFIM) consists of a single rotor in the middle of two stator cores (see
Figure 5-23(b))

ST - ———

Stato,r T __-.\ .......... :—__,;.—__D_ — _I:I__—_'__‘—I
I:' Force t--oempmeooo

*Ii.l Force IIII
I‘ Rotor - - - - <~ - I --- | L g o o b

\
Stator #2- - -~ — - — —

(a) (b)

Figure 5-24 Alternative geometries for AFIM: (a) single-sided and (b) double-sided
configurations with different flux paths.

Figure 5-24 reflects the flux path differences in the two AFIMs. Compared with the SSSR-
AFIM, the flux paths can be designed in two types. In this “NS” configuration, the flux path
travels across both airgaps (Figure 5-24(b)) and hence this configuration is less sensitive to
unequal airgaps and the rotor back iron can be reduced. The single-stator double-rotor
AFIM (SSDR-AFIM) also provides features like the DSSR-AFIM such as eliminating the
attractive force and reducing the back iron in the stator part. However, it has the
disadvantages that the largest heat generating component, the stator, is located between the
two rotors and thus the cooling effectiveness is reduced. Also from a manufacturing
perspective, in dual airgap AFIMs, the rotating parts should be mechanically connected and
hence prototyping a SSDR-AFIM has more difficulties than DSSR-AFIMs.

In this section, a 2.2kW eight-pole DSSR-AFIM with two sets of three-phase distributed
windings is proposed (see Figure 5-23(b)) for replacing its equivalent SSSR-AFIM (see
Figure 5-23(a)) while keeping a similar weight. The proposed study plan in Figure 5-25
indicates that there are two main steps in the design process: 1) general sizing approach for
a 1.1kW eight-pole SSSR-AFIM. 2) Combining two SSSR-AFIMs and the reduction of the
rotor back iron to produce the DSSR-AFIM design. The NS flux path in Figure 5-24(b) is
chosen in the proposed motor for reducing the use of the rotor back iron and reducing the
negative stiffness. A comparative study on the DSSR and SSSR AFIMs is proposed to present

the differences in electromagnetic performance.
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Reference magnetic and electric Comparative study on both motors
parameters from SSSR-AFIM »  Weight and static axial force comparisons
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( . . . )
Preliminary sizing of DSSR-AFIM:
" Volume . No-load and loading tests:
= outer and inner diameter .
= Starting torque and current.
= Stack length
= Losses breakdown
=  Number of rotor and stator slots «  Efficiency and power factor
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\- Width of rotor and stator slots ) *

v

Modelling designed DSSR-AFIM in

FEA: Magnetic flux density
= Similar shape of rotor/stator slots = Comparisons of flux distribution and
from SSSR-AFIM magnitude

Figure 5-25 The flowchart of the proposed comparative study on SSSR-AFIM and DSSR-
AFIM.

5.4.1 Dimensions of 2.2kW DSSR-AFIM

The general sizing equations discussed in CHAPTER 4 are applied to approximately
estimate the size of the proposed motor. The obtained geometry size consists of the volume
of the motor, the rotor/stator slot/tooth width and length and the length of the stator yoke.
It is noted that the proposed DSSR-AFIM has no flux path in the rotor back iron and hence
the calculation of the length of the rotor yoke can be eliminated. Figure 5-26 indicates the
geometry dimensions, magnetic flux path distributions and magnetic flux path distributions
and magnetic and electric variables from the initial 2.2kW SSSR-AFIM design. As the
proposed DSSR-AFIM is the combination of two SSSR-AFIMs with a reduction in the rotor
back iron, the single-sided AFIM sizing approach can be applied first.
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I Known parameters from SSSR-AFIM
s i Aavg [A/m] 22,433

“ B, [T] 0.7161

i B, [T] 1.3903

) By, [T] 1.1237

| B, [T] 1.2357

l No. stator slots 48

! No. rotor slots 44

i i [A] 164.75

i 7 [A/m?2] 2.8998

Figure 5-26 The design dimensions and essential magnetic and electric loading

parameters.
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Figure 5-27 Winding configuration of the DSSR-AFIM.
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Table 5-2 Design variables for the 2.2kW, 8 pole SSSR-AFIM and DSSR-AFIM.

SSSR-AFIM DSSR-AFIM
Rated power [kW] P. 2.2
No. of poles p 8
No. of stator slots N 48
No. of rotor slots Ny 44
Rated voltage [V] v 415
Rated frequency [Hz] f 50
Winding material - Copper
Iron core material - M19_24G
Rotor bar material - Aluminium
Rated speed [rpm] Ny 726 727
Inner diameter [mm] Din 163 142
Outer diameter [mm] Doyt 275 235
Stack length [mm] Ly 69 95
Rated torque [Nm] Tr 30 30
Airgap length [mm] lg 0.465 0.465
Weight [kg] - 225 222

It is noted that the width of the rotor and stator teeth depends on the radius of the 2-D
layer which is chosen for the flux density calculations. In this section, the average diameter
layer (Dg,4) is used for the sizing approach. Table 5-2 lists the identical and modified design
dimensions and specifications of both eight-pole double and single-sided AFIMs. In order
to create a fair test to accurately determine the performance parameter differences of both
AFIMs, a similar total weight was used (see Table 5-2). Figure 5-27 shows the winding
configuration of the DSSR-AFIM. Balanced voltage sources in parallel are used for the two
sets of windings as given in equation (5.6) where w and t are electrical angular frequency

and time.

5.4.1.1 FE simulation results and discussion

Figure 5-28 The exploded 3-D views for DSSR-AFIM (a) and SSSR-AFIM (b).

In this section, the performance predictions of both the DSSR-AFIM and SSSR-AFIM are

carried out. For the conventional RFIM, 2-D FEA simulations produce high accuracy results

94



CHAPTER 5 SIMULATION AND EXPERIMENTAL ANALYSIS OF AXIAL FORCE IN SINGLE-SIDED AFIMs

as the effect of end-windings is the only neglected parameter. However, simulating AFIMs
in 2-D FEA provides a lower accuracy and hence only 3-D simulation results are given in

this section.

The exploded views for both motors are given in Figure 5-28. Compared with the SSSR-
AFIM, the DSSR-AFIM is less disc shaped as it has a larger stack length and a smaller outer
diameter. Figure 5-29 shows the component weight breakdown. It is noted that all weight
values are per unitised where the SSSR-AFIM total material weight is considered as the base
value. The DSSR-AFIM has lower rotor with bar weight as a reduced rotor back iron is
required. Figure 5-30 reports the magnetic flux density distribution of both motors. This

allows a visual confirmation of the saturation level of the core material.

Winding I Rotor with bar [ Scator

DSSR-AFIM  SSSR-AFIM

L
0 0.2 0.4 0.6 0.8
Weight [in p.u.]

(==

1.2

Figure 5-29 Weight breakdown comparisons between DSSR and SSSR AFIMs.

‘n.o B[T] ‘ 1L1B[T]| 22B[T] |

Figure 5-30 No-load magnetic flux density distribution.
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Figure 5-31 Middle layer absolute airgap flux density for both motors under the no-load

condition.

Both motors have similar flux density distributions, and the maximum flux density
occurs around the rotor/stator teeth. Figure 5-31 determines the middle layer absolute
airgap flux density for both motors. The average airgap flux density for the SSSR-AFIM and
the DSSR-AFIM are around 0.65T and 0.69T. Ideally, the amplitude of flux density in both
airgaps are expected to be equal. The top and bottom airgap flux density of the designed
DSSR-AFIM in Figure 5-31(b) reflects this correlation and expectation.

=
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Figure 5-32 Performance prediction of the motors as a function of speed. (a) phase

current versus speed. (b) torque versus speed.
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The stator phase current and electromagnetic torque against speed are presented in
Figure 5-32(a) and (b), respectively. These curves show the current and torque versus speed
characteristics of the benchmark SSSR-AFIM and the proposed DSSR-AFIM. In Figure
5-32(a), the blocked rotor current for the half-DSSR-AFIM and SSSR-AFIM are at 16.3A and
29.9A, respectively. The current amplitude for the DSSR-AFIM is expected to be around half
of the SSSR-AFIM as the two stator windings are in parallel. Figure 5-32(b) shows the torque
as function of speed. It is observed that the DSSR-AFIM delivers a higher starting torque

about 7Nm and higher breakdown torque (about 6Nm) compared with the SSSR-AFIM (See
Table 5-3).

Table 5-3 Summary of performance parameters for DSSR-AFIM and SSSR-AFIM.

Output Type Poles Efficiency [%] Power Factor Torque [Nm]

50%  75% 100% 50% 75% 100% 100% Locked Pull Pull
Load Load Load Load Load Load Load Rotor Up Out

kW

22 SSSR-AFIM 8 81.7 821 826 059 0.69 081 300 64.6 59.0 94.6
2.2 DSSR-AFIM 8 813 815 819 051 0.62 074 30.0 71.6 70.5 100.9

7504 6
—&—SSSR AFIM

745 —&—DSSR AFIM —
=
& 740 -
= ot i
@ 735 “2- L ¥
2 5 © HASSSR AFIM

730 = = =DSSR AFIM [Half Machine]

—4—DSSR AFIM [Full Machine]
725 0
0 50 100 0 100
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Loading | %] Loading [%]
(a) (b)

Figure 5-33 Comparison of the predicted rotating speed and current amplitude as a
function of loading.
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Figure 5-34 Component loss breakdown under full-load operation.
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Figure 5-33(a) shows the speed versus load characteristics for both the SSSR-AFIM and
DSSR-AFIM. At the full load condition, the rated speed for the motors are very similar.
Figure 5-33(b) presents the stator phase current amplitude versus load. It shows that at all
loads the DSSR-AFIM has a lower current compared to the SSSR-AFIM, and at rated load
the DSSR-AFIM requires 2A less current than the SSSR-AFIM. Table 5-3 tabulates the key
performance parameters at 50%, 75% and 100% of full load and Figure 5-34 summarise the
loss breakdown at the full load operation point. It is observed that the power factor is higher
in the SSSR-AFIM than the DSSR-AFIM. At 100% load the power factor is 0.78 and 0.74 for
the SSSR-AFIM and DSSR-AFIM respectively. Compared with the SSSR-AFIM, the DSSR-
AFIM delivers lower efficiency at all loads which is caused by the higher winding losses, as

shown in Figure 5-34.
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Figure 5-35 Torque and speed dynamic response against simulation time.

Figure 5-35 shows the dynamic response of the motors under full-load operation.
Compared with the torque and speed response of the SSSR-AFIM, the DSSR-AFIM takes a
shorter time to reach steady state due to the lower rotor mass and radius and thus lower
inertia. However, a zoom-in view in Figure 5-35(a) shows that the DSSR-AFIM has slightly
higher torque ripple comparing to the SSSR-AFIM. The maximum torque ripple of the SSSR-
AFIM and the DSSR-AFIM are measured at 2Nm and 1.5Nm. As mentioned earlier in this
chapter, the double-sided AFIM offers a potential solution for achieving zero net attraction
force, particularly when a single rotor with reduced back iron (DSSR-AFIM), with one flux

loop crossing both airgaps. In the following section, the axial forces in the SSSR-AFIM and
DSSR-AFIM are compared and discussed.

Figure 5-36 presents the attraction force density distribution observed in the SSSR-AFIM,
where the axial force density pressure is approximately 300kN/m? To manage this large

axial force, several mechanical design features can be implemented, such as using angular
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contact ball bearings, which are capable of withstanding high axial loads. In addition,
making the stator and rotor housing design more rigid can help prevent unwanted
displacement, thereby enhancing the overall structural reliability and robustness. Figure
5-37 illustrates the attraction force density distribution for the DSSR-AFIM, the average axial
force density is also measured at 300kN/m?, similar to the SSSR-AFIM, as shown in Figure
5-36. Notably, the DSSR-AFIM is designed and simulated with equal airgap lengths on both

sides.

Figure 5-38 (a) and (b) provide visualisation of the force distribution for the designed
DSSR-AFIM, revealing that while the force density amplitude is similar to that of the SSSR-
AFIM, the forces in each airgap act in opposite directions. Consequently, the net force,
defined as the difference between the forces in each airgap, ideally cancels out. However,
maintaining equal airgap lengths on both sides during manufacturing and assembly is
challenging. Nevertheless, the through flux path case (see Figure 2-7 and Figure 5-23(b)) in
the designed DSSR-AFIM makes it less sensitive to unequal lengths on the two sides
compared to the separate flux path case (See Figure 2-6).
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5.0e5 N/m?
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Quarter trimetric view SSSR-AFIM Quarter +y axis view SSSR-AFIM

Figure 5-36 The attraction force density distribution for the SSSR-AFIM.
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Quarter trimetric view DSSR-AFIM Quarter +y axis view DSSR-AFIM
Figure 5-37 The attraction force density distribution for DSSR-AFIM.

The pressure distribution for both motors is given in Figure 5-38. Figure 5-38(a) and (b)
illustrates the pressure distribution overlays and polar plots of the SSSR-AFIM and DSSR-
AFIM around the motor circumference. The pressure distribution and polar plots for both
motors are similar as they have similar airgap flux densities. However, it is noted that the
SSSR-AFIM has unbalanced forces while the DSSR-AFIM forces cancel each other.
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Figure 5-38 Pressure distribution on (a) SSSR-AFIM and (b) DSSR-AFIM.

In this section, a comparison between a 2.2kW DSSR-AFIM and a SSSR-AFIM with
similar material weight has been proposed and analysed. Also, the design process for
combining two sets of 1.1kW SSSR-AFIM with reduced rotor back iron to form the 2.2kW
DSSR-AFIM has been described. 3D FEA was used for the simulation results. The transient
and steady state performance has been compared, including response time, starting torque,
blocked rotor current, loading performance as well as force analysis. The simulation results
confirm that for a similar weight, the DSSR-AFIM delivers a faster response due to its lower
rotor inertia. Compared with the SSSR-AFIM, the DSSR-AFIM has a smaller diameter,
which reduces the risk of eccentricity. However, the DSSR-AFIM exhibits higher winding
loss, leading to lower overall efficiency. From an attraction force perspective, the DSSR-

AFIM has reduced axial force and thus lower mechanical losses.

5.4.2 Topologies of 4kW DSSR-AFIM

As mentioned in CHAPTER 2, the structural flexibility of AFIM allows for multiple
configurations, including single-sided and double-sided AFIMs. In this section, an

investigation on different double-sided AFIMs is carried out.

(a) (b) (c) (d)

Figure 5-39 Designed single-sided and double-sided AFIMs, Case (a) single-sided AFIM
with distributed windings, Case (b) NS topology single-rotor double-sided outer
distributed wound stators, Case (c) NN topology surrounding single toroidal wound
stator with two outer rotors, Case (d) NN topology single distributed-wound stator with
two outer rotors.

Figure 5-39 shows alternative proposed designs for the AFIM, including single-sided
and a double-sided AFIMs. Figure 5-39(a) presents the reference single-sided 2.2kW eight-
pole AFIM with double-layer distributed winding. Figure 5-39(b) illustrates the proposed

single rotor with double distributed wound outer stators. In this design, the magnetic flux
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passes from one stator, through the rotor, to the other stator (see Figure 2-4). The two sets
of distributed windings each carry the same amplitude of current in the same direction,
thereby achieving the NS topology. Figure 5-39(c) shows the single toroidal-wound stator
with two outer rotors. The toroidal windings encircle the middle stator core (see Figure 2-
5). The magnetic flux generated by the toroidal winding is shown in Figure 2-4. In this
design, the stator back iron thickness is up to two times the thickness in a single-sided AFIM.
Figure 5-39(d) shows a single stator with two distributed windings with two outer rotors.
The magnetic flux path in this configuration is similar to the configuration shown in Figure
5-39(c). Figure 5-39(b) and Figure 2-4 and Figure 2-5 presents the other two topologies of the
double-sided AFIM, surrounding the rotor with two outer stators. The NN and NS
topologies are still available by changing the relative current directions in the two stators.
The toroidal winding is no longer suitable for these two topologies because the toroidal
winding complicates the assembly and manufacturing process, and the middle rotor results
in longer end-windings, leading to higher resistance. The reference eight-pole 2.2kW single-
sided AFIM electric and magnetic loading parameters, dimensions and specifications are
tabulated in Table 5-2.

5.4.2.1 FFE simulation results and discussion

Table 5-4 Comparison of the main dimensions, volume, and weight for different of AFIM

cases.
Case (a) | Case (b) ‘ Case (c) ‘ Case (d)
Doyt [mm] 275
Dy, [mm)] 163
Lgy [mm] 78.5 131 157
V [litre] 2.26 3.77 4.52
Weight [kg] 24.40 42.80 48.90 48.20
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Figure 5-40 3-D FEA simulation predicted torque versus speed.
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Figure 5-41 3-D FEA predicted current versus speed.

Figure 5-40 and Figure 5-41 present the 3D FEA simulation results of the designed AFIMs,
illustrating the relationship between the current and torque as a function of speed. For the
designed double-sided AFIMs, the single distributed-wound stator with two outer rotors
(Case d) offers the highest starting torque, about 135Nm, making it suitable for applications
where high initial load is critical. In Figure 5-41, Case (d) exhibits the highest starting current,
which aligns with its highest starting torque. The topology, surrounding a single toroidal-
wound stator with two outer rotors (Case (c)), shows a slightly lower starting torque than
Case (d) which is also reflected in Figure 5-40. The single-rotor double-sided outer

distributed wound stators give the lowest starting torque and current among these three
double-sided AFIMs.

Table 5-5 Comparison of electromagnetic performance for the single sided AFIM and the
three double-sided AFIM.

Case (a) Case (b) | Case(q) Case (d)
Prate [KW] 2.2 4
ng [rpm] 750
Nyage [TpM] 726 714 721 718
Trate [INM] 30 53
Tseare[NM] 60 114.2 121.6 135.3
Lstare[A] 30 442 44.3 51.1
Ino—i0aalAl 2.80 3.50 4.80 4.30
n [%] 83.80 83.70 83.30 83.60
Torque density [Nm/kg] 1.23 1.24 1.08 1.09
Power density [W/litre] 973.45 1061.00 884.96 884.96

Table 5-4 compares the general dimensions and weight of the different AFIM topologies.

In all cases, the outer and inner diameters are equal. The motor volume is calculated as the
sum of the electric steel volumes, excluding the stator end-winding and rotor end-rings.
Cases (c) and (d) have the same electric steel volume, with the differences in the material

weight attributed to the stator end-winding copper. Case (b) is the lightest among the
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double-sided cases, with the weight around 1.6 times that of the benchmark single-sided

case, shown in Case (a).
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Figure 5-42 3-D FEA simulation results of 2.2kW reference single-sided AFIM and 4kW
double-sided AFIMs, across various loadings, (a) speed vs. load, (b) current vs. load, (c)

efficiency vs. load.

Figure 5-42 shows the electromagnetic performance versus load for the designed AFIMs.
It is important to note that the single-sided AFIM with distributed windings is a 2.2kW
single-sided AFIM and the others are 4kW double-sided AFIMs. Comparing the double-
sided AFIMs, case ¢, the toroidal wound single stator, offers the highest rated speed. Case
b, the single-rotor double-sided outer distributed wound stators, which features single rotor
with reduced back-iron, has a significant drop in the speed. However, in Table 5-6, this case
offers higher power density due to the significant drop in the volume compared to case c

and case d, the single distributed-wound stator with two outer rotors.
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Figure 5-42(b) illustrates the current versus load characteristics. It is observed that case
c with the toroidal winding has highest current at all loads. In addition, as reflected in Table
5-6, case ¢, surrounding the single toroidal wound stator with two outer rotors, offers
slightly lower torque density than case d, the single distributed wound stator with two outer
rotors. Figure 5-42(c) presents the efficiency under various loadings. At the light loading
region, case b, the NS topology single rotor double-sided outer distributed wound stators,
exhibits the highest efficiency. Both the NN topologies with the single distributed and
toroidal wound stator (case c and case d) share the same motor topology but with different
winding configurations. They exhibit very similar overall efficiency values, but case d
demonstrates slightly higher efficiency, particularly under full-load conditions. This is also
reflected in Figure 5-42, where the NN topology with a single toroidal-wound stator (case

c) exhibits slightly higher losses due to the increased winding losses.

Figure 5-43 shows the loss breakdown for the designed AFIMs. It is observed that both
the NS topology single-rotor double-sided outer distributed-wound stators (case b) and the
NN topology surrounding the single toroidal-wound stator with two outer rotors (case c)
have similar losses contributions from the stator winding, rotor bar, and the iron core. The

NN topology case c has larger winding losses, particularly at higher loading conditions.

At the lighter loading region, case b exhibits the highest efficiency. Both case c and case
d share the same motor topology but with different winding configurations. They exhibit
close overall efficiency values, and case d demonstrates slightly higher efficiency,
particularly under full load conditions. This is also reflected in Figure 5-43, where case c
exhibits slightly higher losses due to the increased winding losses. Figure 5-43 shows the
loss breakdown for the designed AFIMs. It is observed that both case b and case c have
similar loss contributions by the stator winding, rotor bars, and the iron core. Case ¢ with
the toroidal wound stator has larger winding losses, particularly at higher loading

conditions.

Table 5-5 presents a performance comparison between the four cases. The motor torque
density is an important parameter while designing the motor as it allows for the design of
more compact machines with higher torque output. The reduction in volume allows for
greater adaptability in situations where space and weight constraints are important. For the
double-sided AFIMs, case b, which features a single rotor with two outer stators, offers the
highest torque and power density. The toroidal-wound double-sided AFIM, case c, does not
have better electromagnetic performance than case d. However, from a construction
perspective, the more compact end-windings of case c allows smaller inner-to-outer

diameter ratios.
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Figure 5-43 Loss breakdown of 2.2kW single-sided AFIM and 4kW double-sided AFIMs

across various loadings.

This section discussed the different topologies of 4kW double-sided AFIMs. The design
process on combining two 2.2kW single-sided AFIMs to form the double-sided 4kW AFIMs
has been described. The comparative studies regarding no-load and loading
electromagnetic performance on the different topologies have been discussed. The
simulation results show that all the cases have their own benefits regarding the torque
density, efficiency and starting performance. Case b offers higher torque and power density
and the highest full-load efficiency among the double-sided AFIM designs. From a
construction and assembly perspective, case b, surrounding a single rotor with two outer
stators, is the best topology. In contrast, both case ¢ and case d present multiple challenges
in maintaining a consistent airgap length on both sides and mechanically linking the two
outer rotors. Any discrepancy in these parameters could result in unbalanced axial attractive

forces, which affects the bearing selections.
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CHAPTER 6 -

CONSTRUCTION OF
2.2KW EIGHT POLE AFIM

6.1 Introduction

The compact design, resulting in high-power density, has made the axial-flux motor
become an attractive option. The fabrication of the laminated stator and rotor of axial-flux
motor are more complex and expensive than the radial-flux motor, primarily due to the
variations in tooth width. Currently, most available commercialised axial-flux motors are
axial-flux permanent magnet synchronous motors (AFPMSM). Since the price of rare-earth
magnet materials has escalated by an order of magnitude, it is worthwhile to investigate
axial-flux motors without permanent magnets, with the axial-flux induction motor (AFIM)
presenting a viable alternative for further discussion. Additionally, the AFPMSM shows
challenges during the assembly process, due to the inherent strong magnetic field generated
by the magnets. The previous literature has mainly been confined to the analytical and
simulation analysis [53, 65] of AFIMs for various applications, while comprehensive
construction guidelines or the detailed design process discussion have not been discussed
in the literature. This section introduces the construction and mechanical design for the
proposed 2.2kW eight poles AFIM.

The radial-flux induction motor shows a uniform 2-D cross-section and is normally
constructed by tacking identical laminations. These laminations are produced by using a die

to punch the desired lamination shape.

The die design is crucial in the stamping process and should be carefully designed to
handle the required tolerances and complex geometries of the stator/rotor slot shapes. The
presence of raised edges in the punched laminations, known as burrs, during the stamping
process should undergo post-processing as unwanted contact between adjacent layers can
result in undesired airgaps between the laminated layers and stacking length. Moreover,
the burrs can allow eddy currents to flow, leading to increased core losses, and hence,
diminished electromagnetic performance. Laser cutting is another traditional machining

process with high flexibility and precision. However, the potential drawbacks should be
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carefully considered, as thermal stress on the layers can affect the magnetic properties.
Chemical milling which is another sheet machining process. Unlike the previous two
methods, the chemical milling process effectively eliminates the cutting-edge and thermal
stress. However, the uniformity of each layer and smoothness may not be guaranteed. In

addition, the process is normally too slow and expensive for commercial production.

In this section, the prototype of a 2.2kW eight pole AFIM is introduced. Table 6-1 shows

the general size and the proposed materials.

Table 6-1 Dimensions size of 2.2kW eight pole AFIM.

2.2kW eight pole AFIM
No. of stator slots N 48
No. of rotor slots N, 44
No. of phase m 3
No. of poles pairs p 4
Airgap length [mm)] Dyirgap 0.5
Outer diameter [mm] Doyt 275
Inner diameter [mm)] Din 163
Axial length [mm)] L 78
Winding diameter Dyinding 1.219
Winding material - Copper
Core material - 50AW470
Rotor bar material - Aluminium

6.2 Stator and Rotor Fabrication

The axial-flux motor stator/rotor lamination process needs special stamping equipment,
a rolling stamping machine. The manufacturing process for the axial-flux stator consists of
several steps. Firstly, the silicon steel lamination material is cut into a long strip of the
designed thickness, which is the sum of the stator/rotor yoke and slot depth. A specialised
punching tool is then designed to accurately stamp this steel strip with desired slot shape.
As the width of the stator/rotor teeth changes with the radius, the interval between
punching adjacent teeth needs to be accurately calculated based on the thickness of layer
and radius. Such that when the strip is wound, the desired slot structure is produced.
Following this, spot welding is performed on the starting and ending points of the steel
strips to fix them in place, ensuring that the laminated stator/rotor core remains structurally
stable. The stator/rotor laminated core is further secured by either bonding or laser welding

on the back surface to improve its rigidity.
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Figure 6-1 Unwound laminated stator, front and back views. The rear view shows radial
laser welds and mounting holes.

Figure 6-2 Laminated rotor with aluminium bars front and back views.

The axial flux stator and rotor were constructed by a Chinese company based on the
proposed 2.2kW 8-pole design. They also diecast the rotor. The construction process took
approximately one months and twenty days for the shipping to Australia. Figure 6-1 shows

the laminated stator before winding.

Section 4.1.3 discussed the different winding configurations and case 7 was selected
based on its superior electromagnetic performance and manufacturability. Following this
decision, the stator is sent to a local electric motor company, Gawler Motor Rewinders, for
the winding process. To improve winding flexibility and the ease of insertion of it into the
stator slots, each conductor is formed using two parallel strands of copper wire. The overall
effective conductor diameter is 1.219 mm, with each individual strand having a diameter of
approximately 0.862 mm, as calculated based on the equivalent cross-sectional area. Using

two strands of smaller diameter wire facilitates better handling during manual coil insertion

109



CHAPTER 6 CONSTRUCTION OF 2.2KW EIGHT POLE AFIM

while maintaining the required electrical and thermal characteristics. After coil placement,
the stator undergoes vacuum pressure impregnation (VPI) using epoxy resin to enhance
insulation strength, improve thermal conductivity, and ensure winding fixation. The
impregnated stator is then cured under controlled temperature to solidify the resin. Since
the motor adopts a Y-connection scheme, there are only three external leads. A quick
resistance check is then conducted using a multimeter, yielding a phase-to-neutral
resistance of approximately 2.7ohms. The phase balances was also confirmed, with all three
windings showing consistent values. This result was further validated using a power

analyser and variac, showing good agreement with the FEA model discussed in Section 4.1.3.

Aluminium die casting is a well-established manufacturing technique for producing
squirrel-cage induction rotors. In this project, five prototype rotors were manufactured by
the Chinese supplier using aluminium die casting at approximately 640 °C, above the
melting point of aluminium. An aluminium alloy containing around 0.16% lead, 12% silicon,
and other trace elements was selected to improve flowability and ensure uniform filling of
the rotor slots during casting. To reduce torque ripple, the rotor slots are skewed by 7° and
designed as closed slots. The skew effectively reduces torque ripple by distributing slot
harmonics, while the closed-slot design helps suppress high frequency magnetic variations
and simplify the die casting process. In addition, the rotor slots are positioned Imm below
the rotor surface to provide extra machining allowance for surface finishing. This ensures
that, after casting and grinding, the rotor surface remains smooth and uniform without

compromising the slot geometry (see Figure 6-2 and Figure 6-4).

Following surface finishing, a concentricity check was performed to verify the alignment
of the rotor’s geometric centre with its rotational axis. This step ensures the rotor runs with

minimised vibration and mechanical imbalance during testing.
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Figure 6-3 Dimensions of proposed AFIM stator and stator slot dimensions.

110



CHAPTER 6 CONSTRUCTION OF 2.2KW EIGHT POLE AFIM

8 " R1.00"—%
(Us]
-
(=)
R ) «—8.00— g
I ’ [ g
2 \ \ss : '
- - - ~ /.
] | @#275.00 i — "—R1.00

Figure 6-4 Dimensions of proposed AFIM rotor and rotor slot dimensions.

6.3 Housing and Shaft Fabrication

Stator Stator

Bearing #2 1 case

Rotor Rotor
case holder Rotor Shaft

Figure 6-5 Exploded view of the proposed AFIM assembly showing key components,
including the rotor case, rotor holder, bearings (#1 and #2), shaft, stator and stator

case.

Figure 6-5 illustrates the proposed motor’s structure. Unlike conventional radial-flux
machines, this axial-flux motor features a significantly larger stator and rotor outer diameter
of 275mm, which necessitates a modified shaft design. A fully integrated one-piece shaft
with a large-diameter rotor back plate would result in excessive material wastage and
inefficient manufacturing. To address this, the design adopts a modular approach which in
the central shaft is rigidly connected to the rotor back plate via a bolted flange interface
(M10x15mm), as shown in Figure 6-6. This configuration not only improves manufacturing
efficiency and material utilization but also allows easier assembly and potential rotor

replacement.
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Table 6-2 Housing and assembly specifications

2.2kW eight pole AFIM housing and assembly specifications

Housing wall thickness [mm] 10
Housing outer diameter [mm)] 390
Stator end-winding clearance [mm] 30
Total housing axial length [mm] 150
Bench mounting hole M16 x1.5 x20
Frame assembly hole M10 x1.5 x15

(b)

Figure 6-6 Shaft and rotor holder, (a) 3-D drawing proposed shaft and rotor holder, (b)
picture of fabricated shaft and rotor holder.

Figure 6-7 Picture of fabricated motor housing.

The motor housing is fabricated as a single-piece structure via lathe turning, providing
high concentricity and mechanical rigidity. Given that the housing is designed for
laboratory use, environmental sealing against dust or moisture is not considered. The
housing features an approximate wall thickness of 10mm and an outer diameter of 390mm,
allowing sufficient clearance for the stator outer end-winding, which is measured at 30mm.
As shown in Figure 6-5, the stator is mounted directly to the inner face of the housing via
bolts. The threaded hole depth on the stator side is 5 mm, and M10 x 1.5 button-head hex

socket screws are used to ensure secure fastening (see Figure 6-7 and Figure 6-8). After
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complete assembly, the housing has an axial thickness of approximately 150mm, and the

shaft protrudes 195 mm from the mounting surface, ensuring compatibility with the test rig

and the coupling fixtures (see Table 6-2).

Figure 6-8 Rotor and wound stator in the housing.

Table 6-3 Key specifications of the SKF 7305 BECBP and SKF 6305 bearings [100].

Parameter Value
Model SKF 6305
Inner diameter [mm] 25
Outer diameter [mm] 62
Width [mm] 17
Basic dynamic load rating (C) [kN] 234
Basic static load rating (Co) [kN] 11.6
Fatigue load limit (Pu) [kN] 0.49
Limiting Speed 16,000
Reference Speed 24,000
Weight [kg] 0.218
Parameter Value
Model SKEF 7305 BECBP
Inner diameter [mm] 25
Outer diameter [mm] 62
Width [mm)] 17
Contact angle (a) [deg] 40
Basic dynamic load rating (C) [kN] 26.5
Basic static load rating (Co) [kN] 15.3
Fatigue load limit (Pu) [kN] 0.655
Limiting Speed 15,000
Reference Speed 24,000
Weight [kg] 0.233

CONSTRUCTION OF 2.2KW EIGHT POLE AFIM

Compared to the conventional RFIM, the single-sided AFIM inherently experiences
significantly higher axial forces due to its topology. To accommodate this, a 10mm thick
rotor holder is incorporated, and suitable bearings (see Figure 6-6) must be selected to
withstand the axial load. The axial force calculation method described in CHAPTER 5 is
employed to determine the expected forces. Under the minimum airgap length of 0.Imm,

the peak axial forces calculated during steady-state operation are 5.5kN under voltage
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driven and 7.7kN under current-driven operation. During the start up transients, where the
motor encounters peak flux build-up and maximum slip, the axial forces are observed have
transients of up to 20kN. This value is approximately five times the steady-state level and

underscores the necessity of proper structural and bearing design in the AFIM.

The design uses two bearings to accommodate the radial and axial loads arising during
motor operation. However, to optimise for cost-effectiveness and axial force results, only
bearing #1 (see Figure 6-5) is designed to carry axial force. An SKF 7305 BECBP bearing is
selected for this role, offering thrust static and dynamic load ratings of 15kN and 27 kN,
respectively. Bearing #2, an SKF 6305, is selected for its radial load-handling capability, with
static and dynamic ratings of 12 kN and 23 kN (see Table 6-3).

6.4 Airgap Length Adjuster

Although the designed 2.2kW AFIM design has a nominal airgap of 0.5 mm, achieving
such a narrow gap in a large diameter single-sided axial-flux structure presents considerable
mechanical challenges. Fixing the rotor at this airgap can lead to failure during rotation due
to manufacturing tolerances or axial displacement under load. In fact, a previous 300 W
AFIM prototype with a fixed 0.5 mm airgap failed to rotate due to excessive magnetic
attraction forces and insufficient structural clearance. To mitigate such risks and enhance
the experimental flexibility, the current design adopts an axially-adjustable rotor-side

bearing seat.

As shown in Figure 6-9 and Figure 6-10, the bearing seat integrates two functional
components: a bearing positioner for precise axial adjustment, and a locking ring to secure
the adjusted position. The 3-D design and fabricated parts are shown in Figure 6-9(a)-(b)
and Figure 6-10(a)-(b), respectively. The entire airgap adjustment mechanism was custom

manufactured at the Mechanical Engineering Workshop of the University of Adelaide.

To reduce the airgap, the adjustment process begins by twisting the outer ring (bearing
locker) to the unlocked position. Once unlocked, the inner ring (bearing positioner) is
rotated clockwise, moving bearing #1 (see Figure 6-5) closer to the stator, thereby decreasing
the airgap. To increase the airgap, the bearing positioner is rotated anticlockwise, shifting

the rotor-side bearing seat away from the stator.

114



CHAPTER 6 CONSTRUCTION OF 2.2KW EIGHT POLE AFIM

(a) (b)
Figure 6-9 Airgap adjuster: (a) 3-D drawing, (b) picture of fabricated airgap adjuster.

Locking handle

(a) (b)
Figure 6-10 Airgap locker: (a) 3-D drawing, (b) picture of fabricated airgap locker.

The bearing positioner incorporates a precision screw mechanism with a thread pitch of
2 mm, meaning a full 360° rotation results in a 2 mm axial movement. This design enables
precise control over the airgap length; for example, a 90° turn yields a 0.5 mm adjustment.
To assist with manual adjustment, the eight evenly-spaced structural ribs on its surface can
be used, each representing a 45° increment. These ribs serve as reference points, allowing
the operator to estimate the rotation angle and, correspondingly, the airgap change with
reasonable accuracy. This adjustability is essential not only for characterizing the motor's
sensitivity to airgap variation, but also for systematically investigating axial force effects

under controlled displacement steps.

Moreover, for enhanced precision, an angular indicator or graduated scale can be

integrated into the bearing positioner assembly. This enables direct reading of the rotation
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angle, allowing fine control over the axial position without relying solely on visual
estimation. Such a feature is particularly useful in experiments requiring repeatable and
quantifiable airgap settings. The adjustability is thus essential not only for characterizing
the motor’s sensitivity to airgap variation, but also for investigating axial force effects under

controlled conditions.
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CHAPTER 7

EXPERIMENTAL DISCUSSION ON
2.2KW EIGHT POLE AFIM

A proposed 2.2kW, 8 pole, 415V AFIM was prototyped (see Figure 7-1) and then tested
in the electric motor laboratory of the University of Adelaide. The specifications of the AFIM
are tabulated in Table 6-1. This chapter presents the results from multiple experimental tests
to evaluate the electromagnetic performance of the newly prototyped AFIM, including

rotating and stationary no-load, locked rotor and load tests.

Figure 7-1 Prototype AFIM on the dynamometer.

Table 7-1 Studied 2.2 kW line-start AFIM electrical characteristics and geometry.

Electrical parameters

Rated line voltage [V] 415 Rated power [W] 2200

Frequency [Hz] 50 Number of poles 8
Geometry and dimensions

Stator/rotor outer diameter [mm] 275 Stator/rotor inner diameter [mm] 163
Number of stator slots 48 Number of rotor slots 44
Stator slot height [mm] 30 Rotor slot height [mm] 13

Airgap length [mm] 0-2 Frame axial length [mm] 150

Mounting height [mm] 195 Frame diameter [mm] 400
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7.1 No-Load Test

Both the AFIMs and RFIMs share the same electromagnetic principles when performing
the no-load test. However, for the AFIM, is unique structure allows other testing methods,
such as the proposed stationary no-load test with different airgaps. The purpose of the no-
load test is to extract the core loss resistance (R.), magnetizing reactance (X,,), as well as the
mechanical losses (Py). In this test, balanced three-phase voltages are applied to the stator
winding at the rated frequency (fy) with no load applied to the motor shaft. In this test, the
slip of the induction machine is very low and is close to zero. It should be noted that the
injected terminal voltage is normally varied from (1.1-1.2) V,4¢eq to 0.3 Vyq¢eq While the rotor

speed shows no significant reduction [101].

Vstart Vi'ate Vl

Figure 7-2 A typical current-voltage curve of the IM under no-load operation.

Figure 7-2 shows the typical variation of the measured no-load current with the applied
voltage in AFIMs. The black dashed line shows the ideal current results which are typically
obtained from FEA simulation, theoretical calculations, and dynamometer-driven no-load
test where ethe machine operates at near synchronous speed. During the IM no-load testing,
an initial current peak is often observed at low voltages. It arises due to mechanical friction,
which acts as a small load torque and prevents the motor from rotating until a certain
threshold voltage is passed. As a result, the IM initially operates in the locked rotor
condition. Once the applied voltage exceeds this threshold voltage, the motor overcomes
the frictional resistance and accelerates to close to synchronous speed. In this region, the no-
load current transitions into a near linear relationship with voltage, as the magnetizing
current becomes approximately proportional to the applied voltage and the magnetic core
operates below saturation. At voltage approaching the rated level, a nonlinear increase in

current is typically observed, indicating the magnetic core saturation.

It arises due to the mechanical friction, which acts as a small load and prevents the motor

from reaching the synchronous speed. Once the applied voltage exceeds this peak point, the
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motor overcomes the frictional resistance and accelerates toward near-synchronous speed.
In this region, the no-load current shows a linear relationship with the voltage, as the
magnetizing current becomes approximately proportional to the applied voltage and the
magnetic core operates below saturation. At voltages exceeding the rated level, a nonlinear

increase in current is observed, indicating that the magnetic core saturation.

Iy Ry JjX1 R, I, JX I; R, JjX1

Figure 7-3 Equivalent circuit for induction machine under no-load test.

Figure 7-3 presents the equivalent circuit under the no-load test (right side). It is noted
that the resistances and inductances in the no-load condition consists of the magnetizing
and stator leakage reactance, and the stator winding and core resistance. Therefore, an extra
DC test is required for measurement of the stator winding resistance and the locked rotor

test is used to find X;. The no-load power equation is as follows.
PNL = PFe + PM + 31]%/LR1 (71)
The core losses are proportional to the square of the terminal voltage and the mechanical

losses are assumed to be only a function of the rotating speed of motor and not the terminal

voltage (only for RFIM) and can be expressed as

fVE) = Pre (7.2)

In the no-load test, the slip is around zero (s = 0), the rotor side is open-circuit and thus

the core resistance can be extracted using the following equations:

E= Vph — Iy, (Ry + jXy)

(7.3)
_3E z 7.4
. P Fe .
The magnetizing reactance under no-load conditions is given below,
. E
[.=— 7.5
7R, (7.5)
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im = iNL - ic (7.6)
o E oy L3 7.7
™ g, OF M T g '

7.2 Locked-Rotor Test

The main purpose of the locked or blocked rotor test is to determine the stator leakage
reactance X, referred rotor resistance R, and rotor leakage reactance X;. During the test, a
reduced voltage is applied while the rotor is held stationary, resulting in a slip s = 1. Under
this condition, the magnetizing branch draws negligible current due to the low voltage,

allowing it to be neglected.

ILR

0 = >
Vi

Figure 7-4 A typical current-voltage curve under IM blocked rotor operation.

Figure 7-4 presents the current versus voltage curve under the locked-rotor test.
Conceptually, the current is expected to be directly proportional to the terminal voltage
(V1 < I r). However, experimental results often do not perfectly reflect this relationship
(dashed line in Figure 7-4). At low voltages, the current exhibit a quadratic dependence on
the voltage instead of a linear one. This nonlinearity arises due to magnetic saturation in the
bridge region. At low excitation levels, the magnetic reluctance of the thin bridge is
relatively low until it saturates. The equivalent circuit for the IM is given in Figure 7-5, for

locked-rotor condition.

Iy Ry X1 R, I, JX; I; R, jX1 Ry I, _JX
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Figure 7-5 Equivalent circuit for IM under the blocked-rotor test.

The rotor resistance R, and locked-rotor impedance can be obtained via the equations

below and knowing the value of the stator resistance R, from a DC test.

Pgr = 3I3r(R; + R) (7.8)
VBR ; [;
T = Zor =N (Ru+ R)P + (Ko + X)7 (7.9)

Therefore, the sum of the reactance is:

Xgr = X1 + X3 = \/(Zgr)? — (Ry + R})? (7.10)

It should be noted that the actual split of the rotor and stator reactance is unknown, but
empirical equations can be used to roughly calculate the split. The squirrel-cage induction

machine can be divided into the four classes listed in Table 7-1 [93].

Table 7-2 Different Classes for Various Induction Machines.

X; = X;. Normally starting torque with high
starting current, low operating slip.

X, = 0.4Xpp ,X; = 0.6Xgz. Normally starting
Class B torque with low starting current, low operating
slip.

X, = 0.3Xpr , X; = 0.7Xpg. High starting torque
with low starting current, high operating slip.

Class A

Class C

X, = X,. High staring torque with high starting
current, high operating slip.

Class D

7.3 Loss Breakdown Conceptual Discussion

PC U
A
= Locked rotor
— No-load
0 >
Vi

Figure 7-6 Expected trends of copper loss under the IM no-load and locked rotor tests.

The loss components can be separated through the no-load and locked rotor tests. Figure

7-6 compares the copper losses (F,,) as a function of the supply voltages under the locked-
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rotor and no-load operations. When the rotor is locked, no back EMF is induced resulting
in a high current flow through the stator windings. At low voltages, the copper loss in the
no-load test shows a similar trend to the locked-rotor test, as the motor needs sufficient
torque to overcome the starting friction. A higher voltages, as the rotor rotates at or near the
synchronous speed (see Figure 7-7), a larger back EMF is generated. Hence the current is

smaller, and the copper losses become lower.

Figure 7-7 Expected trends of speed as a function of supply voltage.
Pre
F 3

=— Locked rotor
— No-load

[
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Figure 7-8 Expected trends of core losses under the no-load and locked-rotor tests with
supply voltage.

Figure 7-8 presents the expected trends of core losses under the no-load and locked-rotor
tests. The eddy-current loss (Peqqy) and hysteresis loss (Ppys:) are the two main loss
components and they vary roughly quadratically with the supply voltage (see Equation
(7.11)).

Ppe = eddy T Physt = keBzfz + kthf (7.11)

where k, and kj, are the eddy current and hysteresis loss coefficients, respectively, and f

and B represent the frequency and the peak flux density.

The magnetic flux density in the core is proportional to the supply voltage (B « %). In

the no-load test, the rotor rotating speed is very close to synchronous speed and the back
EMF is roughly equal to the terminal voltages. In the locked-rotor test, the rotor is stationary,

and the back EMF is zero. The most of supply voltage appears across the winding resistance
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and leakage reactance (see Figure 7-8) resulting in a much lower flux density in the core (see
Table 7-3).

Table 7-3 Comparison of the core loss related the parameters under the no-load and
locked rotor tests.

B (T) F r(HZ) Pg,
No-load Higher 0 Higher
Locked rotor Lower 50 Lower

The above loss breakdown theory is well suited to both the RFIMs and AFIMs. However,
the presence of the large axial forces in the AFIMs makes it more challenging to separate the

core and mechanical losses under no-load testing.

Py — 3I5Rs
F'y
RFIM S

Figure 7-9 The expected trends of core loss and mechanical loss with supply voltage in
the RFIM.
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Figure 7-10 The expected trends of core loss and mechanical loss with supply voltage in
a single-sided AFIM.

Figure 7-9 and Figure 7-10 present the sum of the no-load core loss and mechanical loss
under different applied voltages. Extrapolating the red curve to the point (A), where the
terminal voltage is zero, is a commonly used method for estimating the mechanical loss for
RFIMs but this is not suitable for AFIMs. This can be explained by the force distribution
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within the motor (see right side of Figure 7-9 and Figure 7-10). In the RFIM, the mechanical
loss (bearings) is only affected by the rotational speed, whereas in AFIMs, this is affected by
both the rotational speed and by the axial force. The axial force in AFIMs results in greater
bearing losses. As a result, a new theoretically predicted loss curve is developed specifically
for AFIMs. In AFIMs, the mechanical loss is no longer constant and likely increases

approximately quadratically with the applied voltage.

In RFIMs, the mechanical loss is influenced by rotating speed. In contrast, in AFIMs, the
mechanical loss is affected not only by the rotating speed but also by the axial force. The
axial force in AFIMs imposes significant load on the bearing system, leading to a greater
rolling resistance. As a result, a new theoretically predicted loss curve is given for the AFIMs.

Its mechanical loss is no longer constant and increases approximately quadratically with the

applied voltage.
Foxial Precn Prnecn
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Figure 7-11 Expected effect of airgap length effects on the mechanical loss and axial

force variations with supply voltage.

Figure 7-11 presents the expected experimental results that the axial force is proportional
to the square of voltage and that the mechanical loss is proportional to force. These curves
demonstrate that the airgap length significantly affect these parameters. With this
understanding, the AFIM performance can be accurately predicted, and the design can be

optimised by adjusting the airgap length.

7.4 Stationary No-Load Tests for AFIM with
Different Airgaps

In the no-load testing of RFIMs, the rotor rotates freely while no mechanical load is
applied. This enables the measurement of the total no-load power, comprising the stator
copper loss, core losses in the stator and rotor, as well as mechanical losses. The mechanical

losses are typically assumed to be constant across the range of voltage tested and can be
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estimated by extrapolating the no-load power versus squared voltage curve to zero voltage,

where the core loss is negligible.

However, for the single-sided AFIMs, the situations become significantly more complex.
The presence of a large voltage-dependent axial force, especially under the small airgaps,
introduces additional mechanical losses arising from the increased bearing friction (see
Figure 7-10 and Figure 7-11). These losses are nonlinear with respect to the supply voltage

and complicate the separation of core and winding losses.

To address this issue, this section introduces a new stationary no-load test method
tailored for the single-sided AFIM. In this approach, the back of the rotor or an uncast rotor
is placed on the wound stator, separated by the non-magnetic spacers of the known
thickness. The rotor iron completes the magnetic path, allowing “no-load” excitation of the
stator under controlled airgap conditions. Stationary testing has been used in the past for
the measurement and comparison of stator core losses under various conditions [102].
However, it has not previously been adopted, as in this study, as a substitute for the

conventional rotating no-load test in induction machines.

iy |, [pes—

back of| r e N '
rotor

stator

Figure 7-12 The flux path in the stationary no-load test using the back of a cast rotor.

Table 7-4 Comparison of conventional and stationary no-load tests for AFIMs.

Aspect

Conventional no-load test

Stationary no-load test

Rotor rotation
Test complexity
Rotor current
Mechanical loss
Influence of axial force
Measurable losses
Applicable to small airgaps
Accuracy of loss separation
Voltage current characteristic

Required
Requires full assembly
Small
Voltage dependent
Significant
Core, winding, mechanical
Poor
Limited
Affected by mechanical loss

Not required
Structurally simple
Zero
Eliminated
None
Core, winding
Good
High
Clearly observable

As shown in the Figure 7-12, the stator is energised by a three-phase voltage, and the
generated magnetic flux circulates the stator yoke and teeth, through the airgap, and into
the rotor yoke. Under these conditions, the AFIM can be represented by a simplified

equivalent circuit consisting solely of the magnetising branch: stator resistance, magnetising
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reactance, and core loss resistance. The elimination of the rotor copper loss and mechanical
loss allows for a more accurate characterisation of the voltage-current and core losses. When
combined with the conventional no-load test results, it will be shown that this method
enables the estimation of the voltage- and airgap-dependent mechanical losses through a
comparative analysis. Table 7-4 presents the differences between the conventional and

stationary no-load tests.

‘T ]
il

g

_mi&lm - '

Case A: back of cast rotor Case B: back of uncast Case C: front of uncast
rotor rotor

Figure 7-13 AFIM stationary no-load test schematics.

Figure 7-13 presents the three alternative AFIM stationary no-load test arrangements
using (1) the back of the cast rotor, (2) the back of the uncast rotor, and (4) the front of the
uncast rotor. These cases provide flexibility for performing the test before or after rotor
casting. In cases A and B, the back side of the rotor is placed on the air gap. These
configurations provide a relatively short magnetic flux return path to the stator. Case C,
where the front side of the uncast rotor faces the stator, represents the configuration that

most replicate the magnetic path conditions of a conventional rotating no-load test.

(b) Rotational Case

Figure 7-14 Magnetic flux density (B) field comparisons between (a) Case A and (b)
Rotational Case.
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Figure 7-15 FEA airgap flux density comparison between rotational case and stationary

case A.

Figure 7-14 compares the airgap magnetic flux density distribution for the stationary

(Case A) and the rotational cases, both of which exhibit a similar range (0-2T). In Case A,

the flux density field exhibits shorter flux paths and more concentrated flux density vectors,

suggesting a shorter effective magnetic path length. In contrast, the rotational case

demonstrates elongated and spatially uniform flux vectors, indicative of a longer magnetic
flux path due to the slotting effect.

Figure 7-15 indicates the differences between the rotational case and the stationary case

A. In case A, the airgap flux density consists of a 50Hz fundamental component and

additional harmonics, which collectively produce the sharp peaks observed in the figure. In

contrast, during synchronous rotation under no-load conditions, the flux density becomes

fundamentally dominated (50 Hz) as the rotor rotates in synchronism with the stator field,

effectively at zero relative frequency, resulting in the smoother profile observed.

Current [A]

3]

L
T

.
T

(V5]
T

—_
T

0 100 200 300 400 500
Line Voltage [V]

—g— Stationary Case A [l =0.3mm)] Stationary Case C [IE=0.Smm]

—a— Stationary Case B [| =0.3mm] - - -Rotational DE=0.5mm]

(]

i

i

Stationary Case C [1;0.3mm] —a— Stationary Case A DE=0.?mm]
- @ -Rotational [12=0.3m;n] —e— Stationary Case B [1;=0_?mm]
—{— Stationary Case A [1;0.5mm] Stationary Case C [1h=0_?mm]

—o— Stationary Case B [1h=0.5mm] - — —Rotational [12=0.?m;n]

Figure 7-16 3-D FEA stationary no-load current versus voltage at different airgap lengths
for back of cast rotor test, back of uncast rotor test, and front of uncast rotor test.
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To verify the feasibility of the stationary no-load test method, the AFIM stationary no-
load test is first done through 3-D FEA simulations for the different configurations (see
Figure 7-13). Figure 7-16 illustrates the stationary no-load test voltage and current
characteristics. All four cases have similar voltage and current curves in the unsaturated
region. In case A and case B, the back of the rotor with and without bars are placed on the
wound stator, case A has a slightly higher current than case B at higher voltages (larger than
rated voltage of 415V), likely due to the presence of the aluminium rotor bars. These two
configurations show comparable results. Case C, the front of the rotor with no bars, and the
rotational case yield similar results. However, case C and the rotational case have a steeper
rise in the current at higher voltages. In the lower voltage no-load tests, the magnetic core
operates below saturation, and the flux path length presents minimal effects on the current.
At higher voltage, the configurations with longer flux paths (case A and case B) give higher
magnetic reluctance resulting in higher magnetizing current. As a result, the stationary no-

load test method is acceptable for assessing the V-I characteristics.
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Figure 7-17 Core losses from 3-D FEA stationary and rotational tests.

The 3-D FEA no-load simulation results allow for separating the stator and rotor core
losses (see top of Figure 7-17). As the stator core loss is primarily affected by the terminal
voltage and frequency, hence all the cases give similar results. the lower figures of Figure
7-17 compare the core losses of the AFIM under the stationary and rotational no-load tests

for different airgap lengths and structural configurations (Case A-C). It is observed that the
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rotor core loss in all stationary cases is significantly higher than that in the rotational case
across the full voltage range. In the stationary tests, the rotor remains static while being
exposed to the full relative frequency (50Hz) alternating magnetic field generated by the
stator. As a result, this leads to substantial hysteresis and eddy current losses. In contrast,
under rotational conditions, the rotor operates near synchronous speed, and the relative
frequency between the rotor and stator magnetic field is reduced to around zero.
Consequently, the rotor experiences a much lower frequency, resulting in significantly

reduced core losses.

Figure 7-18 AFIM stationary no-load experimental set-up (left: stationary test, right:
testing rig).

Among all the stationary cases, case C exhibits the highest rotor core loss, due to the
presence of rotor slots, the flux has the longest rotor path length (through the rotor teeth
and yoke). Therefore, the rotor core loss obtained from the rotational test is considered to
best represent the fundamental rotor core loss. However, the comparison of the calculated
and measured iron loss in the stationary test provides a convenient means for checking the

accuracy of the modelled iron loss without the need to separate mechanical losses.

As only a cast rotor is available in the lab, only case A could be tested. To achieve the
different airgap lengths, non-magnetic spacers with known thickness (= 0.1mm per piece)
are placed between the stator and the rotor. The phase-to-phase resistance is initially
checked and was measured at 5.4ohms, hence the phase -to-neutral resistance of 2.7ohms.
Figure 7-19 shows the current and corresponding power loss measured under the stator-
only condition, where up to 20% of the rated voltage is incrementally applied. As observed,
the phase current exhibits a nearly linear relationship with voltage, which aligns with the
expectations for this configuration. Such stator-only testing can also be used to estimate the
iron loss characteristics of the stator core material under varying excitation conditions. By
repeating the measurement across different voltage levels or frequencies, one can extract
the dependency of core loss on flux density and frequency. This makes the method suitable

for validation of core loss models [102].
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Figure 7-19 Stator-only testing, with 20% of rated voltage applied.
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Figure 7-20 Stationary experimental testing showing current versus voltage at different
airgaps.

Figure 7-20 presents the measured voltage-current curves for six different airgap lengths.
It is observed that at same excited voltage and frequency, the current increases with airgap
length. This is because the longer airgap length increases the reluctance of the magnetic
circuit and reduces both the magnetizing inductance (L,,) and magnetizing reactance (X,).
The test results also proved the prototyped AFIM is not highly saturated as the curve is
nearly linear, particularly for currents below the rated voltage of 415V. It is also essential to
monitor any increases in winding resistance (R;) due to heating. The winding resistance was
initially measured at 2.70hms, which then increased to 2.850hms after 30 minutes of testing.
To accurately separate the winding loss (see Figure 7-19), it is necessary to allow for cooling

after each set of testing.
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Figure 7-21 Separated loss from experimental stationary no-load test for winding losses.
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Figure 7-22 Core loss comparison between the experimental and 3-D FEA stationary no-
load tests.

Figure 7-22 shows the results of the experiment and FEA stationary no-load tests, which
demonstrate the core loss versus terminal voltage for different airgap lengths. The test aims
to validate that the core in the lab and FEA model present similar properties. For the lab
tests, the total power can be captured from the power analyser and hence the core loss is
extracted from the differences between the input power and the winding loss. It is important
to note that the changes in the stator resistance due to the temperature fluctuations are not
accounted. The core loss from the lab shows variations between 64W to 73W. The core loss
from FEA shows variations between 60W to 68W. Consequently, the stationary no-load FEA
and experiment results show a reasonable match. This also confirms that the FEA model is

suitable for further validation and comparison with the experimental results.
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Figure 7-23 Stationary no-load test for both the lab and FEA, (a) non-corrected lab
versus FEA stationary results, (b) corrected lab versus FEA stationary results with offset
of 0.2mm or 0.3mm.
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The equivalent circuit parameters from the proposed AFIM stationary FEA no-load and
the locked rotor simulations were used to predict the AFIM performance and the results
compared with the full FEA results (see Figure 7-24). There is a good correspondence at the
key points, such as at the starting, and from no-load to rated load, however in the middle
speed region, there are some significant differences. Thus, the proposed AFIM stationary
test method has the capabilities to initially predict the electromagnetic performance with

the relatively simple tests on the manufactured and unassembled AFIMs.

Figure 7-23 illustrates the FEA and lab stationary no-load current versus voltage at
different airgaps of 0.3mm, 0.5mm, and 0.7mm. Notably, the airgap length can be easily and
precisely set at the predefined value in the FEA modelling. However, achieving the exact
airgap length in the lab is difficult due to the surface irregularities, which produce an airgap
length “offset” value. This offset value can be experimentally determined by comparing the
FEA and lab results and was found to be about 0.2mm (see Figure 7-23(b)). It illustrates the
lab test results show good correspondence with the FEA simulation results with this offset
value for the different airgap values. Figure 7-24 and Table 7-5 show the simplified
equivalent circuit parameters from the lab and FEA stationary tests, excluding the core loss
resistance (R.). As previously discussed in Figure 7-17, the stationary condition leads to an
overestimation of the rotor core loss, which undermines the accuracy of R, obtained from

the no-load test. Therefore, the R, is not reported here to avoid the misleading interpretation.

Table 7-5 Equivalent circuit parameters for different methods.

R, [Q] Ry [Q] Xim [Q] X, [Q] X3 (9]
FEA EC 2.7 2.52 50.72 3.85 3.85
Lab stationary EC 2.7 2.14 67.72 4.21 4.21
100 | ] 30
C
g <
E 'g‘ 20+
g 15
& =
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Figure 7-24 Corrected stationary FEA EC, rotating FEA, and FEA EC (a) torque and (b)
current characteristics using an offset gap value of 0.2mm.
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7.5 Rotating Tests for AFIM with Different Airgaps

As 3-D FEA has now confirmed the validity of the proposed stationary no-load test using
both stationary and rotating tests, only experimental comparisons between the stationary
and rotating tests are presented in the following sections. As mentioned in Section 6.4, the
bearing positioner has a thread pitch of 2mm per 360° rotation, which allows the airgap to
be adjusted by controlling the rotation angle of the positioner. The “zero” airgap position,
where the rotor just contacts the stator was found to occur at an angle of 18°. This angle

serves as the baseline reference for the estimated airgap values during the test.

It is also important to note that the designed airgap adjustor uses the motor housing as
a reference, where eight evenly-spaced structural ribs around the circumference provide an
approximate 45° increments for estimation (see Figure 7-26(a)). Based on this thread pitch,
each 45° rotation corresponds to an airgap change of 0.25 mm. However, due to the absence
of a precise angular index, the actual rotation angle during adjustment was difficult to
determine. This limitation was consistently observed during experimental procedures,
where repeatable and fine airgap adjustments proved challenging. Therefore, the airgap
values reported in the following sections and sometimes a range (eg. 0.5-0.625mm) rather
than exact values, in order to more accurately represent the real conditions faced during the

testing.

Although the reported airgap values are approximate, further insight into the actual
airgap value can be obtained by comparing the experimental and FEA results. As
demonstrated in the stationary no-load test, such comparisons are useful for identifying the
airgap offset value from the true electromagnetic gap. In the following section, no offset
calibration was performed during the initial testing phases, neither under rotating no-load

nor loading conditions.

The results presented in the following sections show the above airgap estimate and do
not incorporate any offset, though this estimated later. This approach ensures that the
original test conditions are represented and that the impact of mechanical and assembly
tolerances remains visible. To highlight the influence of airgap offset, additional figures are
provided in which the performance curves are reprocessed with an estimated correction
applied. A example is given in Figure 7-46, where a consistent discrepancy of approximately
0.3 mm between experimental and FEA results suggests this is the likely airgap offset,

caused by mechanical tolerances in the assembled prototype.
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7.5.1 Rotating No-load Tests for AFIM with Different Airgaps

Power Analyzer =

Prototyped AFIM

Figure 7-25 Prototype AFIM rotating no-load test setup.
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Figure 7-26 (a) Airgap adjuster rotation angle versus corresponding expected airgap
length, (b) Measured no-load current versus line voltage at smaller airgap settings.

Table 7-6 Airgap adjuster rotation angle versus airgap and the corresponding maximum
operating voltage.

Adjuster degree Airgap change Max volts
[deg] [mm] V]
~18 ~0.00 -
~22 ~(.12 164.3
~40 ~0.20 215.5
~55 ~0.30 256.4
~65 ~0.37 300.5
=75 ~0.42 333.4
~80 ~0.45 358.7
~90 ~0.50 414.4

0.6
0.5
£04
203
£0.2

—

200 400 600
Maximum operating voltage [V]
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Figure 7-25 presents the setup used for the no-load rotating test of the prototyped AFIM.
Figure 7-26(b) shows the voltage and current profiles at lower airgap length settings. The
light blue symbols indicate results obtained prior to rotor surface smoothing, reflecting the
minimum tolerable airgap of the unsmoothed prototype. It is also observed that the
assembled AFIM fails to exhibit complete I-V characteristics at small airgaps above certain
voltage levels (see Figure 7-26(b)), accompanied by abnormal acoustic noise indicative of
rotor-stator contact. This is likely caused by the axial force, resulting in reduction of the

airgap and hence rotor-stator contact.

Table 7-6 presents the relationship between the adjustment rotation angle, the resulting
feed distance, and the corresponding maximum operating voltage at which the motor can
safely function without rotor-stator contact. As the adjuster rotates from approximately 22
degrees to 90 degrees, the expected airgap length increases from about 0.13mm to 0.5mm,
allowing higher operating voltages from 164V to 414V. The plotted curve on the right
illustrates this trend, showing a nonlinear relationship between voltage and displacement.
This behaviour reflects the increasing axial force and mechanical displacement risk at
smaller airgaps, thereby the prototype AFIM with rated voltage is unable to safely operate
at the expected 0.5mm airgap. As the airgap increases, the risk of rotor-stator contact is
reduced. Experimental observations confirm that at larger airgap settings, the motor can be
gradually run up to the rated voltage without any physical contact between the rotor and

stator.

Figure 7-27 compares the no-load current-voltage characteristics obtained under
stationary conditions with those measured during rotation, both with and without the
dynamometer connection, across a range of airgaps. It is observed that when the airgap
adjuster reaches around 90 degrees to 112.5 degrees, corresponding to an airgap length of
0.5mm to 0.62mm, the motor can complete the full current-voltage profile without rotor-
stator contact. The figures show a close agreement between the stationary no-load testing
method. This consistency demonstrates that the stationary configuration, by simplifying
experimental procedures, serves as a practical alternative for characterising the magnetising

current behaviour in the AFIM.
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Figure 7-27 No-load experimental current versus line voltage at various airgaps under
three conditions: stationary (green line), rotating with dynamometer connection (pink
crosses), and rotating without dynamometer connection (blue diamonds).

The magnetizing reactance X,, is an important parameter for characterising the magnetic
behaviour and saturation effects in induction motors, particularly in the axial-flux
configurations where airgap sensitivity is high. A comparison of the value of X, of the
AFIMs obtained from stationary and rotating no-load tests under various airgap lengths is
shown in Figure 7-28. The results demonstrate a consistent trend wherein X,, initially rises
with increasing current, reflecting the nonlinear permeability response at low excitation
levels. A comparative analysis of the stationary and rotating profiles indicates a close
agreement, especially within the mid-to-large airgap regimes (0.8 mm to 1.0 mm). This
correlation substantiates the stationary no-load testing method as a reliable and repeatable
technique for estimating the magnetizing reactance of AFIMs. The method proves

particularly valuable in scenarios where rotational testing is constrained by mechanical
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imbalance, high axial force, or safety concerns, such as in early-stage prototyping. These
findings also highlight the unique challenges faced in AFIM design, where the axial airgap
must be tightly controlled to balance electromagnetic performance against mechanical
feasibility. The stationary testing process developed herein offers a practical and effective
method for design verification without the need for complex test setups or precision aligned

rotating fixtures.
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Figure 7-28 Measured variation of magnetizing reactance with no-load current for the
prototype AFIM under both stationary and rotating conditions at 50Hz, across a range
of airgap lengths.

Table 7-7 No-load and locked rotor equivalent circuit parameters collected from lab
stationary and rotating tests.

R, [9] R [Q] Xm [Q] X (9] Xz (9]
Stationary 0.6mm 2.7 2.14 60.76 421 421
Rotating 0.5-0.625mm 2.7 2.42 60.11 4.15 4.15
Stationary 0.7mm 2.7 2.14 55.39 4.32 432
Rotating 0.625-0.75mm 2.7 2.52 54.99 4.27 4.27
Stationary 0.8mm 2.7 2.13 50.98 4.24 4.24
Rotating 0.75-0.875mm 2.7 2.38 50.07 4.19 4.19
Stationary 0.9mm 2.7 2.20 48.51 434 4.34
Rotating 0.875-1.0mm 2.7 2.47 47.15 4.18 4.18
Stationary 1.0mm 2.7 2.17 44.37 4.23 4.23
Rotating 1.0-1.125mm 2.7 2.23 43.87 4.20 4.20
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Figure 7-29 Stationary no-load core losses at different airgap lengths, comparing results
before and after rotor core loss compensation.

As previously observed in Figure 7-15, the overestimated rotor core loss in the stationary
condition may compromise the accuracy of the electromagnetic prediction based on
stationary no-load testing. Figure 7-22 illustrates the core loss results from both
experimental measurements and the 3-D FEA simulations. The FEA model shows core loss
values comparable to those observed in the lab, validating the consistency between the FEA
model and the prototype motor. To mitigate the effect of overestimated rotor core loss under
the stationary no-load test, a semi-FEA method is employed. As confirmed in Figure 7-22,
the core loss predicted by the FEA stationary no-load aligns well with lab stationary results
under different airgap lengths. Leveraging this agreement, the core loss observed in
stationary lab tests is adjusted to reflect the more realistic rotating condition. This semi-FEA
approach (see Figure 7-29) compensates for the stationary overestimation by integrating the

FEA-based insights into interpretation of the experimental data.
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Figure 7-30 Sum of mechanical losses and core losses for stationary, with dynamometer,
and without dynamometer no-load tests.

Figure 7-30 illustrates the sum of the mechanical losses and core losses obtained for
stationary, with dynamometer, and without dynamometer no-load tests under various
airgap lengths. Notably, for AFIMs, accurately separating the mechanical losses in
conventional rotating no-load tests is challenging due to the axial force increasing
quadratically with voltage. This makes the stationary no-load method a valuable approach
for evaluating purely electromagnetic losses without interference from voltage-dependent
mechanical effects (see Figure 7-10). The blue curve, corresponding to the without
dynamometer no-load test, effectively captures the sum of mechanical losses and core losses,
making it possible to estimate the total mechanical loss. By subtracting the stationary no-
load results (reflecting only electromagnetic losses), the mechanical loss of the prototype
motor can be separated. The purple curve represents the with dynamometer case (radial-
flux machine), where the dynamometer further adds to the rotational drag, where
additional rotational drag from the dynamometer leads to higher combined losses,
measured to be approximately 50W. The separated mechanical loss versus voltage at

different airgaps are given in Figure 7-31.
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Figure 7-31 Separated mechanical loss as a function of terminal line voltage for 0.6mm
to 1.0mm airgap lengths of the AFIM.
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Figure 7-32 Effects of airgap length and axial force and mechanical loss for AFIM.

Figure 7-32 illustrates the relationship between the airgap length, axial force, and
mechanical losses in the prototype AFIM. The axial force data are extracted from 3-D FEA,
as validated in CHAPTER 5. In the left plot, two curves are shown: the red curve represents
the axial force variation as the airgap length changes from 0.1mm to 1.0mm, while the black
curve presents the corresponding mechanical losses experimentally measured under the
rated voltage of 415V. It is evident that as the airgap decreases, the axial force increases
significantly, and results in a corresponding increase in mechanical losses. Specifically,
within the practical test range of 0.6mm to 1.0mm, the mechanical loss rises approximately
10W per around 0.Imm reduction in airgap, indicating the growing impact of rotor-stator

forces and bearing friction.

The right plot shows this correlation by presenting mechanical losses directly as a
function of axial force at 415V, demonstrating a near-linear relationship. This supports the
theoretical prediction in Figure 7-11. Moreover, this relationship can serve as a useful
reference when applying the same bearing to other axial-flux motor designs. By accurately

modelling the axial force through FEA in the new design, the corresponding mechanical
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loss can be approximately estimated using the established correlation. This enables more

precise efficiency predictions during the early design stage, particularly when direct

mechanical loss measurements are impractical.
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Figure 7-33 Comparison of the loss breakdown variations of the AFIM with different
airgap lengths.

The loss breakdown variations of the AFIM with different airgap lengths are given in
Figure 7-33. Each subplot presents the distribution of winding loss, core loss, and
mechanical loss as a function of input voltage for a specific airgap interval ranging from
0.5mm to 1.125mm. As the airgap increases the mechanical loss component generally
decreases due to the reduction in axial force, which drops from approximately 8OW to 56W.
In contrast, the winding losses increase significantly, from about 205W to 389W, primarily
because the larger airgap weakens the magnetic coupling and requires higher magnetizing
current, which increases in response to the increased airgap reluctance while maintaining
constant flux (E = 4.44 - f - N - ¢). Meanwhile, since the average flux density is maintained,

the core loss, which depends on the flux magnitude and frequency, does not change
significantly (see Figure 7-22).
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7.5.2 Rotating Loading Tests for AFIM with Different Airgaps

7.5.2.1 Dynamometer components for Loading Measurement of AFIM

Dynamometer motor

W »

Dynamometer
motor inverter |

Figure 7-34 Dynamometer test rig and its components.
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Figure 7-35 Dynamometer test frame wiring guide, provided by the University of Adelaide
Laboratory.
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Figure 7-36 Wiring schematic of the AFIM test rig.

Figure 7-34 presents the experimental setup used for the performance evaluation of the
AFIM under the load condition. The key components of the test bench are clearly labelled.
The test motor (marked in the purple dashed block) is mechanically coupled to a torque and
speed sensor, which is further connected to a dynamometer motor (left side). Two small DC
supplies (left) power the speed sensor circuits and torque sensor, respectively. The right -
hand side DC supply is used for the DC winding resistance measurement. The Variac (right
bottom) controls the magnitude of the 3ph AC input voltage to the test motor. On the load
side, the dynamometer motor (left) is operated through a commercial inverter (bottom-left),
which controls the rotational speed of the dynamometer and hence imposes a mechanical
load on the AFIM under test. The dynamometer holds the test motor at the prescribed speed,
allowing torque to be measured as a function of speed, the electrical input quantities are
monitored in real time using the power analyser, the oscilloscope (top) is used to check the
speed pulse signal, while the mechanical data is collected through the torque and speed

sensors and also fed to the power analyser.
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The layout and physical dimensions of the test bench are given in Figure 7-35, detailing
the placement of the terminals and measurement channels. The corresponding three-phase
wiring schematic is provided in Figure 7-36, where the AFIM is supplied via the Variac (3ph
0-470V, 15A), and the dynamometer machine and dynamometer cooling fan are protected
by contactors and braking circuit. The dynamometer motor is a 415V, 5.5kW (7.5hp), 14.4A,
50Hz, 37Nm induction machine. The Voltech PM3000A 3ph power analyser is used to
collect key testing data, including raw efficiency (uncompensated by offset), torque, speed,

voltage, current, input power, output power and power factor.

Speed measurement is performed using a sinusoidal encoder with a resolution of 60
pulses per revolution. The encoder outputs an analog voltage with a frequency proportional

to the rotational speed, with a peak-to-peak amplitude of about 3V at 5000rpm.

The torque is measured using a Himmelstein strain-gauge torque transducer (Model
79002V) capable of operating over two ranges. The torque sensor provides a 5V full-scale
analog output: for the low-torque range (11.3Nm), the sensitivity is 2.26Nm/V, and for the
high-torque range (56.5Nm), the scale is 11.3Nm/V. The high torque range was used in this

test.

7.5.2.2 Test Process for Electromagnetic Performance of the AFIM Prototype

The prototype AFIM was designed with an industrial standard operating voltage of
415V. The entire design and optimisation processes were conducted in CHAPTER 4 are
under this nominal voltage. No specific optimisation or recalibration was performed for
alternative supply voltages such as 380V or 400V. Consequently, the electromagnetic
performance under these voltages may not reflect an optimally tuned condition, particularly
in terms of efficiency. Nevertheless, experimental tests were also conducted at 380V and
400V to evaluate the electromagnetic performance. These voltages are commonly found in
other international grids (400V in Europe and 380V in parts of Asia) [103], and their
inclusion enables a more comprehensive assessment of the adaptability of the prototype
AFIM. To evaluate the motor under various loading conditions, a series of controlled tests
are performed using the dynamometer system mechanically coupled to the shaft (Figure
7-32).

The AFIM is powered by a three-phase AC supply through a variac, allowing for gradual
voltage ramp-up to the rated 415V. During the start-up, the dynamometer operates in speed
control mode, maintaining a controlled rotational speed slightly below the motor’s

synchronous speed (750rpm for 8-pole 50Hz AFIM). By varying the dynamometer speed
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setpoint, the corresponding torque developed by the motor can be measured across a range

of operating slips.

At each load condition, the power analyser is used to monitor the key electrical and
mechanical quantities. To ensure that only steady-state values are captured, the analyser is
configured to average over 60 data points before recording the result. Moreover, any torque
offset on the torque transducer or readout is first calibrated by rotating the dynamometer at

in a forward and the reverse directions at the same speed.
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Figure 7-37 Mechanical loss @415V at different airgaps.

Figure 7-37 illustrates the measured mechanical loss across various airgap ranges at 415V.
To isolate the mechanical loss component at this voltage, the AFIM is tested a different
voltages while mechanically decoupled from the dynamometer. In this condition, the
measured input power includes factors from stator winding loss, core loss, and voltage-
dependent mechanical losses. The previously discussed stationary no-load test, along with
the compensated core loss profile (see Figure 7-29). is used as a baseline to subtract the
electromagnetic components. The resulting difference between the two power—voltage

curves represent the estimated mechanical losses.
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Figure 7-38 Loading performance of 0.5-0.625mm AFIM (a) rotating speed versus
loading, (b) phase current versus loading.
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Figure 7-38 shows the variation of rotating speed and phase current with load under
three supply voltages: 380V, 400V, and 415V. These tests are conducted specifically at the
0.5-0.625mm airgap setting. This range is selected because, for larger airgaps, the test AFIM
is unable to deliver the full-load torque at 380V and 400V without exceeding the rated
current limit. Therefore, only the smallest allowable airgap is used for this set of tests. At
lower supply voltages (380V and 400V), the speed drop is more when approaching full-load
torque (30Nm) (see Figure 7-38(a)). This is because the reduced voltage leads to a lower
airgap flux density, which in turn weakens the torque capability at a given slip. To
compensate, the motor slip is increased to increase the rotor current and maintain the torque
under weakened flux conditions. This trend is clearly reflected in Figure 7-38(b), where the

phase current increases more steeply at lower voltages as the motor approaches full load.
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Figure 7-39 Power factor versus load under different supply voltages (380V, 400V, 415V).

Figure 7-39 shows that, at the same load level, lower supply voltages give higher power
factors. This is due to the reduced magnetizing current requirement at lower voltages, which
results in a smaller reactive component in the stator current. In contrast, higher voltages
increase the magnetizing current and reactive power, thereby lowering the overall power
factor but also increase the torque capability. It is also observed that in the low to medium
load range (20%—-60%), the voltage-dependent difference in the power factor is relatively
small. As the load approaches full load, the gap between power factor values at different

voltages narrows.
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Figure 7-40 Efficiency versus load under different supply voltages (380V, 400V, 415V).

Figure 7-40 presents the measured efficiency of the AFIM across varying loadings under
three supply voltages. All three voltages show similar trends, reaching peak efficiency
around 60%-80% of load. At approximately 40% load, the 380V supply exhibits the highest
efficiency of 75.5%, compared to 74.8% for 400V and 75.2% for 415V. At light load, the 380V
case exhibits the lowest current (see Figure 7-38), resulting in reduced copper loss, and hence
higher efficiency. At around 80% of load, the 415V supply delivers the highest efficiency
which is measured at 75.2%. It is important to note that the reported efficiencies in Figure
7-40 excludes offset present in the torque sensor readings. To improve the measurement

accuracy, an offset calibration test of the torque sensor is conducted in the following figures.

—+—Raw efficiency Raw efficiency ——Raw efficiency
——Offset compensated ——Offset compensated —+—Offset compensated
100 100 100
= 80 = 80 S
2 60 :7‘ 2 60 e 2 60 %’
5 5 5
-g::) 40 Q::) 40 é 40
= 20 = 20 5 20
0 0 0
0 50 100 0 50 100 0 50 100
Load [%] Load [%] Load [%]
(a) 380V (b) 400V (c) 415V

Figure 7-41 Efficiency versus load under different supply voltages (380V, 400V, and
415 V), comparing raw and offset compensated efficiency.

In the experimental setup, the dynamometer is capable of rotating in both forward and
reverse directions, controlled via an inverter. The test AFIM is powered such that its
rotational direction is reverse (REV) relative to the dyno’s default direction. As a result,
when measuring the output torque, the sensor reports negative values. The torque sensor
offset is a non-zero reading when the transducer is unloaded. The observed torque sensor
offset of 0.5Nm in the reverse direction. Therefore, the value of 0.5Nm was taken as the

torque offset. Figure 7-41 compares the AFIM efficiency before and after accounting for the
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torque sensor offset. However, they do not show large differences at full load at different

supply voltages.
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Figure 7-42 Rotating speed versus load for different airgap ranges. The rated full-load
speed is indicated in the bottom-left corner.

Figure 7-42 presents the relationship between rotating speed and loading for the AFIM
under varying airgap lengths. Larger airgap lengths exhibit higher slip and thus lower
speeds under the same loading conditions compared to operation with smaller airgaps (=
0.5 — 0.625mm). The inset graph highlights that the full load speed for the smallest airgap
is measured at 713rpm. The original design specification assumed a nominal airgap of
0.5mm, targeting a full load speed of about 720rpm. Such differences can be primarily
attributed to a larger actual airgap caused by mechanical deformation, machining tolerances,

or assembly misalignment.
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Figure 7-43 (a) Experimental (left) and 3-D FEA (middle) measured current versus load
for different airgap lengths (b) Comparison of no-load and full-load current margins
between the FEA predictions and laboratory measurements.

Figure 7-43 shows the experimentally measured stator current versus load for various
airgap ranges. In Figure 7-43(a), both the FEA and lab results exhibit similar trends but differ
in values. It is also observed that the difference in current across various airgaps is higher
under no-load conditions but becomes less significant as the load increases. This is because,

at no load, the stator current is dominated by the magnetizing current I,,,, which is highly
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sensitive to airgap length. However, under load, the load current /;,,4, an active component

proportional to torque demand, becomes the dominant portion of the total stator current.

Figure 7-43(b) compares the current magnitudes obtained from FEA and lab
measurements across different airgap lengths under no-load and full load conditions. For
each case, the vertical bars represent the current range due to varying airgaps, while the
horizontal dashed bars indicate the average value. It is observed that the lab-measured

average current is slightly higher than the FEA results across various airgaps, by 4.1% at no
load and 3.9% at full load.
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Figure 7-44 Power factor variation under different airgap lengths across loadings, (a)
experimental results (b) FEA results.

Figure 7-44 presents the variation of power factor under different airgap lengths across
a range of loading levels. Figure 7-44(a) presents experimental results, while Figure 7-44(b)
shows FEA results. At light loads, both the lab and FEA results with larger airgaps show
slightly higher power factor than at smaller gaps. This is noticeable in the FEA results below
at around 20% of loading, and in the lab under even lower loads. In addition, the lab curve
for the smallest airgap group (0.5-0.625mm) closely aligns with the FEA result for 0.8mm,
suggesting that the actual assembled airgap is larger than that estimated by the airgap
adjustor. This discrepancy may be attributed to mechanical misalignment, deformation, or

fixture compliance, resulting in a larger effective average airgap than the nominal setting.

In Figure 7-45, each subplot presents the efficiency versus loading, showing both the lab
and the FEA predicted results at different airgaps. For the lab results, two versions are
shown: one including mechanical loss and one without (see Figure 7-45). It is observed that
single-sided AFIMs are particularly sensitive to mechanical losses. In the 0.5-0.625mm
airgap test, the experimental efficiency reaches around 78% efficiency at 80% loading, which
is approximately 3% lower than the FEA-predicted efficiency of the 0.5mm model under the

same conditions. Notably, the FEA model does not account for mechanical losses. After
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applying mechanical loss compensation, the experimental efficiency improves to around

81.0%, approaching but still slightly below the FEA-predicted value of 81.6%.
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Figure 7-45 Comparison of the test AFIM efficiency between lab and the FEA results

across different airgap lengths under varying loadings.
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Figure 7-46 Comparison between the lab measured efficiency for the 0.5-0.625 mm
airgap and the FEA-predicted efficiency at 0.8 mm.
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Table 7-8 Full-load efficiency comparisons between FEA and experimental tests.

FEA airgaps FEA loading (%) Lab Loading (%) Errors
0.5mm 81.6 77.4 4.2
0.6mm 80.9 771 3.8
0.7mm 80.2 76.1 41
0.8mm 78.8 75.6 3.2
0.9mm 77.6 75.2 2.4

In addition, the 0.5-0.625mm airgap lab measured efficiency including mechanical loss
aligns more closely with the FEA curve for a larger airgap, such as 0.8mm, consistent with
the earlier observation from the power factor analysis. Table 7-8 further shows this
observation by comparing full-load efficiencies predicted from FEA and the experimental

tests across a range of expected airgaps.

Table 7-9 Full-load efficiency comparisons between experimental tests and brochure.

FEA 7, (%) Tested 7, (%) Brochure 1, (%)
2.2kW 8 pole RFIM 81.7 - 81.0
2.2kW 8 pole AFIM 82.6 77.5 -

Table 7-9 shows a comparison of full-load efficiency based on experimental results for
the AFIM, FEA simulations for both AFIM and RFIM, and manufacturer-provided
specifications for the RFIM. Due to mounting limitations on the available test bench, a full-
load test for the commercial 2.2 kW 8-pole RFIM could not be performed at this stage. The
prototype AFIM demonstrated a measured full-load efficiency of 77%, which is lower than
both the 81% efficiency reported for the RFIM in the manufacturer’s specifications and the
FEA-predicted efficiency for the AFIM. However, the FEA results, conducted under
idealised conditions without accounting for mechanical losses, suggest that the AFIM
should outperform the RFIM in terms of electromagnetic efficiency. Given that the RFIM
was not tested under the same experimental setup, a direct and reliable comparison remains

inconclusive at this point.

Table 7-10 Comparison of key material weights and cost between the commercial 2.2kW
8-pole RFIM and the equivalent prototype AFIM.

RFIM AFIM Differences (%)
Rotor core weight (kg) 10.5 6.5 38
Stator core weight (kg) 11.2 9.9 12
Rotor bar weight (kg) 1.8 1.4 22
Stator copper weight (kg) 3.5 2.5 29
Total weight (kg) 27 20 25
Material cost (USD) 62 45 37
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Table 7-10 shows a comparison between the commercial 2.2kW eight pole RFIM and the
prototype equivalent AFIM in terms of material usage and torque density. The AFIM
demonstrates notable reductions in material consumption. Specifically, the rotor core, stator
core, rotor bar and stator copper weights are reduced by 38%, 12%, and 29%, respectively.
The total motor weight is reduced by 25%, contributing a significant increase in torque
density, which improved from 1.1Nm/kg in the RFIM to 1.5Nm/kg in the AFIM, showing a
36% improvement over the RFIM. This outcome aligns with one of the key expectations of
the project, enhancing the power-to-weight ratio of the motor. The weight reduction
combined with comparable performance confirms that the AFIM design meets its design

objectives.

7.6 Conclusion

In this chapter, comprehensive experimental investigations into the electromagnetic and
mechanical performance was performed for the newly designed 2.2kW AFIM. A series of
experimental tests were done, including stationary and rotating no-load, locked rotor, and

loading tests. The test results were compared with FEA simulations.

A significant contribution of this chapter is to introduce and validate the proposed novel
stationary no-load testing method for AFIMs. This enables no-load testing with varying
airgap lengths without a fully-assembled motor. This capability not only simplifies the
experimental process but also reduces costs and saves time. The stationary no-load test
results were validated with FEA simulations and the conventional rotating no-load test,
demonstrating the reliability of these methods in early assessment of key electromagnetic
properties, such as the current versus voltage curves and core losses. In addition, the airgap
offset values were found by comparing the experimental current versus voltage curves with
FEA simulations. By applying this correction, unexpected effects of surface irregularities

caused by manufacturing were significantly reduced.

Another important aspect introduced in this chapter is to accurately separate the loss
components. The presence of axial force, which varies significantly with the applied voltage
and airgap length, leads to a challenge in separating losses of the AFIM. Coupled with FEA
simulation results, the non-linear mechanical loss was accurately separated from the other
loss components. This method suggests that the AFIM efficiency can be further improved
through the combination of both mechanical and electromagnetic design. This section also
concludes that the single-sided AFIM is more sensitive to the precise airgap adjustment and

requires more careful mechanical structural design compared to the conventional RFIM.
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Moreover, future research directions for AFIM should focus on the following aspects.
Advanced loss modelling in FEA should be developed to accurately predict the
performance of the axial flux motor; this can be done by understanding better the bearing
friction under different airgap lengths and terminal voltages. Enhancement of the airgap
length control is also critical, given the AFIM'’s sensitivity to airgap variations, future
research could explore the possibility of an airgap monitoring and adjustment system,
perhaps enabling the automatic airgap adjustment, hence enhancing the operational

stability and efficiency of the motor.
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CHAPTER 8 -

CONCLUSIONS
AND FUTURE WORKS

8.1 Conclusion

This thesis investigates the potential of AFIM as viable alternatives to conventional
RFIMs for line-start applications, with particular emphasis on the unique design and
operational challenges inherent to AFIMs. To achieve this aim, the research had three main
objectives, (a) developing a comprehensive AFIM design methodology to convert existing
RFIMs to AFIMs; (b) investigating and mitigating axial force impacts through newly
designed experimental and simulation-based analysis; (c) introducing a fast and low-cost
testing method, the stationary no-load test, to evaluate the AFIM electromagnetic

characteristics.

CHAPTER 1 highlighted the importance of electric motors, particularly induction
motors, and established the motivation for exploring AFIMs as alternatives to RFIMs,
which, despite their robustness and simplicity, are limited in terms of efficiency and power
density. CHAPTER 2 provided a comprehensive review of AFIM research and identified
key gaps. CHAPTER 3 summarised the significance of AFIM electromagnetic
characteristics, described an analytical approach for estimating magnetic fields at different

radii, and explained the key factors influencing electric and magnetic loading.

The significance of the of AFIM electromagnetic characteristics in the design of AFIMs
were summarised in the third chapter. The procedure for analytical estimation of the
magnetic fields at different radii was described. The important factors which play
determinative roles in the electric and magnetic loading at different motor diameters were
also explained. CHAPTER 4 introduced a new design method for the axial-flux induction
motors. This approach introduced a preliminary sizing method, coupled with a developed
design Pareto front curve, which incorporates newly defined electric and magnetic loading

parameters. This developed method was then applied to convert existing four, six, eight
pole 2.2kW RFIM designs to AFIMs.
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A comprehensive comparative study was performed on the proposed axial-flux and
commercial benchmark radial-flux induction motors. To further understand the differences
between axial-flux and radial-flux induction motors, the effects of geometrical factors, such
as the shape of the stator and rotor slots and the number of rotor slots, were also studied,
and it was shown that the axial-flux induction motor design is sensitive to these parameters.
The steady-state electromagnetic performance, such as efficiency, was also studied to
evaluate the electric motor as it is a key parameter for both designers and customers. Given
the structure and arrangement of the rotor and stator in axial-flux induction motors, the
dynamic response was also investigated. The dynamic responses showed that the AFIM has
longer settling time (due to its higher rotor inertia) but higher torque capability than the
RFIM. More importantly, the electromagnetic performance and material cost comparisons
show that at higher pole numbers, AFIMs may provide higher power density and higher
efficiency. In particular for the eight-pole AFIM design considered showed a 14% material

cost decrease with comparable efficiency.

The distinctive structure of single-sided AFIMs offers the potential for better
electromagnetic performance but also presents a significant challenge in the form of large
unbalanced axial attractive forces. The design procedure used for the difficulties of AFIM
construction were described. CHAPTER 5 focused on investigating the forces in both the
newly designed 2.2kW and an existing 300W AFIM, with the goal of proposing
experimental and numerical measurement methods. Based on the calculated axial force
results at different airgaps, the bearing selection reference was provided. To validate the 3-
D FEA results, a locked-rotor test was conducted at different airgaps. Comparative studies
on double-sided axial-flux and single-sided axial-flux induction motors are performed, and
it showed that only the NS-DSSR-AFIM topology can effectively cancel the axial force and

reduce the negative stiffness.

CHAPTER 6 described the construction of the eight pole 2.2kW axial-flux induction
motor prototype. The procedure described. Given the airgap is a key influence on the
electromagnetic performance and the special structure that axial-flux motor has a
specialised airgap adjustment mechanism was developed to facilitate experimental testing

at various airgap lengths.

Experiments on the prototype axial-flux motor were conducted. Using the structural
benefits of the disc-shape AFIM, stationary no-load tests were performed by placing the
back of the rotor and stator. To the best of the author’s knowledge this is the first time a
stationary no-load test has been proposed for the AFIM. The stationary no-load test was

conducted and used to extract the equivalent circuit parameters. The stationary no-load test

155



CHAPTER 8 CONCLUSION AND FUTURE WORKS

results demonstrated a strong capability in predicting the electromagnetic performance,
showing reasonable accuracy in calculating the current and torque as a function of speed.
Further loading tests were conducted to evaluate the AFIM steady-state performance under
various load conditions. These loading results were then compared to the 3D FEA
simulation results, showing that the overall performance trends across varying airgaps were
in good agreement. However, when individual cases were examined in detail, it was
observed that the experimental results for the AFIM with an expected airgap of 0.5mm were
more closely aligned with the simulation results obtained at a larger airgap, 0.8mm. Such a
deviation highlights the sensitivity of single-sided AFIM prototypes to mechanical
tolerances, especially under high axial forces. Moreover, the single-sided AFIM prototype
achieves a significantly higher power to electromagnetic material weight ratio of 81W/kg,
compared to 110W/kg of the commercial RFIM. This power density highlights the
lightweight potential of the AFIM, especially for applications where volume and mass

constraints are critical.
8.2 Recommendation for Future Works/Studies

There are many avenues for further investigation. Given the direct relationship between
AFIM diameter and power output, future studies could explore structural adaptions that
avoid deformation in large-diameter AFIMs. In addition, addressing challenges related to
imbalanced airgaps and reduced bearing lifespan in larger AFIMs could enable the use of

these motors in higher-power applications while maintaining reliability and efficiency.

CHAPTER 4 described double-sided machine as a solution to reduce the axial force
issues and reduce associated risks. However, it introduces a trade-off by increasing the axial
length of the motor. A printed circuit board (PCB) stator for double-sided AFIMs could be
a potential way to further improve the power density with reduced axial length [68-71].
Most of the existing literature focuses on the axil-flux permanent magnet motor and so the
use of PCB stators in an axial-flux induction motor remains as a relatively unexplored field.
Additionally, PCB stators introduce new challenges regarding thermal performance.
Integrating semiconductor cooling devices into the PCB could serve as a potential research

area for PCB motor.

Axial attractive forces remain a critical design challenge in single-sided AFIMs. While
this thesis has proposed preliminary solutions, future work could focus on refining axial

force management techniques, potentially integrating advanced materials or magnetic
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solutions to minimise the axial force impact. These efforts would support the development

of more stable and efficient axial-flux machines.

In current work, the AFIM has been designed for line-start applications in this research.
Given the axial-flux configuration, characterised by its wheel-like shape, the integration of
wheel-shaped AFIMs in electric vehicle wheel hubs could be a highly topical of research.

This is driven by the need for higher power density, more efficient propulsion systems.
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